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SUMMARY 
 
Foraging is a central component of an animal’s behaviour, essential for gathering energy to survive and to find 
mates for reproduction. Because resources aren’t always easy to find, and foraging can be costly, animals have 
been shown to employ strategies that increase success and efficiency in the task. These strategies also extend 
to those used by predators foraging for potential prey. In the case of predators, the act of foraging represents 
a significant challenge, because the food of a predator is mobile and responsive – both in the short-term 
(escaping) and the long-term (evolving). Prey anti-predator responses can range from dynamic individual 
behaviours to complex collective actions. Under selection to become better hunters, predators are likely to 
have evolved strategies to compensate and respond to these prey behaviours. This paradigm of reciprocal 
responses sets in place an evolutionary arms race between predators and prey, where the behaviour of one 
feeds back on the other. Despite the importance of studying both predators and prey in these reciprocating 
interactions, studies to date have focused almost exclusively on the prey side of the equation, and how they 
respond to predation risk. 

A consequence of the heavily-biased focus on prey behaviour in response to predators is that we have little 
idea of the effects that prey responses have on predator behaviour. A key reason for this is that predators are 
difficult to study. However, there is much to gain from doing so, with important implications for the ecology 
of both predators and prey. Primarily, we don’t have a clear picture of the feedback between predator 
behaviour and the anti-predator responses of prey. Secondarily, we don’t know what implications such 
feedback might have for predator-prey interactions. In my thesis, I wanted to take a predator’s perspective, 
and study several aspects of predator foraging strategies in order to better describe their form, understand 
their function, and consider how these strategies might have evolved. 

In Chapter 1, I studied the predation strategies of predators that hunt in groups. I built a framework that 
decomposed social predator foraging strategies into five fundamental dimensions of behaviour. By scoring the 
available literature using this framework, I ascribed each case study a multidimensional score, which I used to 
analyse the general relationships between the different dimensions across species. I then employed a method 
that used the multidimensional scores to place all species in context of one another, forming a behavioural 
landscape of social predation behavioural types. Analysing this multidimensional behavioural landscape 
illustrates how species from different taxa can use strategies with similar behavioural combinations, whilst 
hinting to the possible evolutionary pathways towards complex social predation strategies, and the 
fundamental behavioural features that underpin them. 

In Chapter 2, I looked more specifically at one aspect of the hunting behaviour of birds of prey, describing how 
these kinds of predators use temporal hunting strategies. I developed a method that extracted the probability 
of observing a given species of bird at different times of the day from two large citizen-science bird observation 
data sets. From these data, I could then infer the activity profiles of three raptor genera from two different 
continents. I found that species of the same genus use the same temporal hunting strategies, and for raptors 
that hunt songbirds, this temporal strategy is strongly linked to the temporal behaviour of the temporal 
activity provide I generated for their prey species. This result suggests a potential case of convergent co-
evolution between predator and prey foraging strategies across two continents. 
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In Chapter 3, I built upon the insights into predator temporal foraging strategies by seeking to establish the 
relationship between hunting effort and hunting success rate. To achieve this, I used data which I collected 
from replicated nests of peregrines falcons (Falco peregrinus) which were fitted with webcams. From the video 
stream, I could record when adult birds left the nest and when they provisioned their young. Thus, I was able 
to quantify hunting effort using time away from nest, and variation in hunting success rate across time based 
on when prey items were brought back to the nest. I found that hunting effort is not evenly distributed, and 
does not appear to be strongly correlated with success rate. There was also a large amount of variation 
between nests, with different relationships between hunting effort and success rate, despite a similar bimodal 
pattern of prey captures and hunting success. These findings suggest that peregrines do not always 
incorporate the ‘catchability’ of prey into their temporal hunting strategies. It also indicates that peregrines 
might be using different hunting strategies to achieve the same result. This pattern could also be driven by 
other factors related to the individual, local prey, or meeting the energetic needs of young. 

These three chapters go some way to understanding different aspects of a predators hunting strategies, from 
exploring the landscape of strategies that social predators use, to describing how individual predators use 
temporal hunting strategies, and how these strategies might integrate information on prey behaviour. 
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ZUSAMMENFASSUNG 
 
Die Nahrungssuche ist ein zentraler Bestandteil des Verhaltens eines Tieres, unerlässlich, um Energie zum 
Überleben zu sammeln und Partner für die Fortpflanzung zu finden. Da Ressourcen nicht immer leicht zu 
finden sind und die Nahrungssuche kostspielig sein kann, setzen Tiere nachweislich Strategien ein, die den 
Erfolg und die Effizienz der Aufgabe steigern. Diese Strategien erstrecken sich auch auf diejenigen, die von 
Raubtieren verwendet werden, die nach potentiellen Beutetieren suchen. Im Falle von Raubtieren stellt der 
Akt der Nahrungssuche eine große Herausforderung dar, da die Nahrung eines Raubtieres mobil und 
reaktionsschnell ist - sowohl kurzfristig (Flucht) als auch langfristig (Entwicklung). Die Reaktionen von 
Beutetieren gegen Raubtiere können von dynamischen individuellen Verhaltensweisen bis hin zu komplexen 
kollektiven Aktionen reichen. Unter Auswahl, um bessere Jäger zu werden, werden Raubtiere wahrscheinlich 
Strategien entwickelt haben, um diese Beuteverhalten zu kompensieren und darauf zu reagieren. Dieses 
Paradigma der gegenseitigen Reaktionen setzt ein evolutionäres Wettrüsten zwischen Raubtieren und Beute 
ein, bei dem das Verhalten des einen auf das des anderen zurückführt. Obwohl es wichtig ist, sowohl Raubtiere 
als auch Beute in diesen wechselseitigen Wechselwirkungen zu untersuchen, haben sich die Studien bisher 
fast ausschließlich auf die Beuteseite der Gleichung konzentriert und wie sie auf das Raubtierrisiko reagieren. 

Eine Folge des stark voreingenommenen Fokus auf das Beuteverhalten als Reaktion auf Raubtiere ist, dass wir 
wenig Ahnung haben, welche Auswirkungen die Beutereaktionen auf das Raubtierverhalten haben. Ein 
wesentlicher Grund dafür ist, dass Raubtiere schwer zu untersuchen sind. Es gibt jedoch viel zu gewinnen, was 
wichtige Auswirkungen auf die Ökologie von Raubtieren und Beutetieren hat. In erster Linie haben wir kein 
klares Bild von der Rückkopplung zwischen dem Raubtierverhalten und den Anti-Raubtierreaktionen der 
Beute. Zweitens wissen wir nicht, welche Auswirkungen ein solches Feedback auf die Interaktion zwischen 
Raubtier und Beute haben könnte. In meiner Dissertation wollte ich die Perspektive eines Raubtieres nehmen 
und mehrere Aspekte von Strategien zur Raubtiersuche untersuchen, um ihre Form besser zu beschreiben, 
ihre Funktion zu verstehen und zu überlegen, wie sich diese Strategien entwickelt haben könnten. 

In Kapitel 1 studierte ich die Raubtierstrategien von Raubtieren, die in Gruppen jagen. Ich habe einen Rahmen 
geschaffen, der soziale Raubtiere bei der Suche nach Strategien in fünf grundlegende Verhaltensdimensionen 
zerlegt. Indem ich die verfügbare Literatur in diesem Rahmen bewertet habe, habe ich jeder Fallstudie einen 
multidimensionalen Score zugeordnet, mit dem ich die allgemeinen Beziehungen zwischen den verschiedenen 
Dimensionen über verschiedene Arten hinweg analysiert habe. Dann benutzte ich eine Methode, die die 
multidimensionalen Ergebnisse nutzte, um alle Arten in einen Kontext zu stellen und eine 
Verhaltenslandschaft mit Verhaltenstypen sozialer Prädation zu bilden. Die Analyse dieser multidimensionalen 
Verhaltenslandschaft zeigt, wie Arten aus verschiedenen Taxaarten Strategien mit ähnlichen 
Verhaltenskombinationen nutzen können, während sie gleichzeitig auf mögliche evolutionäre Wege zu 
komplexen sozialen Prädationsstrategien und die ihnen zugrunde liegenden grundlegenden 
Verhaltensmerkmale hinweisen. 

In Kapitel 2 habe ich mir einen Aspekt des Jagdverhaltens von Greifvögeln genauer angesehen und 
beschrieben, wie diese Art von Raubtieren zeitliche Jagdstrategien anwenden. Ich entwickelte eine Methode, 
die die Wahrscheinlichkeit, eine bestimmte Vogelart zu verschiedenen Tageszeiten zu beobachten, aus zwei 
großen bürgerwissenschaftlichen Vogelbeobachtungsdatensätzen extrahierte. Aus diesen Daten konnte ich 
dann die Aktivitätsprofile von drei Raptorgattungen aus zwei verschiedenen Kontinenten ableiten. Ich fand 
heraus, dass Arten derselben Gattung die gleichen zeitlichen Jagdstrategien verwenden, und für Raptoren, die 
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Singvögel jagen, ist diese zeitliche Strategie stark mit dem zeitlichen Verhalten der zeitlichen Aktivität 
verbunden, sofern ich sie für ihre Beutearten generiert habe. Dieses Ergebnis deutet auf einen möglichen Fall 
einer konvergenten Koevolution zwischen Raubtier und Beutetier auf zwei Kontinenten hin. 

In Kapitel 3 baute ich auf den Erkenntnissen über zeitliche Suchstrategien von Raubtieren auf, indem ich 
versuchte, den Zusammenhang zwischen Jagdaufwand und Jagderfolgsrate herzustellen. Um dies zu 
erreichen, habe ich Daten verwendet, die ich aus replizierten Nestern von Wanderfalken (Falco peregrinus) 
gesammelt habe, die mit Webcams ausgestattet waren. Aus dem Videostream konnte ich aufzeichnen, wann 
erwachsene Vögel das Nest verließen und wann sie ihre Jungen versorgt haben. So war ich in der Lage, den 
Jagdaufwand zu quantifizieren, indem ich die Zeit außerhalb des Nests und die Variation der Jagderfolgsrate 
über die Zeit hinweg verwendete, basierend darauf, wann Beutegegenstände zurück ins Nest gebracht 
wurden. Ich stellte fest, dass die Jagdleistung nicht gleichmäßig verteilt ist und nicht stark mit der Erfolgsrate 
korreliert zu sein scheint. Es gab auch eine große Variationsbreite zwischen den Nestern, mit unterschiedlichen 
Beziehungen zwischen Jagdaufwand und Erfolgsrate, trotz eines ähnlichen bimodalen Musters von Beutefang 
und Jagderfolg. Diese Ergebnisse deuten darauf hin, dass Wanderfalken nicht immer die "Fangbarkeit" von 
Beutetieren in ihre zeitlichen Jagdstrategien einbeziehen. Es deutet auch darauf hin, dass Wanderfalken 
verschiedene Jagdstrategien anwenden könnten, um das gleiche Ergebnis zu erzielen. Dieses Muster könnte 
auch von anderen Faktoren beeinflusst werden, die mit dem Individuum, der lokalen Beute oder der Deckung 
des Energiebedarfs junger Menschen zusammenhängen. 

Diese drei Kapitel gehen einen Schritt weiter, um verschiedene Aspekte der Jagdstrategien von Raubtieren zu 
verstehen, von der Erforschung der Landschaft der Strategien, die soziale Raubtiere verwenden, bis hin zur 
Beschreibung, wie einzelne Raubtiere zeitliche Jagdstrategien verwenden und wie diese Strategien 
Informationen über das Beuteverhalten integrieren können. 
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GENERAL INTRODUCTION 
 
Predators and prey are locked in an arms race. This evolutionary struggle can generate a range of 
behavioural outcomes, notably that prey have evolved sophisticated foraging strategies to reduce the risk 
of predation while avoiding the risk of starvation. While extensively studied in prey, much less attention 
has been given to the foraging strategies of predators, or how predator-prey dynamics play out in terms of 
foraging strategies. Predators should be most interesting to study from a foraging perspective as they not 
only deplete their prey, but can also shape the distribution (i.e. behaviour) of their prey as a consequence 
of their own behaviour. However, while insights on the economic foraging strategies by prey species has 
been at the heart of the study of behavioural ecology, there have been almost no studies of foraging 
behaviour in predators. 

 

SECTION I: FORAGING STRATEGIES OF ANIMALS 
 
Gathering sufficient energy for survival and reproduction is a fundamental challenge faced by all animals. 
Consequently, individuals can spend a large part of their lives engaged in foraging, often investing considerable 
energy in the search for resources (Stephens, Brown, & Ydenberg, 2007). Because acquiring food is so crucial, 
and searching for it can incur substantial costs, animals have evolved to use foraging strategies that increase 
their foraging efficiency and success (Stephens & Krebs, 1986).  

The study of foraging strategies has been particularly rich in theory. Many studies have sought to understand 
how animals make decisions when searching for resources, choosing which to eat, and when to leave one 
resource for another (Schoener, 1971). Economic models have been most powerful in addressing these 
questions. For example, with  optimal diet models, we could begin to understand how, when faced with 
different food options, an animal should trade-off food profitability against availability for maximum fitness 
(MacArthur & Pianka, 1966; Pulliam, 1974). Using patch models and the marginal value theorem, we could 
predict how long an animal should stay within a foraging patch, and at what level of patch depletion to move 
on to the next (Charnov, 1976). These models and others formed the foundation for a body of theory known 
as optimal foraging (Pyke, 1984; Pyke, Pulliam, & Charnov, 1977) that could be used to understand how 
animals make foraging decisions that balance rewards against constraints to maximise fitness (Sih, 1980).  

Optimal foraging theory transformed how we think about animals and their behaviour, paving the way for 
countless theoretical and empirical studies with a new-found perspective on foraging (Perry & Pianka, 1997; 
Schoener, 1987). However, while foraging theory is among the foundations of the study of animal behaviour, 
one critical drawback is that it has almost exclusively considered animals that forage on stationary resources 
(Sih & Christensen, 2001).  

 

SECTION II: THE CHALLENGE OF FORAGING AS A PREDATOR 
 
For predators, foraging entails finding and catching live, mobile animals. Thus, foraging is not always 
straightforward. Prey do not sit in static patches waiting patiently to be devoured, but instead are able to 
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move across their environment at will, and therefore respond to predators. Perhaps the first intuitive 
implication of mobility is that it changes how predators (as foragers) will find or encounter prey (Barrette, Wu, 
Brodeur, Giraldeau, & Boivin, 2009; Fraker & Luttbeg, 2012). 

Consider the songbirds represented by the ‘small bird in winter’ construct often used in optimal foraging 
theory (Mcnamara, Houston, & Lima, 1994), whose winter food resources of seeds are often patchy and 
unevenly distributed. Finding these patches is no mean feat for a songbird, but individuals can employ a range 
of foraging strategies to aid them in discovering resources. They can re-visit a series of previously successful 
sites using ‘traplining’ behaviour (Gill, 1988), or switch between extensive and intensive ‘area-concentrated 
searching’ (Benhamou, 1992). They can also use social information from neighbours to locate resources found 
by others (Aplin, Farine, Morand-Ferron, & Sheldon, 2012). What is often the case for these foragers is that 
their strategies function best for resources that are patchy, static, or spatially predictable (Bartoń & Hovestadt, 
2013; Sih & Christensen, 2001).  

For birds of prey, such as Accipiter hawks that hunt these ‘small birds in winter’, foraging is a different story. 
First the hawks have to find their prey, and then they have to catch them (Newton, 2010). Foraging strategies 
might improve the ability for predators to encounter prey on a spatial scale, but because prey are also moving 
dynamically in time, predator’s strategies should also possess a temporal component (Kronfeld-Schor & 
Dayan, 2003). When discovered, songbirds can then respond to the presence of the predator with evasion, 
dense flocking, and alarm calling (Caro, 2005), which can make hunting more difficult (or less successful) in 
the minutes, hours and days that follow (Cresswell, 2008). As such, the challenge of foraging as a predator is 
that they must encounter, pursue, and capture resources that are actively seeking to avoid, deter, and escape 
from them (Sih, 1984). 

 

Prey can respond 

Prey are a problematic target for predators because they are able to respond to predator behaviour with a 
myriad of anti-predator behaviours (Caro, 2005; Tollrian & Harvell, 1999). In this sense, we can view predators 
as being able to cause changes in nearly every aspect of prey behaviour, from vigilance and movement, to 
foraging, feeding and breeding (Lima & Dill, 1990), all of which lead the predator to experience reduced prey 
encounters and reduced attack success (Lima, 1998a). 

VIGILANCE. Numerous studies demonstrate that predators affect vigilance in prey, often manifested as a 
trade-off against foraging (Brown & Kotler, 2004). As individuals increase the time they spend being vigilant, 
they increase the likelihood of spotting an approaching predator (Whittingham, Butler, Quinn, & Cresswell, 
2004). In a classic case study, the reintroduction of wolves (Canis lupus) to Yellowstone National Park 
correlated with increased vigilance and reduce feeding in female elk (Cervus elaphus) and bison (Bison bison) 
(Laundré, Hernández, & Altendorf, 2001). An increase in vigilance has an important implication for predators: 
they are more likely to be spotted by prey before they can make a successful attack (Lima & Bednekoff, 1999a).  

MOVEMENT. For the Yellowstone elk, increased vigilance appeared to correspond directly to areas where 
wolves were present, prompting researchers to describe a ‘landscape of fear’ created by predators (Laundré, 
Hernández, & Ripple, 2010). When prey are able to perceive this risk landscape, they can avoid high-risk areas, 
which in turn reduces the likelihood for predators to encounter them (Kohl et al., 2018). As well as reducing 
encounters with predators, prey can use movement to conceal themselves and reveal predators. For example, 



 3 

by moving to closed areas of denser habitat and lower visibility, prey can reduce the ability for predators to 
detect them (Camp, Rachlow, Woods, Johnson, & Shipley, 2012). Conversely, prey that have ambush predators 
might move to open areas with better visibility, increasing their own detection distance, and reducing the 
ability for predators to successfully attack from cover (Valeix et al., 2009). Researchers have applied 
experimental approaches to explore how predators cues cause changes in prey movement and also foraging 
(Lima & Dill, 1990). A study on coastal-foraging racoons showed how the simulated vocal cues of a canine 
predator caused individuals to spend less time foraging on the shoreline, and feed there for shorter periods 
(Suraci, Clinchy, Dill, Roberts, & Zanette, 2016). To a real predator, these changes in its prey’s foraging 
behaviour would mean a reduced chance of prey encounter or detection (as prey move away from the high-
visibility shoreline), and a reduced chance of prey capture (as prey spend less time being vulnerable during 
foraging bouts) (Lima & Bednekoff, 1999a).  

FEEDING. Some of the most striking demonstrations of anti-predator behaviour are shown by studies 
highlighting how predators can even change the way prey feed – like the Arachnid predators that cause their 
grasshopper (Melanoplus femurrubrum) prey to have elevated metabolisms (Hawlena & Schmitz, 2010). 
Similarly, a natural experiment of sparrowhawks (Accipiter nisus) returning to the UK demonstrated how their 
great tit (Parus major) prey then changed the way they fed; carrying less excess body fat to reduce the 
likelihood of being captured when heavy (Gosler, Greenwood, & Perrins, 1995). These effects on feeding have 
further important implications for the predator, as shifts in feeding strategy mean changes in vigilance and 
greater chance of predator detection (Lima & Bednekoff, 1999b), while changes in body mass and metabolism 
mean that prey are better prepared to escape, reducing the success rate of a predator’s attacks (Lima, 1986; 
Metcalfe & Ure, 1995). 

 

Prey can evolve 

More overtly, predators exert a lethal selective pressure on the prey they consume. In this way, predators 
shape the evolution of prey behavioural and morphological traits, which can make hunting a prey species more 
difficult for predators in the long-term – over evolutionary time (Palkovacs & Post, 2008). Prey morphology 
holds many of the classic examples of anti-predator adaptations. From the cryptic plumage of nightjars 
(Caprimulgus europaeus) or the aposematic colouration of the seven-spot ladybird (Coccinella 
septempunctata) to the armoured scales of the pangolin (Manidae spp.) and the toxic chemical defence of 
assassin bugs (Platymeris rhadamanthus), there are countless examples of prey avoiding detection, deterring 
attacks and defending themselves against predators (Ruxton, Sherratt, & Speed, 2004).  

As well as selectively shaping prey morphology, predators can also drive the evolution of prey anti-predator 
behaviours (Magurran, Seghers, Carvalho, & Shaw, 1992). These behaviours can cause a reduction in the ability 
of predators to detect prey, deter or thwart predator attacks, and avoid encounters with predators altogether 
(Caro, 2005). Behaviour can reduce detection through camouflage, in the way that prey animals use 
backgrounds, body positions and movements that conceal their location from predators (Stevens & Ruxton, 
2018). If spotted, anti-predator behaviours can deter predators from attacking, either by dishonestly signalling 
that they are not fit for consumption – like the thanatosis exhibited by Virginia oppossums (Didelphis 
virginiana), or by honestly signalling that they would be hard to catch – as shown by the stotting behaviour of 
Thomson’s gazelles (Eudorcas thomsonii) (FitzGibbon & Fanshawe, 1988). Faced with a ‘dead’ oppossum or an 
energetic gazelle, predators are deterred from making attacks that had a chance of success (Hasson, 1991). 
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Prey can also avoid encounters with predators in the first place by shifting their own activity to times when 
predators are not active (Sih & McCarthy, 2002). One extreme type of activity shift is the switch to nocturnality, 
whereby prey adapt to a nocturnal lifestyle in order to avoid diurnal predators (Gerkema, Davies, Foster, 
Menaker, & Hut, 2013). Because predator sensorial anatomy is often specialised for maximum detection (for 
example high visual acuity in full daylight), if their prey shift to sub-optimal detection conditions, predators 
may not be able to follow suit (da Silva Souza, Gomes, & Silveira, 2011). For diurnally-adapted prey, a nocturnal 
activity shift requires the development of specialised sensory anatomy, and prey animals may alternatively 
use dynamic shifts in behaviour during the day to a similar effect (Lima & Bednekoff, 1999b). For example, 
zebra (Equus quagga) employ a diel migration that reduces the chances of encountering lions near waterholes 
at night (Courbin et al., 2018). Similarly, songbirds appear to have a diel foraging strategy composed of two 
parts: moving more early in the day when predation risk has been thought to be lower, and moving less later 
in the day when risk is putatively higher (Farine & Lang, 2013). For a predator, such shifts in prey activity not 
only reduce how easily prey can be detected, but also reduce the likelihood of prey encounters, and narrow 
the window of time prey are vulnerable to attacks (Tambling et al., 2015). 

 

Prey can amass 

One of the most remarkable behavioural adaptations likely driven by predation is where multiple prey 
individuals form into social groups or collectives (Krause & Ruxton, 2002). By aggregating, the group confers 
numerous benefits, including many eyes to spot predators (Olson, Haley, Dyer, & Adami, 2015), dilution of 
predation risk (Lehtonen & Jaatinen, 2016), selfish herd geometries (Morrell, Ruxton, & James, 2010), alarm 
communication (Gill & Bierema, 2013) and confusion effects (Landeau & Terborgh, 1986). Though some of 
these benefits (such as predation dilution and selfish herd) are felt only by individual prey within groups and 
without consequences for the predator, benefits such as many vigilant eyes, alarm communication, and 
confusion effects all represent forms of defence response that explicitly reduce a predator’s hunting success 
(Neill & Cullen, 1974). For example, the many vigilant eyes of emus (Dromaius novaehollandiae) in larger 
groups are able to detect predators more quickly than smaller groups, which translates to a decrease in the 
predator’s attack success (Boland, 2003; Kenward, 1978).  

Upon detection of a predator, prey usually react with alarm responses. Ranging from simple cues to complex 
signals, these responses warn nearby prey individuals of a possible threat, and spread quickly through a group 
(Treherne & Foster, 1981). The ‘fast-start’ alarm response of fish experiencing an abrupt stimulus is so fast, 
and spreads as a cue so quickly between individuals that an entire school can respond to a predator in seconds 
(Rosenthal, Twomey, Hartnett, Wu, & Couzin, 2015). Unintentionally inciting alarm responses in prey has 
important implications for the predator, as the earlier the alarm signal is made the lower the likelihood of an 
attack being successful (Kenward, 1978). Deliberate alarm calls used by prey can convey the type, and even 
location of the predator – as in the case of vervet monkeys (Cercopithecus aethiops) whose alarm calls encode 
information about whether the predator is a leopard, snake or eagle – inciting a tailored anti-predator 
response (Seyfarth, Cheney, & Marler, 1980). In such cases, even the prey disarray that predators might 
benefit from during an alarm response is negated, as alarm calls can convey information to all prey about 
where to look and how to respond to the predator. Alarms calls can additionally function to deter ambush 
predators, as they indicate the prey have spotted the predator, and any attack will likely be unsuccessful 
(Zuberbühler, Jenny, & Bshary, 1999). If deterrence fails, in certain species of group-living prey the collective 
can function to communally defend itself – as is the case for herds of muskoxen (Ovibos moschatus) that form 
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defensive circles around vulnerable calves (Côté, Schaefer, & Messier, 1997). Some species even go a step 
further by attacking the incoming predator, like the cooperatively breeding groups of cichlid fish 
(Neolamprologus pulcher) that collectively mob incoming predators (Jungwirth, Josi, Walker, & Taborsky, 
2015).   

Once alerted, a group of prey can evade predators directly (by simply moving away), or can form a swarm 
which confuses predators trying to target a single prey individual (Landeau & Terborgh, 1986). For example, 
three-spined sticklebacks (Gasterosteus aculeatus L.) that prey on larger groups of Daphnia spp. are less 
successful (Ioannou, Tosh, Neville, & Krause, 2007). By modelling the stickleback brain using neural network 
models, researchers have shown that this reduction happens as the numerous potential prey targets in a group 
overload a predator’s visual information processing, reducing the accuracy of attacks (Ioannou et al., 2007). 
Under increased predation risk, collectives can grow in number (Hoare, Couzin, Godin, & Krause, 2004), 
become more closely packed (Spieler & Linsenmair, 1999) and more phenotypically homogenous (Croft, 
Darden, & Ruxton, 2009) all of which magnify the confusion effect further (Olson, Hintze, Dyer, Knoester, & 
Adami, 2013). When collective and social behaviours combine with spatially and temporally responsive 
movement strategies, these social prey can make life especially difficult for a hunting predator (Krause & 
Godin, 1995). 

 

The implications of hunting responsive prey 

Simply by being present, predators can cause changes in prey vigilance, movement, foraging and feeding. As 
they selectively predate prey that have less optimal strategies, predators can selectively drive evolutionary 
changes in prey behaviour, life history and morphology (Abrams, 2000), including the rise of collective 
behaviours (Ioannou, Guttal, & Couzin, 2012). The combined implications of these prey anti-predation 
strategies for a predator are severe, as they can greatly reduce the ability for predators to detect, encounter, 
and capture prey (Christensen, 1996; Lind & Cresswell, 2005). Such feedbacks could shape predator and prey 
population dynamics, thus adding new dimensions to the classical Lotka-Voltera processes (Křivan, 2007). 
However, our understanding of prey responses on predator foraging strategies remains unclear. While 
hundreds of studies have looked at how predators forage on static prey, and many have looked at how 
predators also change the behaviour of their prey (Lima & Dill, 1990), there is a striking lack of behavioural 
studies that go beyond this point; to look at how behaviourally-responsive prey reduce predator hunting 
success, and how predators compensate (Lima, Mitchell, & Roth II, 2003). 

 

SECTION III: HOW PREDATORS RESPOND 
 
Anti-predator adaptations by prey should exert selection on predators to evolve compensatory mechanisms 
(Carlsson, Sarnelle, & Strayer, 2009; Norton, 1991). The evolution of predator morphologies are textbook 
examples of how natural selection has equipped predators with the tools to make them better hunters. A 
golden eagle’s (Aquila chrysaetos) keen eyes can spot prey from afar, while the white camouflage of a polar 
bear’s (Ursus maritimus) fur allow it to approach prey without being detected, and the sharp teeth and claws 
of a lion (Panthera leo) enable it to capture and quickly subdue large, dangerous prey. What is often neglected 
in this pantheon of predator adaptations are the behavioural strategies that predators also possess to improve 
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hunting efficiency and increase hunting success (Barbosa & Castellanos, 2005). These hunting strategies are 
enormously diverse, and can be found in use at every stage of the predatory sequence; enhancing the ability 
for predators to encounter, attack, and kill prey (Curio, 2012). 

ENCOUNTERS. Predators can adopt different approaches (often termed ‘modes’) to search for prey; they can 
passively ‘sit-and-wait’ for prey to come within striking distance, ‘sit-and pursue’ when prey come within 
chasing distance, or actively move through their environment (Huey & Pianka, 1981; McLaughlin, 1989). The 
intersection of theoretical and empirical work has provided important insights into which approach functions 
best for which prey (Bell, 2012; Ross & Winterhalder, 2015). ‘Sit-and-wait’ foraging, for instance, appears most 
effective for predators of moving prey, while predators of stationary prey have more success using an active 
searching strategy (Miller, Ament, & Schmitz, 2014). If prey are using temporally evasive strategies, then 
predators can responsively shift their own temporal hunting activity in a similarly dynamic way to mirror the 
times of day when prey are likely to be active (Harmsen, Foster, Silver, Ostro, & Doncaster, 2011). As an 
alternative means of combating prey responses to perceived risk (in space or time), predators could 
themselves become more unpredictable, reducing a prey’s ability to assess risk and the landscape of fear, and 
negate the anti-predation strategies used by prey (Roth II & Lima, 2007b). Predators could gather personal 
information on past interactions with prey over different timescales and incorporate this into their foraging 
strategies (Bracis, Gurarie, Van Moorter, & Goodwin, 2015). For instance, the calls of the male tungara frog 
(Physalaemus pustulosus) in shallow ponds produce sounds and ripples which frog-eating bats (Trachops 
cirrhosis) can use as cues to localise their prey (Halfwerk, Jones, Taylor, Ryan, & Page, 2014). Predators can 
use many such cues to localise mobile, elusive or camouflaged targets (Clark, 2004; Henderson, Ryan, & 
Rowland, 2017). 

ATTACKS. Once prey are found, search strategies are replaced by attack strategies. Attacking involves a 
predator having to choose specific between targets, and deciding how to approach and attack the chosen 
prey. To avoid detection by vigilant prey, predators can use behavioural crypsis to mask their approach. This 
can be seen in the stalking behaviour of felid carnivores, where they approach from dense vegetation (a 
habitat choice) and move using slow, hunkered movements (a posture choice) to avoid being spotted (Murray, 
Boutin, O'Donoghue, & Nams, 1995). Predators can also make decisions when having to make multiple attacks 
on responsive prey. For example, continuous attacks can improve a peregrine falcon’s (Falco peregrinus) 
attack success rate, as their redshank (Tringa totanus) prey have to forage in increasingly risky but profitable 
foraging areas (Quinn & Cresswell, 2012). This strategy, where predators use regular feigned attacks until prey 
are forced to take foraging risks (at which point predators make real attacks), has also been suggested 
theoretically (Wolf & Mangel, 2007). However, such continuous attacks can be costly in terms of energy, so 
another possible strategy is to instead target prey individuals that predators have the highest chance of 
successfully capturing. 

KILLS. The outcome of an attack by a predator is where most empirical data about predator behaviour comes 
from, largely because it is the most easily quantified stage of the predator sequence (Ioannou, Morrell, Ruxton, 
& Krause, 2009; Kenward, 1978; Norton, 1991). ‘Hunting success rate’ is a term for one such form of 
quantification, which usually describes the relationship between the number of hunts (or some similar 
measure of hunting effort) and the number of kills (Grémillet, 1997; Holekamp, Smale, Berg, & Cooper, 1997).  
Classically, predators have been observed selecting sick, elderly or young individuals for prey as these have 
the highest chance of being captured and killed (Curio, 2012). However, they can also use alternative prey 
selection criteria to a similar effect; as shown by the blue acara cichlids (Aequidens pulcher) that selectively 
target non-vigilant prey (Krause & Godin, 1996) or by the sparrowhawks that target prey furthest from 
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predator-concealing cover (Cresswell & Quinn, 2004). As a result, hunting success rate may be affected by this 
selection process, but because studies rarely quantify both hunting effort and hunting success, is it often 
impossible to determine the hunting success rate of a predator, or establish whether they incorporate 
information on prey into their hunting strategies. Further, what is often overlooked is that the final success 
rate of a predator is the product of a series of multiple prior behavioural decisions: the search, pursuit and 
capture strategies leading to successful encounters, attacks, and kills (MacNulty, Mech, & Smith, 2007). The 
strategies used within these steps need to be differentiated and described in order to yield a complete 
understanding of predator behaviour (Hayward, Hayward, Tambling, & Kerley, 2011; Hilborn, Pettorelli, Orme, 
& Durant, 2012). 

 

Predator adaptations to hunt collective prey 

Collective prey behaviours present a different suite of problems, which in certain cases predators can 
overcome. For instance, while the confusion effect overloads a predator’s visual processing, the oddity effect 
can allow predators to successfully target and capture rare prey individuals (Landeau & Terborgh, 1986). 
However, even weaknesses like the oddity effect can be circumvented by behaviour, such as when prey avoid 
being odd by assorting into groups according to phenotype (Croft et al., 2009). One major predator adaptation, 
presumably arising when prey collective behaviours reduce a predator’s hunting success to below the level 
required for survival and reproduction, is for predators to form groups to improve the chances of detecting 
and capturing prey (Beauchamp, 2013). Social seabird predators experience enhanced prey detection 
(Thiebault, Mullers, Pistorius, & Tremblay, 2014), group-hunting spotted sea trout (Cynoscion nebulosus) can 
deconstruct the collective functioning of prey groups (Handegard et al., 2012), and spinner dolphin (Stenella 
longirostris) pods can corner hard to capture prey (Benoit-Bird & Au, 2009). Together these group strategies 
can be incredibly successful for the predator. One such example can be seen in the Ngogo community of  
chimpanzees (Pan troglodytes) in Africa, whose cooperative hunting of red colobus monkeys (Procolobus spp.) 
nearly wiped out the local prey population, and forced the chimpanzees to switch to alternatives (Watts & 
Mitani, 2015).  

Though many studies have explored theoretically what predators could do to combat prey behavioural 
responses, relatively few empirical studies have been able to establish how such behaviours actually work in 
the natural world (Lima, 2002). Further, these have largely focused on major adaptations, such as group 
hunting, without much data available on finer-scale predator foraging strategies. Consequently, there are still 
large gaps in knowledge of what strategies predators use to deal with prey responses, and even less about 
how these behaviours function to enhance hunting success, or the feedback into the behaviour of prey (Lima 
et al., 2003). 

 

SECTION IV: THE PREDATOR-PREY ARMS RACE 
 
As escaped prey confer to their offspring adaptations for avoidance and evasion, and successful predators 
confer adaptations for encounter and capture, this paradigm sets in motion a process of coevolution, whereby 
predators and prey reciprocally shape the evolution of one another (Abrams, 2000). With predators and prey 
imposing selective pressures on one another, this coevolution can lead to an evolutionary arms race through 
an escalating series of adaptations and counter-adaptations (Dawkins & Krebs, 1979). There are numerous 
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examples of arms races between predators and prey, notably in morphology and toxicology (Brodie III & Brodie 
Jr, 1999; Takatsu & Kishida, 2013). The sinewy body plan of a cheetah (Acinonyx jubatus) is a clear indication 
of the burst-speed hunting strategy it uses, and the slender body plan of its impala (Apyceros melampus) prey 
reflects the agile nature of their counter defences (Wilson et al., 2018). Arms races can also be found in other 
forms of defence – like that of toxic prey and predator immunity to prey toxins. Rough-skinned newts (Taricha 
granulosa) for example, exude a powerful neurotoxin (tetrodotoxin) which poisons predators. The newt’s 
main predator, the common garter snake (Thamnophis sirtalis) has an mutation that confers resistance to this 
neurotoxin (Geffeney, Brodie, & Ruben, 2002). This paradigm creates a selective environment that favours 
newts which produce more toxin, and favours garter snakes which are more toxin-resistant, and through 
coevolution generates hotspot areas containing highly toxic snakes and highly resistant newts (Brodie Jr, 
Ridenhour, & Brodie III, 2002). While it’s relatively straightforward to comprehend the arms race between 
predators and prey based on such functional morphologies (Portalier, Fussmann, Loreau, & Cherif, 2018), 
observing predator-prey coevolution – particularly behavioural evolution – can be exceedingly difficult in the 
natural world.  

To support an interpretation of co-evolution, we would need evidence that the strategies of predators and 
prey ‘suit’ one another (a sign that each has shaped the other), and also that coevolved traits are absent in 
circumstances where there is not a strong interaction between species. One way to test for this ‘absence’ 
response would be to conduct studies of prey populations where predators are unnaturally absent, and 
observe whether temporal behaviour of the prey continues to show the same patterns. If patterns in this 
population are different from those under predation pressure, we could take this as evidence for the cessation 
of coevolution. Equivalent studies with absent prey should also show similar changed behaviour in the 
predator as a signal of losing coevolved behaviours. 

It should also be noted that coevolution itself may not be the only outcome of interactions between predators 
and prey. For example, the rate of encounter between a predator and prey species could be so low that the 
effect of coevolutionary selection may be negligible (Abrams, 1986). Alternatively, the phenotypic plasticity of 
key traits may be adaptively changing without actual genetic change occurring. For example, predators may 
learn to avoid certain prey, and pass this information socially to conspecifics or offspring, while prey may be 
able to upregulate antipredator mechanisms in the face of increased risk (Chivers, Zhao, Brown, Marchant, & 
Ferrari, 2008; Thorogood, Kokko, & Mappes, 2018). Thus, escalating prey defences and predator offences 
could occur in a correlated, time-lagged fashion, even without genetic change occurring in predator or prey 
populations (Kopp & Tollrian, 2003).  

 

Predator-prey games and game theory 

The behavioural strategies of predators are likely to be intrinsically linked to the strategies of prey (and vice 
versa). One method that evolutionary ecologists have used to study predator-prey behavioural interactions is 
using game theory (Sih, 2000). Game theoretic models provide an approach that can be applied to a range of 
predator-prey interaction contexts, and help us to understand what the best response of each ‘player’ is to 
the strategy of its ‘opponent’. These range from games of temporal distribution, spatial distribution, prey 
vigilance and predator searching, to pursuit and escape games (Brown, Laundre, & Gurung, 1999; Hugie & Dill, 
1994; Mitchell & Lima, 2002). Critically, game theoretical models can generate predictions about what the 
evolutionarily stable strategies are for predators and prey in a given scenario. For example, in a theoretical 
model of killer whale predators and sea lion prey, game theoretical methods demonstrated that the 
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evolutionarily stable hunting strategy for predators is to make additional ‘false’ attacks, which prevents prey 
from feeding normally, forcing them to undertake riskier foraging, and making them easier targets during the 
next ‘real’ attack (Wolf & Mangel, 2007). In this way, game theory provides a theoretical foundation of 
understanding for many predator-prey interactions, and could even give glimpses into the strategies a 
predator ‘should’ be using in different predation contexts (Dugatkin & Reeve, 2000). However, to build models 
that more accurately represent the real world – or even to test a current model’s predictive power, first we 
need real world data. 

 

Observational studies of predator-prey behaviour 

For empirical studies of wild vertebrates, one practical way of studying coevolution is to look at the current 
state of strategies used by predators and prey, with an assumption that they are likely to be in an evolutionarily 
stable state (Abrams, 2000). By looking at examples of discrete systems that have convergently evolved similar 
states, we might be able to understand what factors drive coevolution of predator-prey systems. Finally, 
looking at many predator-prey systems at different evolutionary stages, we could take this a step further, and 
demonstrate how there are multiple evolutionary pathways to a common evolutionary endpoint. These 
endpoints can also vary, as coevolution may move in the direction of an evolutionarily stable strategy, a Red 
Queen dynamic, or towards the extinction of the predator (Marrow, Law, & Cannings, 1992). In cases where 
coevolution has reached a stable strategy, we could surmise that predators are exploiting aspects of prey 
behaviour that have fundamental limitations with little opportunity for counter-adaptation. 

 

Prey limitations 

One such limitation can be found in activity patterns. Diurnal prey, for example, are constrained to foraging 
for all their energy requirements within the daylight time they have available (Kronfeld-Schor & Dayan, 2003; 
Ydenberg, Welham, Schmid-Hempel, Schmid-Hempel, & Beauchamp, 1994). This period of prey behaviour 
represents a window for predators to use hunting strategies that are linked to prey diurnal behaviour (Eriksen 
et al., 2011; Monterroso, Alves, & Ferreras, 2013). A large body of theoretical and empirical work based on 
songbirds suggests that prey behaviour is driven mainly by mass-dependent risk (which theoretically increases 
as they feed) (Brodin, 2007). Songbirds have been observed delaying mass gain until the afternoon, and 
presumably predators could exploit this time (Macleod, Gosler, & Cresswell, 2005). However, relatively few 
studies have been able to describe and quantify whether avian predators are behaving as expected, and 
targeting these songbird prey vulnerabilities (Lima, 2002). This gap in knowledge raises a series of questions 
about how predator behaviour relates to prey. For example, how are different prey vulnerabilities caused by 
behaviour, feeding ecology, or the environment, manifested in the temporal behaviour of predators? Do 
predators have different hunting success rates at different times of the day? If so, do predators incorporate 
such information into their hunting strategies? 

 

Collective prey and collective predators 

Predator pressure is considered to be central to the evolution of group-living in prey species, and in turn could 
also have driven the evolution of group hunting by predators (Packer & Ruttan, 1988). When prey evolve 
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morphologies that prevent capture, or collective behaviours that reduce predation success, predators could 
have only one response left: to become social themselves. Despite the obvious costs of sharing prey with 
others, group hunting likely persists in the animal kingdom because of the two-fold benefits it brings (Galef Jr 
& Giraldeau, 2001). First, social predators can have a better chance of discovering prey (Giraldeau & Caraco, 
2018). Predators in groups have access to a pool of social information from other members, which can be 
transferred through cues – like the sounds a bat makes when catching prey (Dechmann et al., 2009), or by 
signals – like the vocalisations swallows use to recruit conspecifics (Brown, Brown, & Shaffer, 1991). Second, 
group hunting can enhance prey capture (Beauchamp, 2013), enabling predators to corral, confuse and 
dismantle prey collectives (Handegard et al., 2012), or cooperatively subdue large, dangerous prey (Stander, 
1992). Spotted hyenas (Crocuta crocuta) show aspects of both these functions when they hunt herds of zebra 
(Equus burchelli); the pack forces zebra into a dense, moving herd, and then singles out one slower or 
weakened individual that the entire pack works to bring down (Kruuk, 1972). While social predation 
behaviours have been investigated in many species, research has often been conducted in isolation – without 
bridging studies that relate the behavioural strategies to one another. As a result, we are missing a broader 
context of how social predators vary, or even have a starting point to understand the pathways to the 
evolution of social traits among predators. 

 

SECTION V: PUTTING THE PREDATOR BACK INTO PREDATOR-PREY INTERACTIONS 

 
A wealth of evidence shows that predators are behaviourally sophisticated animals (Stephens & Krebs, 1986), 
but when predator-prey interactions first garnered research attention in the 1980’s and 90’s, most research 
rendered predators as inert, fixed variables of risk rather than responsive, complex, decision-making 
organisms (Mangel & Clark, 1988). For a number of reasons (such as theoretical convenience and experimental 
feasibility), the majority of work on predator-prey interactions was conducted purely from the perspective of 
the prey (Lima & Dill, 1990). Lima’s seminal Trends in Ecology and Evolution paper (Lima, 2002) attempted to 
rectify this flaw, calling for biologists to “[put] predators back into predator-prey interactions”. The paper 
proposed various ways that, by simply allowing predators to respond to prey (particularly over space but also 
in time), many of the standard expectations of prey behaviour and dynamics had the potential to be radically 
altered. Lima also called for more empirical studies of predator behaviour, and highlighted how large-scale 
studies could inform us about the deeper nature and functioning of predator-prey phenomena. Since 
publication, this paper has been cited hundreds of times, but less than half of these studies (216/444) actually 
discuss the behaviour of the predators, and even fewer (137/216) appear to do so empirically ("Web of Science 
- ISI Web of Knowledge," Retrieved 9th October 2018). This is a clear indication that predator behaviour 
continues to be underrepresented in the literature.  

 

Challenges and new approaches to studying predator behaviour 

A challenge to studying predator behaviour is that predators are often difficult to observe in detail. A first 
approach has been to study predators as foragers. This has revealed how prey anti-predator adaptations and 
predator foraging behaviours can co-evolve (Rowland, Fulford, & Ruxton, 2017). But, finding wild systems 
where both predators and their prey can be studied in unison is even more challenging. Given that predation 
is one of the most important types of behavioural interactions that occur in nature, it is critical that we 
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continue to strive to understand it. While monitoring both predators and prey seemingly remains unfeasible, 
there is still the possibility to generate empirically-driven hypotheses about how they interact. Many large-
scale datasets are being collected for a range of purposes to which predator-prey questions could be applied 
(Sullivan et al., 2009). These could help provide new insights – or at least preliminary data – on how predators 
forage in response to prey behaviours. 

 

SECTION VI: UNDERSTANDING PREDATOR FORAGING STRATEGIES 

 
In my thesis, I wanted to investigate the hunting behaviour of predators, and take a predator-centric view of 
predator-prey interactions. Specifically, I sought to describe, quantify, and analyse the strategies predators 
use to hunt mobile, responsive, and collective prey. I did this to gain a better understanding of how hunting 
strategies have evolved, have been shaped to and by prey behaviour, and are maintained over time.  

First, I investigated the different strategies that groups of predators use when hunting prey. Many of the 
current approaches used to study these behaviours condensed the different facets of predator hunting 
strategies to a single point on a one dimensional continuum. I outlined a multidimensional framework 
designed to capture more complete information across different behavioural components that comprise a 
species’ hunting strategy. By reviewing examples of social predation and scoring them according to the 
framework, I demonstrated that this approach can capture additional meaningful information about predation 
strategies, allowing us to build a behavioural landscape of group-hunting predators. 

Second, I examined the temporal hunting strategies of individual predators, and how they are matched to the 
behaviour of prey. I developed a method that used bird observation data from two continents to describe the 
daily activity patterns of three genera of avian predators and nine species of songbird prey. My results suggest 
that bird-eating raptors hunt more at times when songbirds are active, rather than at times when songbirds 
are theoretically most vulnerable. This temporal hunting strategy is consistent over broader scales, with the 
same patterns observed for closely related predators (of the Accipiter genus) from different continents. I also 
found that in other two genera of avian predators (Falco and Buteo), congeners from different continents also 
use similar temporal strategies – which is likely linked to the nature of their respective prey types. These results 
indicate predators have evolved and maintained common temporal hunting strategies to exploit the temporal 
behaviour of prey. 

Finally, I wanted to build on this deeper understanding of temporal predation by analysing the relationship 
between the effort a predator puts into hunting, and the success that it experiences. Though many studies 
operate under the assumption that increased hunting effort yields greater hunting success, few have been 
able to verify this. Using data on the hunting behaviour of peregrine falcons, I quantified both the effort 
invested (as time spent hunting), and the success (as number of prey captured). The findings indicate that 
predators are – contrary to much of the literature – not always more successful at times when they allocate 
more effort. Our results also suggest that when provisioning chicks, individual peregrines can employ different 
temporal strategies to achieve similar patterns of hunting success.  
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CHAPTER 1: A MULTIDIMENSIONAL FRAMEWORK FOR STUDYING SOCIAL 

PREDATION STRATEGIES 
 

Stephen D. J. Lang and Damien R. Farine 

 

ABSTRACT 
 
Social predation—the act of hunting and feeding with others—is one of the most successful life-history traits 
in the animal kingdom. Though many predators hunt and feed together, a diversity of mechanisms exist by 
which individuals forage socially. However, a comprehensive framework capturing this diversity is lacking, 
preventing us from better understanding cooperative forms of predation, and how such behaviours have 
evolved and been maintained over time. We outline a framework of social predation that describes five key 
behavioural dimensions: sociality, communication, specialisation, resource sharing, and dependence. By 
reviewing examples of social predation, we demonstrate the strength of a multidimensional approach, 
highlighting key commonalities and differences among species, and informative cross-dimensional 
correlations. These patterns highlight different potential evolutionary pathways and end-points across a 
multidimensional social predation spectrum.  

 

Keywords: cooperation, foraging, hunting, group living, mutualism, predator-prey. 
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UNDERSTANDING SOCIAL PREDATION 
 
Social predation allows groups of predators to find, target and kill larger or more numerous prey with greater 
efficiency than any individual can manage alone. Social foraging (searching for food) and social or group 
hunting (pursuing and capturing prey) provide many fitness benefits to individual predators; from enhanced 
prey detection (Pitcher, Magurran, & Winfield, 1982) to the acquisition of additional resources (Creel, 1997; 
Luhrs, Dammhahn, & Kappeler, 2012; MacNulty, Tallian, Stahler, & Smith, 2014), and is thought to be a key 
promoter of the evolution of group living (Krause & Ruxton, 2002; Macdonald, 1983). For example, larger 
prides of lions (Panthera leo) are able to kill larger prey than smaller prides (Packer & Ruttan, 1988; Schaller, 
2009). Social predation is likely to have caused major shifts in the co-evolutionary arms race between 
predators and their prey (Dawkins & Krebs, 1979). Yet, while social predation has been repeatedly proposed 
as a classic case of cooperation, the mechanisms underpinning the process of social predation could be 
relatively simple, without the need for cooperation and instead arising via mutualisms and direct fitness 
benefits (Clutton-Brock, 2009).  

Despite extensive research on social predation, very little is known about how many times and in how many 
different forms it has evolved across taxa. Objective research has been restricted by the absence of a 
framework that quantifies the different forms of social predation. For example, groups containing individuals 
from more than one species can exhibit social predation behaviours that fit existing descriptions of 
cooperation (Bshary, Hohner, Ait-el-Djoudi, & Fricke, 2006; Elliser & Herzing, 2016; Hebshi, Duffy, & 
Hyrenbach, 2008) (see Box 1.1: Interspecific cases of social predation), thus highlighting limitations in the 
current approaches to describing and studying social predation. A robust framework is required to allow the 
similarities and differences among different groups of social predators to be more clearly evaluated. Such an 
evaluation would provide clearer insight into the evolutionary pathways that have led to the widespread 
strategies used by social predators throughout the animal kingdom. 

We propose a novel framework to classify social predation among species according to five key dimensions of 
behaviour. Though the term ‘social predation’ has been previously used to “[cover the] complexities of finding 
prey and avoiding predation in groups” (and so including foraging behaviour of social herbivores) (Beauchamp, 
2013), here we limit it to include the range of different group hunting strategies used by social predators 
(animals that find, capture, and kill mobile prey animals). By extensively reviewing examples of social 
predation from the literature, and applying the framework to these examples, we demonstrate the strength 
of a multidimensional perspective. Our approach can identify commonalities in predation strategies across 
species, and linkages across dimensions. In creating this framework, we encourage experts on each species to 
report their findings using consistent and precise terminology. Such a framework will enable researchers to 
draw robust comparisons of different species, facilitate greater focus for future research in a rapidly 
modernising field (see Box 1.2 – How technology is advancing the understanding of animal movement), and 
ultimately allow us to better understand the evolution of this diverse set of behaviours. 

 

EXISTING FRAMEWORKS OF SOCIAL PREDATION 
 
Existing classification frameworks for social predation constitute one-dimensional continuums (Bailey, Myatt, 
& Wilson, 2012; Boesch & Boesch, 1989; Ellis, Bednarz, Smith, & Flemming, 1993). Early studies focused their 
terminology on cooperation, defining it as a single behavioural trait (Busse, 1978; Goodall, 1986; Kruuk, 1972) 
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(hence the current common usage of ‘cooperative hunting’). Boesch & Boesch (1989) were the first to outline 
a framework to delineate the “increasing complexity of organization between hunters”. They based their 
ranked definitions of cooperation on how each individual of a group relates in time and space to its peers: 
showing similarity, synchrony, coordination, or collaboration (see Supplementary Table S1.1). Later, Ellis et 
al. (1993) (Supplementary Table S1.2) and Bailey et al. (2012) (Supplementary Table S1.3) outlined broader 
classification frameworks with additional hunting classes (Ellis’ illustrated using raptors, Bailey’s using 
Carnivora – though both are more widely applicable). These additions improved the Boesch & Boesch 
framework by distinguishing the passive ‘cooperation’ of aggregated predators independently attracted to 
common resources, from the active cooperation among individuals in hunting groups. Both frameworks added 
greater consideration for different features of cooperation during hunting (resource sharing, division of 
labour), and highlighted cases of pseudo-cooperative hunting.  

 

A MULTI-DIMENSIONAL PERSPECTIVE 
 
When formalizing social predation using one-dimensional frameworks that range from non-social foraging to 
cooperative hunting strategies (Boesch & Boesch, 1989; Ellis et al., 1993), it quickly becomes clear that current 
frameworks struggle to fully describe the diversity of social predation phenomena found in the animal 
kingdom (Box 1.3: Scoring with existing frameworks). Take the comparison of two social predator species 
currently classified as cooperative hunters: the lionfish, Dendrochirus zebra (taken from Lonnstedt, Ferrari, & 
Chivers, 2014), and the wolf, Canis lupus (taken from Muro, Escobedo, Spector, & Coppinger, 2011). Socially, 
both species have distinct motivations for grouping: lionfish are commonly solitary, and form temporary 
groups with the main purpose of foraging (though individuals have been observed resting together: Marsh, 
1985), whereas wolves live in stable groups that live and hunt together. Their methods of hunt-initiating 
communication also differ: lionfish flare their fins as an active signal to hunt together, whilst wolves appear to 
use the behaviour of group conspecifics as passive cues to initiate hunting (but see Nowak et al., 2006). During 
hunting, lionfish alternate equally in specialist roles by taking turns at the front (where foraging success is 
greatest), but wolves appear to hunt using collective movement rules (Muro et al., 2011; Sumpter, 2006). 
Following a successful hunt, wolves will divide the prey between pack members (according to dominance 
rank), whereas individual lionfish aim to maximise their own intake. Clearly, each species’ strategy contains 
different elements; each with varying levels of complexity. 

We propose using a framework that captures behaviour across multiple dimensions. Our aim is to more 
accurately capture the range of behaviours associated with social predation, thus facilitating clearer 
comparisons across taxa, and ultimately the identification of different potential evolutionary pathways to 
social predation. This framework describes five fundamental dimensions of social predation (see Figure 1.1), 
and is designed from the perspective of the individual and its interactions with other group members (for a 
framework linking predator behaviour to prey size and distribution, see Packer & Ruttan, 1988). Social 
predation behaviours for each dimension are divided into subclasses, and ranked according to the increasing 
level of individual investment into actions that maximize the benefits or success of the group. Below, we define 
the features of each dimension, and illustrate them using taxonomically broad examples from the literature. 
Each dimension and sub-section number relates to the framework outlined in Figure 1.1.  
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Figure 1.1. Each dimension (grey box) is split into four subclasses, scored from 0-3 (coloured circles). Each of 
the four sub-classes of a dimension can also be more broadly classified by presence or absence of its key 
feature (social, signalling, specialisation, allocation, or dependence).   
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GLOSSARY 
 

Aggregation - Gathering of individuals attracted to a common resource. 

Collective - Groups with behaviours that arise from common inter-individual interaction rules. 

- Coordinated (collective) - Individuals relate in time and space to actions of others. 

- Synchronised (collective) - Individuals relate in time to actions of others. 

Conspecifics - individuals of the same species. 

Cooperative - Working with others (not always as equals). 

Fission-fusion - Groups that change in individual membership over time. 

Feeding – Consumption of a food resource. 

Foraging – The act of searching for a food resource. 

Group – Two or more individuals that respond to the behaviour of each other. 

Hunting -  Active searching, pursuit and capture of mobile prey animals. 

Heterospecifics – Individuals of a different species. 

Local enhancement - Attraction of an individual by the presence of others. 

Mesopredator - A predator that is also preyed on by a superpredator. 

Predator - An animal that derives (at least some of) its energy by consuming other mobile animals. 

Social foraging - Searching for food (plants/animals) with others. 

Social predation - Finding, capturing and consuming other animals with others. 

Social predator – A predator that finds, capture and consume animals with others. 

Socially-stable - Groups with social ties that persist in time and across contexts (feeding, breeding). 

Superpredator - A predator than preys on mesopredators and/or other superpredators. 
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SOCIALITY (Interactions between individuals when foraging and feeding) 

 

ASOCIAL (0) Solitary 

Animals actively avoid or deter other individuals when foraging or feeding. Examples of this asocial behaviour 
are common in animals that use discrete territories occupied by a single individual, like tiger (Panthera tigris) 
(Sunquist, 1981), or pike (Esox lucius) (Eklöv, 1992), or by mated pairs that hunt separately, such as 
sparrowhawk (Accipiter nisus) (Newton, 2010). 

 
ASOCIAL (1) Aggregations 

Predators forage solitarily but form aggregations at common resources. For example, annual salmon runs 
draw large numbers of brown bears (Ursus arctos) to spawning grounds (Deacy, Leacock, Armstrong, & 
Stanford, 2016). Although animals in such aggregations appear to form temporary groups, each individual 
forages independently. 

 
SOCIAL (2) Group foraging with inconsistent membership 

Individuals gain benefits from group-level collective foraging, which is thought to increase per-capita success 
with group size (Clark & Mangel, 1986). Group membership however, is unstable. Such groups are typically 
composed of unrelated individuals and have rapid membership turnover, exhibiting fission-fusion dynamics 
(Silk, Croft, Tregenza, & Bearhop, 2014). Many examples also exist of interspecific groups forming for the 
purpose of foraging (see Box 1.1), such as giant moray eels (Gymnothorax javanicus) and groupers 
(Plectropomus pessuliferus) that have been observed hunting together (Bshary et al., 2006). While in some 
cases the primary driver for forming groups is to reduce predation (Beauchamp, 2013; Krause & Ruxton, 2002) 
(typically mesopredators such as piranhas or penguins avoiding superpredators (Queiroz & Magurran, 2005; 
Takahashi, Sato, Nishikawa, Watanuki, & Naito, 2004; Wilson, Wilson, & McQuaid, 1986), grouping can also 
increase hunting success (Beauchamp, 2013). 

 
SOCIAL (3) Group foraging with consistent membership 

Individuals forage and feed in groups with consistent membership over time. Forming socially-stable groups 
can reduce the level of agonistic interactions and increase predation success among individuals. Groups can 
consist of unrelated individuals, and generally form in response to some ecological pressure: for instance, 
improvements in the detection and capture of prey (Beauchamp, 2013), or the cooperative breeding and 
group caring of young (Dugatkin, 1997). Individual sperm whales (Physeter macrocephalus) for example, have 
greater foraging success when hunting as groups, but studies suggest their gregariousness is more likely to 
have evolved through mutual caring of calves (Gordon, 1987; Whitehead, 1989; Whitehead & Arnbom, 1987). 
Further, many animals that form socially stable groups also have sub-groups of individuals that hunt for the 
group, which has been observed in several well-studied mammal groups. For instance, male lions, and the 
females of some chimpanzee (Pan trogolodytes) groups rarely participate in hunts (Boesch, 1994; Funston, 
Mills, & Biggs, 2001; Funston, Mills, Biggs, & Richardson, 1998; Scheel & Packer, 1991) – though membership 
is still highly predictable in these hunting groups. 
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COMMUNICATION (Communication between individuals) 

 
NO SIGNALLING (0) No response to other individuals 

Individuals do not modify their foraging behaviour in response to the behaviour of others. 

 
NO SIGNALLING (1) Public/Social Information use 

Group cohesion during foraging or at resources is driven by passive communication between individuals. Social 
information (using cues generated by others, i.e. local enhancement) is a mechanism that can lead to many 
emergent group-level properties (Arganda, Pérez-Escudero, & de Polavieja, 2012; Berdahl, Torney, Ioannou, 
Faria, & Couzin, 2013), including maintaining coordination (Herbert-Read, 2016). Numerous animals choose 
between feeding sites based on the presence of others, using visual (Anderson, 1991; Greene, 1987; Krebs, 
1974) or auditory cues (Dechmann, Kranstauber, Gibbs, & Wikelski, 2010). Even in several socially stable 
species, it appears that individuals rely on simple passive behavioural cues to synchronise hunting (Muro et 
al., 2011; Scheel & Packer, 1991).  

 
SIGNAL (2) Recruitment/signalling at resources 

Predators use active signals to recruit or synchronise others at discovered food resources. Recruitment of 
group members can enhance prey capture success and individual foraging efficiency (Brown et al., 1991), or 
for mesopredators recruiting larger groups can help reduce individual vigilance for superpredators (Lima & 
Dill, 1990). The active signalling of food discovery can be via different modalities, but is most frequently 
communicated using vocalisations (Clay, Smith, & Blumstein, 2012). For example, cliff swallows (Hirundo 
pyrrhonota) that find insect swarms use vocal ‘squeak calls’ to signal conspecifics to feed (Brown et al., 1991). 
Communication at discovered prey also appears to function as a means to synchronise prey capture in certain 
groups of predators, such as packs of dhole (Cuon alpinus) (Fox, 1984) and schools of mormyrid fish 
(Mormyrops anguilloides) (Arnegard & Carlson, 2005). 

 

SIGNAL (3) Recruitment/signalling to forage 

Predators use active signalling to initiate foraging (prior to discovering resources). In African wild dogs (Lycaon 
pictus), group members use a ‘rally ceremony’ to encourage other pack members to start a hunt (Creel & 
Creel, 1995) whilst African penguins (Spheniscus demersus) employ a ‘head-dipping’ signal to synchronise 
foraging dives (Wilson et al., 1986). In fish, groupers make a referential gesture to recruit moray eels (Bshary 
et al., 2006; Vail, Manica, & Bshary, 2013), whilst lionfish flare their fins to recruit other individuals to their 
hunting parties (Lonnstedt et al., 2014). Signals among predators are typically used for recruiting extra group 
members or to synchronise initiation of the hunt.  
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SPECIALISATION (Role specialisation of individual during hunting) 

 
NO SPECIALISATION (0) Individuals forage or hunt without coordination 

Individuals in groups (or aggregations) of predators forage and hunt independently. For example, basks of Nile 
crocodiles (Crocodylus niloticus) near river crossings individually seize passing ungulates (Pooley & Gans, 
1976). Predators in such groups could have interaction rules that are associated with avoiding collision with 
others (Lukeman, Li, & Edelstein-Keshet, 2010; Queiroz & Magurran, 2005). However, the group’s hunting 
success is not improved by behavioural rules associated directly with foraging or hunting. 

 
NO SPECIALISATION (1) Individuals coordinate using identical collective rules 

Individuals in foraging or hunting groups use identical patterns of behaviour, forming a collective group 
structure that benefits hunting success (Muro et al., 2011; Partridge, Johansson, & Kalish, 1983; Schmitt & 
Strand, 1982). The coordination arising from the collective interaction rules plays a key role in increasing the 
hunting success of the group (Herbert-Read, 2016). Line-formation is a common group-level strategy used by 
such collective predators, and can function to herd prey into dense groups and prevent escape (Benoit-Bird & 
Au, 2009; Partridge et al., 1983). Group hunting by predators has also been shown to facilitate the  capture of 
collective prey by inhibiting collective information transfer within prey groups (Handegard et al., 2012).  

 

SPECIALISATION (2) Temporary roles 

Animals coordinate with other group members, and some or all individuals take on different roles that function 
as part of a broader hunting strategy. Individually, these roles are adopted flexibly and can even be switched 
mid-hunt. For example, Harris’ hawks (Parabuteo unicinctus) use a hunting strategy with interchangeable 
‘chaser’ and ‘blocker’ roles that function to flush and capture prey from dense vegetation (Bednarz, 1988). 
Hunting strategies often have only one specialised position that is occupied by a random individual, while the 
rest of the group occupy a common role. In bottlenose dolphins (Tursiops truncatus) hunting schools of fish, 
group members take turns as lead ‘chaser’, whilst conspecifics form a barrier to force fleeing fish to the surface 
(Gazda, Connor, Edgar, & Cox, 2005). Role specialisation is a critical feature of group-level hunting strategies, 
distinguishing them from purely collective forms of hunting. 

 
SPECIALISATION (3) Consistent roles 

Individuals consistently occupy the same specific role between hunts, and roles function as part of a broader 
group-level strategy. For example, in lions, hunting females regularly occupy the left or right side of a ‘winging’ 
hunting tactic (Stander, 1992), whilst individual chimpanzees consistently adopt a role of  ‘driver’, ‘blocker’, 
‘chaser’ or ‘ambusher’ over multiple hunts (Boesch, 2002). Role consistency should enable individuals to 
practice and perfect role-specific motor control (the benefits of a consistent attack technique has been shown 
in sailfish: individuals with stronger side-swipe lateralisation experience higher capture success (Kurvers et 
al.), although this example does not represent role specialisation as part of a group-level hunting strategy). 
Studies on lions show that an individuals’ body type physiologically matches its role (Stander, 1992), suggesting 
that consistency also improves development of role-specific muscle groups. Having consistent specialised 
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roles in a family group (as suggested in chimpanzees (Boesch, 2002) and some killer whale ecotypes 
(Coscarella, Bellazzi, Gaffet, Berzano, & Degrati, 2015) would also be more effective in facilitating learning by 
offspring. 

 

RESOURCE SHARING (Sharing of acquired resources among individuals) 

 
COMPETITION (0) Individuals compete to maximize intake and monopolise resources 

Predators compete to forage, and despotic individuals aim to monopolise resources by excluding all others. 
Competitive resource division can be seen in numerous territorial species, such as sparrowhawks (Newton, 
2010). 

 

COMPETITION (1) Individuals divide resources among hunters according to effort 

Prey is divided amongst individuals via competition at the resource. Such behaviour is common in predator 
species that forage on inherently divisible prey, such as sailfish (Istiophorus platypterus) (Herbert-Read et al., 
2016) and seabirds (Thiebault, Semeria, Lett, & Tremblay, 2016) feeding on fish schools, or bats (Dechmann 
et al., 2010) and swallows (Brown et al., 1991) feeding on insect swarms. 

 
ALLOCATION (2) Individuals allocate according to social status (not competing) 

Once the prey is captured, it is allocated to group members according to social rank. For example, when groups 
of mammalian carnivores including lions, African wild dogs or wolves capture large prey, the resource becomes 
a feeding patch (Bailey et al., 2012). Larger, more aggressive or more dominant individuals in the group can 
control access to the resource, and get preferential access (Holekamp & Smale, 1990). Unequal resource 
sharing is common in animal groups governed by dominance hierarchies (Janson, 1985). Similarly, if certain 
group members expended additional energy when hunting large prey, they are allocated a larger share of the 
resulting resource. Examples of this type of resource division can be seen in some chimpanzee populations 
(Boesch, 2002) and human hunter-gatherer cultures (Alvard, 2003). 

 
ALLOCATION (3) Individuals allocate according to need 

Individuals share the prey amongst all group members, allocating the resource in a way that maximizes benefit 
for all group members. In some cases, groups allocate resources to include individuals that did not participate 
in the hunt. It has also been suggested that sharing behaviour can occur in animal groups containing adults 
that are incapacitated as a result of illness or injury, such as pods of killer whales (Orcinus orca) (Wright, 
Stredulinsky, Ellis, & Ford, 2016) and Neanderthal tribes (Homo neanderthalensis) (Spikins, Hitchens, 
Needham, & Rutherford, 2014). 
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DEPENDENCE (Importance of social predation for hunting success of individual) 

 
NO/MINIMAL DEPENDENCE (0) Pay a cost of foraging or hunting in groups (competition) 

Having more than one predator has a detrimental effect on hunting success. For predators such as tiger 
(Sunquist, 1981), sparrowhawk (Newton, 2010), and pike (Eklöv, 1992) that use an ambush hunting strategy, 
the greatest success is achieved when hunting solitarily. Additional members increase the chance of groups 
being detected by prey, thus reducing hunting success. 

 
NO/MINIMAL DEPENDENCE (1) Neutral or small benefits - don’t outweigh other costs 

Having more than one individual has a neutral or negligibly beneficial effect on success rate of the group. This 
is seen in bears aggregating at salmon runs (Deacy et al., 2016), or piranhas shoaling around prey (Queiroz & 
Magurran, 2005). Any benefits that are accrued are a by-product of other factors (such as via reduced vigilance 
for mesopredators), and greater hunting ability is not the driving function of grouping. 

 
HIGH DEPENDENCE (2) Groups acquire resources that individuals cannot 

Individuals gain greater benefits when hunting as a group. It is often the case that larger groups are more 
successful than smaller groups in detecting elusive prey (Beauchamp, 2013), controlling collective prey (such 
as dolphins (Benoit-Bird & Au, 2009; Gazda et al., 2005) and whales (Wiley et al., 2011) that corral prey), and 
bringing down large prey (common in terrestrial carnivores (Bailey et al., 2012). 

 
HIGH DEPENDENCE (3) Obligate – group is necessary for both survival and reproduction 

Obligate species that can only hunt with others, and have little to no success hunting alone. 

Certain species are dependent on group hunting; in brown-necked ravens (Corvus rufficollis) (Yosef & Yosef, 
2009), individuals are only successful in catching lizards when hunting with others. In other cases, individuals 
can hunt smaller species alone, but rely on hunting as a group to kill the prey required to sustain reproduction 
(Hill & Hurtado, 2009). In colonial insects like myrmicine ants (Pheidoiogeton diversus), individuals cannot 
survive by hunting solitarily, as prey are too large for a single ant to subdue alone (Moffett, 1988).  
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DESCRIBING SOCIAL PREDATION USING A MULTIDIMENSIONAL APPROACH 
 
The aim of the social predation framework is to provide novel insights compared to existing options. To test 
this, we first identified examples of social predation from the literature by searching Google Scholar with 
specific keywords (see Supplementary Methods for details). We identified 77 studies of social predation from 
four main vertebrate taxa that exhibit social predation (mammals, fish, birds and other reptiles). In addition, 
we selected six representative arthropod studies, and all six interspecific examples we could find (see Dataset 
1 and Table S1.4 in Supplementary Material for complete list). For each study, we scored group behaviour 
across the five dimensions (Figure 1.1) to identify their differences and commonalities in social predation 
features (see Supplementary Table S1.1, and Supplementary Materials for methodology). In many species, 
distinct populations could be scored differently across the five dimensions of the framework. Thus, we 
demonstrate how the framework can also inform about within-species differences by including multiple scores 
for killer whales. We calculated the variance in inter-observability by having two independent scorers review 
20 species, which resulted in only 5 out of 200 scores of differences between the original (never differing by 
more than one dimension level). 

To illustrate the strength of the proposed framework, we applied a dimension-reduction algorithm (t-
Distributed Stochastic Neighbour Embedding – or t-SNE (Maaten & Hinton, 2008) to our scored data. t-SNE 
arranges high-dimensional data points according to their similarity across dimensions (Figure 1.2). In our data, 
the pairwise distance between points reflects the level of similarity in scores across all five dimensions. We 
then applied a standard Gaussian mixture model clustering algorithm (Fraley, Raftery, & Scrucca, 2012) to 
identify clusters of similar species. While comparative studies would use the actual distances between each 
pair of species or populations, here we use clustering to provide a visual comparison between the outputs of 
the new social predation framework and those of existing frameworks (see Box 1.3).  

Clustering of species (Figure 1.2) highlights the spread of interspecific examples across the diversity of 
predation strategies, and how different populations of the same species can vary. First, we find that most 
cases of interspecific social predation occur in the same cluster. These include honeybadger (Mellivora 
capensis) with pale chanting goshawk (Melierax canorus), and wedge-tailed shearwaters with skipjack tuna. 
These largely represent cases where one species benefits as a by-product of the other species’ hunting activity. 
By contrast, other interspecific examples are spread across different clusters. The sharptooth catfish (Clarius 
gariepinus) hunting with blunttooth catfish (Clarias ngamensis) is contained in a cluster containing yellowtail 
and bluefin tuna—both species that can be described as coordinated hunters. Atlantic bottlenose dolphins 
hunting with spotted dolphins sit in a cluster containing species such as red-bellied piranha and bank swallow 
(Riparia riparia), which can be described as aggregative predators. More broadly, the distribution of 
interspecific groups across these different clusters suggests that social predation strategies are not all 
exclusively a result of complex kin-selected processes (see Box 1.1). 

The clusters also highlight that different combinations of strategies can be used by different populations of 
the same species. The social predation framework reveals that several ecotypes of killer whales are found in 
separate clusters. Type B orca are clustered with species such as wild dogs and humans, potentially 
representing the most advanced examples of social hunters. Two other ecotypes (Transient and Resident) are 
found in the same cluster as Harris’ hawks and dholes, which are less-developed social hunters, that show high 
levels of resource sharing and minimal use of active communication. In this context, the framework will be 
useful for quantifying how social predation strategies vary across populations adapted for living in different 
ecological conditions (such as different seasons, habitats, or prey type availability). 
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Clustering reveals both expected and unexpected results. For example, humans are found alongside orcas, 
lions, and chimpanzees, but surprisingly, this cluster also contains Aplomado falcons and myrmicine ants. 
Comparisons within and between clusters could be drawn with other characteristics of each species, such as 
brain size or lifespan. However, the greatest strength of the framework will be to directly compare the scores 
within and among species across the different dimensions, and we explore such comparisons in the following 
two sections. Further, future research combining scores using the framework with phylogenetic information 
could identify whether certain combinations of predation features represent convergent pathways to complex 
social predation strategies, and examine the dependency structure linking these behaviours (see section on 
Dependencies across dimensions, page 26).  
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Figure 1.2. Dimensionality reduction of the scores across all five dimensions for 77 taxonomic examples (see 
Supplementary Figure S1.3 for all species names). Each point reflects a specific animal group scored using our 
social predation framework, and outlined letters refer to which taxonomic group they belong to (see Box 1.1). 
The scores for each dimension are depicted by differently coloured sections of the star plot, with the increasing 
size of each coloured section reflecting higher scores (0-3). The dimensionality-reduction algorithm (t-SNE 
(Maaten & Hinton, 2008) positions multi-dimensional data points that are more similar closer to one another. 
The coloured background polygons are the result of a Gaussian Mixture Model clustering algorithm (Fraley et 
al., 2012) that is used to identify groups of species with similar social predation strategies, enabling 
comparison to existing frameworks (see Box 1.3). 

  



 25 

CORRELATIONS BETWEEN DIMENSIONS 
 
Because of the inherent nature of social predation, as rank increases in one dimension it is also likely to 
increase in others (though not necessarily linearly or equally). We used a correlation analysis to explore in 
more detail the relationships between dimensions (see Supplementary Figure S1.1). We only found positive 
correlations, suggesting that all dimensions captured incremental complexity in similar ways. Further, none of 
the correlations were close to 1, which would have suggested that the framework needed to be collapsed to 
a smaller number of dimensions. Here, we discuss the five sets of dimensions with correlations above 0.4.  

 
Sociality + Specialisation (0.52) – Role specialisation is likely to require repeated interactions between the 
same individuals.  However, social predation in mixed-species social predator groups allows role specialisation 
as a species-level trait (Au & Pitman, 1988; Bshary et al., 2006) reducing the costs of finding individuals with 
the appropriate specialisation traits. 

Sociality + Resource sharing (0.46) – Resource sharing requires individuals to reduce their own intake in lieu 
of others, such as when food is allocated to non-participants after hunts (e.g. (Boesch, 2002; Scheel & Packer, 
1991). Such behaviour is most common when stable social groups are formed to increase reproductive 
success. 

Sociality + Dependence (0.56) – Living in stable social groups is likely to have enabled animal groups to improve 
their hunting ability (Macdonald, 1983). We hypothesise that increased pressure from predators could induce 
responses from prey that include larger body sizes and larger groups. The coevolutionary arms race that 
ensued could have trapped social predators into high dependence.  

Specialisation + Resource sharing (0.4) - Specialisation when hunting large prey requires fair allocation of the 
resource when a kill succeeds. Thus, resource allocation would be important in role-specialised strategies to 
ensure a mechanism to provide resources for individuals whose roles do not place them near to captured 
resources (e.g. flushers). 

Dependence + Specialisation (0.43) – Specialisation of roles when hunting in groups can improve the per 
capita capture of prey. Predators that use specialisation to improve hunting success could become dependent 
on these as their life histories become reliant on the higher resource balance specialised group hunting 
provides.  

 

Overall, we find the strongest links between specialisation, resource sharing, and sociality. These links 
highlight potential traits that could have arisen as by-products of others. Such links raise key questions about 
the evolutionary origins of social predation (see Outstanding Questions), and the dependencies across the 
different dimensions. 
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DEPENDENCIES ACROSS DIMENSIONS 
 
It is likely that dimensions of social predation have not evolved independently. Though we find that 
dimensions largely represent different aspects of behavioural space, it is possible that some behaviours first 
required others to evolve. Thus, only some evolutionary trajectories among the multitude of possible 
pathways could be possible (forming a tree-like structure). We explore the nature of such dependencies by 
searching for consistent differences among dimensions across all species. For each species we subtracted 
every pair of dimensional scores from one another, and plotted the results in histograms (see Supplementary 
Figure S1.2). The resulting graphs highlight that sociality appears to underpin all other traits (i.e. across all 
species, their sociality score is almost always higher than scores in other dimensions), whereas specialisation 
seems to be dependent on many of the other traits – notably sociality. It is therefore unlikely that 
specialisation would evolve prior to sociality.  

 

IMPLICATIONS AND OUTLOOK 
 
Our framework provides a multi-dimensional approach that more completely describes all the features of 
social predation. The framework provides guidelines for comprehensive and objective reporting of social 
predation by outlining keys areas of information that are needed to fully describe the features of social 
predator systems. Further, our literature search revealed that many different terms have been used in studies 
of group hunting. We propose ‘social predation’ as a useful umbrella term to describe this diversity of 
behaviours, and offer a framework as a starting point to operationalise it. As our ability to study social 
predators continues to improve, relating findings back to the dimensions from this framework will enable 
further comparative research. Future studies will be able to quantify social predation strategies of animals 
across taxa, or even across populations of the same species, thus enhancing our understanding of the 
evolution of social predation. 
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REVIEW BOXES 
 

BOX 1.1 – Interspecific cases of social predation:  
 

Consideration of social predation often comes with a tacit assumption that it requires complex social 
mechanisms to evolve. However, there are many examples where individuals from different species exhibit 
social predation behaviours. These suggest that the underlying processes facilitating social predation can be 
relatively simple. Here we briefly review three examples of interspecific social predation.  

Commensalistic relationships can form between predator species when associations benefit individuals from 
one species at no cost or benefit to heterospecifics. Ethiopian wolves (Canis simensis), for example, associate 
with herds of gelada monkeys to form interspecific groups. Gelada herds flush small rodents as they move 
through vegetation, and Ethiopian wolves have a higher rate of prey capture when moving with baboon troops 
(Venkataraman, Kerby, Nguyen, Ashenafi, & Fashing, 2015). The wolves’ strategy appears valuable enough 
that they will forgo the chance to easily take juvenile geladas (resulting in expulsion) so that they can retain 
the benefits of hunting within the group.  

Interspecific groups can also mutualistically benefit all individuals involved. Several studies investigating the 
associations between seabirds and subsurface predators have shown a higher rate of prey capture for all 
individuals involved in heterospecific social predation, as each predator species drives prey towards the other 
(Thiebault et al., 2016). Examples include wedge-tailed shearwaters (Puffinus pacificus) and skipjack tuna 
(Katsuwonus pelamis) that non-randomly associate with surface-hunting fish (Hebshi et al., 2008). Though 
generally facultative (shearwaters can also feed without heterospecifics), there are cases of apparently 
obligate relationships. Frigate birds (Fregata spp.) and sooty tern (Sterna fuscata) are rarely seen foraging 
independently of subsurface predators such as tuna (Au & Pitman, 1988).  

Sophisticated interspecific relationships also exist where individuals use active communication and have 
complementary hunting skills that maximize their hunting success when hunting as heterospecific groups. One 
example is social predation by grouper and giant moray eel (Bshary et al., 2006). Using body movements, 
groupers actively signal to morays to initiate foraging, and direct them to the locations of prey.  The specific 
hunting strategies of each species are complementary, with morays flushing prey from crevasses and groupers 
flushing them into crevasses. The result is that hunting success for both groupers and moray eels is almost five 
times greater when hunting together than when individuals hunt alone (Bshary et al., 2006). Such examples 
demonstrate that certain features of social predation can be found in a range of heterospecific predator 
groups (Minta, Minta, & Lott, 1992; Spottiswoode, Begg, & Begg, 2016), highlighting the extent to which social 
predation behaviours can evolve from direct fitness benefits without requiring indirect benefits such as kin 
selection (Dugatkin, 1997). 
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BOX 1.2 – How technology is advancing the understanding of animal movement 
 

Modern improvements to animal tracking technologies are enabling researchers to collect fine-scale 
movement data over extended time periods (Kays, Crofoot, Jetz, & Wikelski, 2015). Of particular relevance to 
the study of social predation is the ability to simultaneously track multiple individuals at once. With high-
resolution positioning data collected from GPS tags, orientation data using magnometers, and movement data 
collected using accelerometers, it is now possible to explore in detail some of the mechanisms that underpin 
the group-level movement dynamics during group hunts.  

Recent work investigating social decision-making in baboon troops used modern GPS-collars that collected 
high-accuracy (0.5m) spatial data at high temporal resolution (1hz), allowing for comprehensive study of 
individual movements, and analysis of group-level collective outcomes (Strandburg-Peshkin, Farine, Couzin, & 
Crofoot, 2015). Such tracking techniques can be effectively applied to social predator systems to study how 
group members initiate and coordinate hunts, and capture information about the amount of energy hunters 
expend under different conditions. For example, recent tracking studies on African wild dogs have used high-
resolution GPS tags on all members of a pack to investigate the use of group-level hunting strategies in dense 
habitats (Hubel et al., 2016). GPS tags with additional functions could also be used to understand aspects of 
hunting behaviour not possible with conventional tags. For instance, gaps in the understanding of how vocal 
communication influences hunting behaviour (see Box 1.4: Outstanding questions) could be addressed using 
GPS tags capable of audio-recording individual vocalisations. More generally, even though studies employing 
novel technology will rely heavily on theory because of the challenges of carrying field experiments (Ford et 
al., 2014; Packer & Ruttan, 1988; Strandburg-Peshkin et al., 2015), the ability to conduct experiments will also 
be facilitated by technological advances (e.g. Firth, Sheldon, & Farine, 2016). 

One caveat of fitting GPS tags to predators is that the identity, behaviour and fate of prey is often unknown. 
Future studies will be able to follow whole social groups of both predators and prey simultaneously. This will 
allow researchers to better understand many aspects of the hunt – from how predators select and pursue 
targets, the ultimate outcome of predation events, and the downstream responses of prey to predation 
pressure. Previous research has already demonstrated how combining tracking data from predators and prey 
can provide novel insights into how predator-prey dynamics shape ecosystem structure (Ford et al., 2014). 
Non-invasive forms of animal tracking that can locate and identify untagged individuals (for example drones) 
are also likely to become reliable, cost-effective and practical methods to track groups of free-living animals 
(Christie, Gilbert, Brown, Hatfield, & Hanson, 2016; Durban, Fearnbach, Barrett-Lennard, Perryman, & Leroi, 
2015; Harvey et al., 2016). In many cases, these technologies will not replace human observations, but will 
facilitate better quantification of behaviour during hunts (Williams et al., 2014; Wilson et al., 2015).  

Finally, combining long-term tracking of animals with modern methods for extracting data on the hormonal 
profiles from passive samples (e.g. faecal) will yield greater insights into some of the physiological mechanisms 
underlying group hunting behaviour, as well as prey responses. For example, integrating such data with 
information from GPS tags about individual propensity to join hunts, their role in the hunt (for example the 
effort expended or relative position), and the rate of agonistic or affiliative behaviours towards others. Thus, 
recent technological developments in animal tracking are making it possible to collect more information from 
a growing selection of social predators and their prey—and for longer periods of time, thus gaining insights 
into both the proximate and ultimate drivers of social predation. 
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Figure B1.2.1. Technology is facilitating new insights into social predation. GPS tags fitted to predators, such 
as (a) African wild dogs (Hubel et al., 2016), and prey, such as (b) plains zebra (photo: D. Rubenstein), will 
enable detailed studies into the mechanisms of the hunt. (c) Unmanned aerial vehicles (UAVs) will enable 
simultaneous video tracking of predators and prey (Durban et al., 2015), while other sensing technologies, 
such as (d) sonar (Handegard et al., 2012), can be used to track the interactions between predator and prey 
in more visually-restricted tracking environments. 
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BOX 1.3 – Scoring with existing frameworks 
 

All currently used classification schemes of social predation represent one-dimensional continuums, ranging 
from passive or non-cooperative systems, to fully cooperative groups (Bailey et al., 2012; Boesch & Boesch, 
1989; Ellis et al., 1993). To evaluate the benefits of using a multi-dimensional approach to quantifying social 
predation strategies, we identified clusters of species with similar combinations of behaviours in the 
framework (coloured clusters in Figure 1.2). We then scored examples using two existing one-dimensional 
schemes for defining cooperative hunting: Ellis (1993) and Bailey et al. (2012) (see Supplementary Tables S1.1-
2 for the detailed classification schemes). Combining these scores enabled us to evaluate the differences 
between our multi-dimensional framework and current methods of classifying social predation. If the social 
predation framework makes no improvements on the existing classification methods, we would expect each 
of the clusters from Figure 1.2 to align with the classification groups from the existing frameworks. 

As shown by Figure B1.3.1, both the Ellis (1993) and Bailey (2012) frameworks appear to capture only the 
extremes of the social predation spectrum (which corresponds with our findings from section 7). These 
extremes are likely to represent what would normally be defined as cooperative social predators (red and 
green), such as killer whales or chimpanzees; and largely non-social predators (light blue and turquoise) like 
osprey or crocodiles. By contrast, other species that are clearly clustered in the social predation framework 
are poorly represented in the existing frameworks, for instance the light green, purple, and pink clusters. The 
extensive overlap of such clusters, particularly following Bailey’s (2012) definitions, highlights how using a one-
dimensional scheme only partially describes the diversity of hunting strategies exhibited by some social 
predators. 
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Figure B1.3.1. Results of scoring each animal group according to the (a) Bailey (2012) and (b) Ellis (1993) 
frameworks. Each row depicts a specific animal group. The column position of each point denotes the category 
in which the example fits according to the focal classification scheme. Point colour corresponds to the cluster 
assigned by the clustering algorithm used in Figure 1.2, and the intensity of the background colour highlights 
the relative proportion of animal groups from the same cluster in a single category.  
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BOX 1.4 – OUTSTANDING QUESTIONS 
 

Examining the distribution of species scored using our framework has enabled us to identify both gaps in the 
literature and key questions arising in the study of social predation. 

Gaps in the literature. Many studies of social predation only acknowledge the use of communication signals 
when these are obvious, and the response to cues remains largely untested. As a result, the extent to which 
groups of predators use active signals or pick up on the cues of others is not completely understood. Wolves, 
for example, use vocalisations, body posture and olfactory signals to communicate within and between groups 
(Mech & Boitani, 2010; Nowak et al., 2006), but the extent to which they use such signals in the context of 
hunting – specifically to initiate hunts or synchronise attacks – remains poorly understood. In mixed-species 
predator groups, it is unclear how much active communication occurs between species, and whether 
individuals actively target communication to heterospecifics. 

Population-level differences appear to be an important source of variation in strategies among groups of social 
predators. Recent studies support the idea that cultural evolution could play an important population-level 
role in the formation and maintenance of social predation strategies (Foote et al., 2016). Further, very little is 
known about how such social predation strategies are improved or adapted over time – both on an individual 
level and between generations (Biro, Sasaki, & Portugal, 2016). The underlying genetic and developmental 
mechanisms, as well as plasticity, associated with social predation strategies remain unexplored. 

Key questions. The strong clustering emerging from our multi-dimensional framework raises the question of 
how many different pathways exist for social predation to evolve. Several examples from very different 
taxonomic groups demonstrate similar social predation strategies, whereas closely related species can 
demonstrate widely divergent strategies (Figure 1.2). Thus, integrating data using the framework into a 
phylogenetic analysis will yield novel insights into social evolution, including whether there is any convergent 
evolution towards social predation strategies. 

The strong correlation between sociality and multiple dimensions of the framework raises the question of 
which traits evolved in response to selection and whether some traits arose as by-products. Which evolved 
first: the evolution of sociality that enabled predators to capture and share large prey items, or the ability to 
capture large prey as groups that provided the foundations for sociality? A notable area of research will be to 
study how social predation fits into predator-prey coevolution, and to determine whether coevolution has 
trapped social predators into high dependence. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Methods 
 
 
Identifying studies of social predation 

We exhaustively reviewed the literature on social predation in vertebrates, and provide examples from 
invertebrates. To find relevant papers, we used all combinations of a broad set of related keywords within 
Google Scholar, including: “social”, “group”, “cooperative”, “communal”, “collective”, “collaborative”, 
“coordinated”, “synchronised”, “synchronized”, “predation”, “hunting” “foraging” and “feeding”. We found 
more than 14 different terms used to describe what we define as social predation. For example, the following 
is a list of terms used in titles (number in brackets denote how many papers from the dataset used this term 
in their title): “social predation” (2), “social foraging” (2), “social feeding” (1), “group predation” (1), “group 
hunting” (11), “group foraging” (4), “cooperative predation” (2), “cooperative hunting” (18), “cooperative 
foraging” (2), “communal hunting” (1), “collective predation” (1), “collaborative hunting” (2), “coordinated 
hunting” (1), “coordinated feeding” (1). 

 

Scoring each example 

SL first scored all species. During a lab retreat, members of the Farine Lab then independently scored a subset 
of the examples, meaning that each example was scored by at least two people (most were scored by three). 
We then combined these scores and collectively decided on the most appropriate scores (per (Smith et al., 
2016). We found that almost all differences in scores were the result of misinterpretation of the dimension 
rather than differences in opinion about the species’ biology, and used this information to clarify our 
descriptions in the main text. For example, dependence was often confounded with sociality (dependence is 
related to the need to hunt as a group to survive and reproduce, not about how often individuals hunt as 
groups versus not). Using this revised framework, we then asked two other independent researchers to score 
20 species using distilled information from the reviewed literature. In all cases, we found a very high 
concordance between scorers, with only 5 instances out of 200 possible cases (20 species by 5 dimensions by 
2 scorers) where an independent reviewer disagreed with original score. This difference in disagreements 
never exceeded 1 dimension level. 

In many species, no single source contained information across all dimensions, and so we used multiple 
sources. The citations for each are listed in Supplementary Table 4 and within Supplementary Dataset 1. 
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Supplementary Results 
 

 

Supplementary Figure S1.1: Correlation analysis matrix. Correlations for all combinations of the five 
dimensions outlined in the framework, with intensity of colour indicating the strength of the correlation 
(red=positive, blue=negative).   
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Supplementary Figures 

 

 

Supplementary Figure S1.2: Histograms of relatedness analyses. Values and colour show the direction and 
proportion of non-zero values (calculated as row minus column). Intensity of colour indicates the strength of 
skew. Dark red indicates that 100% of data are >0 (scores for dimension in the row are larger than scores for 
dimension in the column). For example, the score 0.92 means that for 92% of species, the sociality score is 
larger than the specialisation score. Dark blue indicates that 100% of data are <0 (column scores are larger 
than row scores). For example, -0.64 means that for 64% of species, the resource sharing score is larger than 
the specialisation score. In the plots, the x-axis is the numerical difference between the two dimensions for a 
given taxon, and the y-axis is the number of times that difference was present across taxa. 
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Supplementary Figure S1.3: Numbered species lookup. Dimensionality reduction of the scores across all five 
dimensions for 77 taxonomic examples (as shown in Figure 1.1). Each point reflects a specific animal group 
scored using the social predation framework, and outlined number corresponds to the row number for each 
species name (see supplementary table 4 and supplementary dataset 1 for details).   
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Supplementary tables 
 

Supplementary Table S1.1: Classification scheme with definitions from Boesch & Boesch (1989). 

Category Definition  Variation 

Similarity All hunters concentrate similar actions on 

the same prey, but without any spatial 

or time relation between them; 

however, at least two hunters always 

act simultaneously 

 Similar actions are varying elements of 

pursuing a prey, i.e., stalk, chase . . . 

Synchrony Each hunter concentrates similar actions 

on the same prey and tries to relate in 

time to each other’s actions 

 Hunters may begin at the same time or 

adjust their speed to remain in time 

Coordination Each hunter concentrates similar actions 

on the same prey and tries to relate in 

time and space to each other’s actions 

 Hunters may begin from different 

directions or adjust their position and 

speed to remain coordinated 

Collaboration Hunters perform different complementary 

actions, all directed toward the same 

prey 

 Examples are driving, blocking escape 

way, and encirclement 
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Supplementary Table S1.2: Classification scheme with definitions from Ellis (1993). 

Class and subclass Characteristics Examples 

Noncooperative hunting   

Solitary Solo hunting Important for all raptors 

Group Independent convergence on highly 
vulnerable prey, success not enhanced, 
prey not shared 

Kites at insect swarms, hawks at rodent 
eruptions, Eleonora's falcons pursuing 
migrant passerines 

Predaceous mimicry Raptor travels with nonraptors to disguise 
its presence and thereby approach 
potential prey 

Zone-tailed hawks hunting from vulture 
kettle 

Camouflaged or distractive 
approach  

Raptor uses activities of other birds or 
other moving things to distract and 
thereby camouflage its approach 

Hypothetical, but suggested by 
anecdotes of peregrines using a train 
and a raven to distract prey 

 Use of a beater or flushing agent Raptor follows moving things and pursues 

flushed prey 

Raptors along fire lines, peregrines and 
gyrfalcons following large mammals 
and pursuing the prey they flush 

Cooperative searching Individual prey item not shared but prey 
patch shared; time required to locate 
prey is reduced 

 

Local enhancement  Raptors cue on hovering conspecifics Ospreys and perhaps kites 

Flock foraging  Raptors flock to search for prey Ospreys and kites 

Information transfer Raptors learn of food source from behavior 

of flock mates at aggregation site 

Colonial nesting ospreys or roosting 
bald eagles 

Pseudocooperative hunting Chaotic group attack on large or elusive 
quarry, no division of labor, no sharing or 
chaotic sharing of spoils, success 
enhanced 

Golden eagle groups pursuing large 
quarry (primarily in winter), Eleonora's 
falcon flock pursuing migrant 
passerines, sibling groups of some 
falcons 

Cooperative hunting Clear division of labor, orderly sharing of 
spoils, success enhanced, coordinative 
signals sometimes present 

 

Pair Two birds only, separate roles sometimes 
evident, limited prey sharing 

Lanner, aplomado falcon, golden eagle, 
peregrine falcon 

Family group Three or more birds, continues into 
nonbreeding season 

Harris' hawk 

Sibling group Two or more siblings after fledgling Suggested for peregrine falcon 
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Supplementary Table S1.3: Revised version of Boesch & Boesch (1989) classification scheme with definitions 
by Bailey (2012). For revisions, Bailey have added a ‘Passive’ classification, and additions to each of the 
current classifications detailed in column titled “Suggested additions to definitions”. 

 

 Old definition (Boesch and Boesch 1989)  Suggested additions to definitions 

Passive None  The presence of other predators in some way 
increases the individual hunting success of others 
without them intentionally interacting or paying 
attention to each other’s actions during the hunt. 
There is no focal prey animal except by chance and 
food is rarely shared. For example, one hunter may 
accidentally scare prey into the path of another. 
Hunters intentionally hunt in the same location as 
others 

Similarity All hunters concentrate similar actions on the 
same prey, but without any spatial or time 
relation between them; however, at least two 
hunters always act simultaneously  

Similar actions are varying elements of pursuing 
a prey, i.e., stalk, chase. 

 Timing and orientation are primarily in response to 
the behaviour of the prey, not that of other 
hunters. The kill is shared. For example, all 
members of a group of hunters start chasing the 
prey at the same time 

 

Synchrony Each hunter concentrates similar actions on the 
same prey and tries to relate in time to each 
other’s actions 

Hunters may begin at the same time or adjust 
their speed to remain in time 

 Hunters synchronise the timing of their movements 
in relation both to each other and the position and 
behaviour of the prey. Prey is shared 

  

Coordination Each hunter concentrates similar actions on the 
same prey and tries to relate in time and space 
to each other’s actions 

Hunters may begin from different directions or 
adjust their position and speed to remain 
coordinated 

 It must be clear that the positioning relative to one 
another is not incidental, for example, if prey are 
approached from different directions, individuals 
must have spread out at some point to positions 
that allow such an approach rather than be 
individuals arriving at the scene from different 
start points. For example, fanning out along a front 
to flush prey or encircling prey such that all 
individuals have a similar role. Prey is shared 

Collaboration Hunters perform different complementary actions, 
all directed toward the same prey 

Examples are driving, blocking escape way, and 
encirclement 

  There must be clear role differentiation resulting in 
team-like behaviour. The same individuals may 
perform the same specialised roles repeatedly in 
different hunts. Timing and positioning are much 
more strongly based on each other’s’, rather than 
on the prey’s, behaviour than during lower levels 
of cooperation. For in- stance, a group of lions 
observe prey as a group, then fan out and 
surround it and take on different complimentary 
roles (ambushers and drivers) during the hunt. 
Prey is shared 
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Supplementary Table S1.4: Numbered list of species with reference sources 

1. sparrowhawk (Accipiter nisus) (Newton, 2010) 
2. assassin bug (Agriosphodrus dohrni) (Inoue, 1985) 
3. stink bug (Andrallus spinidens) (Hyodo, Himuro, & Fujisaki, 2014) 
4. social spider (Anelosimus studiosus) (Pruitt & Riechert, 2010) 
5. Florida scrub jay (Aphelocoma coerulescens) (Bowman, 2003) 
6. great blue heron (Ardea herodias) (Krebs, 1974) 
7. cattle egret (Bubulcus ibis) (Scott, 1984) 
8. dingo (Canis dingo) (Thomson, 1992) 
9. coyote (Canis latrans) (Rathbun, Wells, & Bekoff, 1980) 
10. wolf (Canis lupus) (MacNulty et al., 2014; Muro et al., 2011) 
11. sharptooth catfish + blunttooth catfish (Clarius gariepinus + Clarias ngamensis) (Merron, 1993) 
12. raven (Corvus corax) (Wright, Stone, & Brown, 2003) 
13. brown-necked raven (Corvus rufficollis) (Yosef & Yosef, 2009) 
14. Nile crocodile (Crocodylus niloticus) (Pooley & Gans, 1976) 
15. spotted hyena (Crocuta crocuta) (Holekamp et al., 1997; Kruuk, 1966, 1972) 
16. fossa (Cryptoprocta ferox) (Luhrs et al., 2012) 
17. dhole (Cuon alpinus) (Venkataraman, Arumugam, & Sukumar, 1995) 
18. lionfish (Dendrochirus zebra) (Lonnstedt et al., 2014) 
19. bark beetle (Dendroctonus ponderosae) (Berryman, Dennis, Raffa, & Stenseth, 1985) 
20. jumbo squid (Dosidicus gigas) (Benoit-Bird & Gilly, 2012) 
21. pike (Esox lucius) (Eklöv, 1992) 
22. northern rockhopper penguin (Eudyptes chrysocome moseleyi) (Tremblay & Cherel, 1999) 
23. lanner falcon (Falco biarmicus) (Leonardi, 1999) 
24. saker falcon (Falco cherrug) (Eakle, Millier, Mineau, & Vilagosi, 2004) 
25. aplomado falcon (Falco femoralis) (Hector, 1986) 
26. peregrine falcon (Falco peregrinus) (Dekker & Taylor, 2005) 
27. bald eagle (Haliaeetus leucocephalus) (Buchanan & Watson, 2010) 
28. cliff swallow (Hirundo pyrrhonota) (Brown et al., 1991) 
29. neanderthal (Homo neanderthalensis) (Spikins et al., 2014) 
30. human (Indonesia) (Homo sapiens) (Alvard, 2003) 
31. human (Yucatan) (Homo sapiens) (Rodríguez, Montiel, Cervera, Castillo, & Naranjo, 2012) 
32. red-throated caracara (Ibycter americanus) (McCann et al., 2013) 
33. plumbeous kite (Ictinia plumbea) (Chatellenaz, 2015) 
34. sailfish (Istiophorus platypterus) (Herbert-Read et al., 2016) 
35. black-headed gull (Larus ridibundus) (Gotmark, Winkler, & Andersson, 1986) 
36. coastal river otter (Lutra canadensis) (Blundell, Ben-David, & Bowyer, 2002) 
37. African wild dog (Lycaon pictus) (Creel & Creel, 1995; Creel & Creel, 2002; Hubel et al., 2016) 
38. humpack whale (Megaptera novaeangliae) (Weinrich & Kuhlberg, 1991; Wiley et al., 2011) 
39. surf scoters (Melanitta perspicillarn) (Lacroix, 2002) 
40. Honeybadger + goshawk (Mellivora capensis + Melierax canorus) (Dean & MacDonald, 1981; 

Paxton, 1988) 
41. velvety free-tailed Bat (Mollossus mollossus) (Dechmann et al., 2009; Dechmann et al., 2010) 
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42. mormyrid fish (Mormyrops anguilloides) (Arnegard & Carlson, 2005) 
43. killer whale (Type B) (Orcinus orca) (Pitman & Durban, 2012) 
44. killer whale (Punta norte) (Orcinus orca) (Coscarella et al., 2015; Hoelzel, 1991) 
45. killer whale (Resident) (Orcinus orca) (Wright et al., 2016) 
46. killer whale (Transient) (Orcinus orca) (Baird & Dill, 1995; Baird & Dill, 1996) 
47. chimpanzee (Taï) (Pan troglodytes) (Boesch, 2002) 
48. osprey (Pandion haliaetus) (Greene, 1987) 
49. lion (Panthera leo) (Scheel & Packer, 1991; Stander, 1992) 
50. tiger (Panthera tigris) (Sunquist, 1981) 
51. harris hawk (Parabuteo unicinctus) (Bednarz, 1988) 
52. pseudoscorpion (Paratemnoides nidificator) (Tizo-Pedroso & Del-Claro, 2007) 
53. yellow-saddle goatfish (Parupeneus cyclostomus) (Strübin, Steinegger, & Bshary, 2011) 
54. house sparrow (Passer domesticus) (Elgar, 1986) 
55. American white pelican (Pelecanus erythrorhyncos) (Anderson, 1991) 
56. white pelican (Pelecanus onocrotalus) (Saino, Fasola, & WAIYAKP, 1995) 
57. perch (Perca fluviatilis) (Eklöv, 1992) 
58. European shag (Phalacrocorax aristotelis) (Evans, Dall, Bolton, Owen, & Votier, 2016) 
59. cormorant (Phalacrocorax auritus) (Van Eerden & Voslamber, 1995) 
60. myrmicine ant (Pheidoiogeton diversus) (Moffett, 1988) 
61. Kuhl's bat (PipistreIIus kuhli) (Barak & Yom-Tov, 1989) 
62. groupers + moray eel (Plectropomus pessuliferus + Gymnothorax javanicus) (Bshary et al., 2006) 
63. wedge-tailed shearwater + skipjack tuna (Puffinus pacificus + Katsuwonus palamis) (Hebshi et 

al., 2008) 
64. red-bellied piranha (Pygocentrus nattereri) (Magurran & Queiroz, 2003; Queiroz & Magurran, 

2005) 
65. Adélie Penguins (Pygoscelis adeliae) (Takahashi et al., 2004) 
66. chestnut-mandibled toucans (Ramphastos swainsonii) (Mindell & Black, 1984) 
67. bank swallow (Riparia riparia) (Emlen & Demong, 1975) 
68. yellow tail (Seriola lalandei) (Schmitt & Strand, 1982) 
69. African penguin (Spheniscus demersus) (Wilson et al., 1986) 
70. spotted dolphin (Stenella frontalis) (Fertl & Würsig, 1995) 
71. pelagic dolphin (Stenella longoristris) (Benoit-Bird & Au, 2009) 
72. parasitic jaeger (Stercorarius parasiticus) (Pruett-Jones, 1980) 
73. geladas + Ethiopian wolf (Theropithecus gelada + Canis simensis) (Venkataraman et al., 2015) 
74. bluefin tuna (Thynnus thynnus) (Partridge et al., 1983) 
75. bottlenose dolphins (Tursiops truncatus) (Gazda et al., 2005) 
76. Atlantic bottlenose dolphin + spotted dolphin (Tursiops truncatus + Stenella frontalis) (Elliser & 

Herzing, 2016) 
77. Alaskan black bear (Ursus americanus) (Stringham, 2012) 
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Supplementary Dataset 1 

The full dataset contains the scoring for 77 different animal groups using our framework (main text Figure 
1.1) and scoring using frameworks by Boesch & Boesch (1989), Ellis (1993), and Bailey (2012). For many 
species, evidence was by obtained from more than one source. A full species list with paper references for 
each from the supplemental dataset are included in the Supplementary References. 
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CHAPTER 2: TEMPORAL ACTIVITY PATTERNS OF PREDATORS AND PREY 

ACROSS BROAD GEOGRAPHIC SCALES 
 

Stephen D. J. Lang, Richard P. Mann and Damien R. Farine 

 

ABSTRACT 
 

Predators and prey are locked in an evolutionary arms race that shapes their behaviour and life history. 
Predators target prey vulnerabilities to maximise hunting success, while prey trade-off foraging against 
predation avoidance. Though studies have demonstrated how predation risk can alter how prey allocate daily 
foraging effort, little work has considered the implications of this temporal component of behaviour from a 
predator’s perspective, or assessed its influence on broad-scale predator-prey interactions. We develop a 
method to compare daily activity patterns of avian predators and prey using data from two large citizen 
science datasets collected on different continents. Our analyses reveal evidence for convergent daily hunting 
strategies across avian predators, with distinct differences according to prey type. By comparing predator data 
with correspondent data from songbirds, our study suggests that predators (Accipiters) specialised to hunt 
songbirds match the activity patterns of their prey species. These results indicate predators have evolved 
common temporal hunting strategies to exploit temporal patterns in prey behaviour. 

 

Keywords: Hunting strategies, foraging behaviour, activity patterns, predator-prey interactions 

 

Published as: ‘Temporal activity patterns of predators and prey across broad geographic scales’ in Behavioral 
Ecology,  Volume 30.1, Pages 172-180 (2019).  
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INTRODUCTION 
 

Predators are a major selective force shaping the morphology, behaviour and life history of prey (Clements, 
Tambling, & Kerley, 2016; Lima & Dill, 1990; Reznick & Endler, 1982; Sih, 1980). Through the act of foraging 
(hunting), predators themselves also drive prey adaptations – including changes in behaviour, that can 
subsequently make hunting more challenging (Gosler et al., 1995; Palkovacs & Post, 2008; Sih, 1984; Tambling 
et al., 2015). We therefore expect that predators should exploit fundamental limitations in their prey – such 
as to target opportunities where prey have limited ability to evolve counter-adaptations. Though predator-
prey dynamics have been extensively studied for decades (Abrams, 2000), there is still little information 
available about foraging strategies of predators (Lima, 2002). For example, we don’t fully know when 
predators invest most effort in hunting. Characterising predator hunting behaviour, such as when they allocate 
effort, and linking this to prey behaviour, is an important step towards gaining a better understanding of 
predator-prey co-evolution (Dawkins & Krebs, 1979). 

Prey behavioural responses to predation have been widely explored from both theoretical and empirical 
perspectives (Lima, 1998b; Lima & Dill, 1990; Sih, 1984; Sih & McCarthy, 2002). Studies have demonstrated 
how prey can trade-off predation risk against other benefits when making behavioural decisions (Lima & Dill, 
1990), and adjust behaviour according to the level of risk (Helfman, 1989; Kotler, Brown, Mukherjee, Berger-
Tal, & Bouskila, 2010). As predator-prey systems universally show temporal variation in predation risk (over 
daily (Metcalfe & Ure, 1995), lunar (Prugh & Golden, 2014) or seasonal (Sperry, Peak, Cimprich, & 
Weatherhead, 2008) cycles), many investigations of prey responses to predation risk have sought to 
understand the temporal aspect of anti-predator behaviour (Lima & Bednekoff, 1999b; Mirza, Mathis, & 
Chivers, 2006). For example, theoretical studies have modelled the temporal strategies that songbirds can use 
to balance predation against starvation risk (Houston & Mcnamara, 1993; Lima, 1986; Mcnamara et al., 1994) 
– reviewed by Brodin (2007). These models predict that prey should use a bimodal feeding routine, with 
temporal peaks in feeding activity at dawn (to counter loss of energy stores overnight) and dusk (to avoid 
starving the following night). Empirical studies of wild songbirds partly support the prediction of models on 
bimodal feeding routines, showing that prey use temporally dynamic feeding strategies to (presumably) 
minimise predation risk (Macleod, Barnett, Clark, & Cresswell, 2005; van der Veen, 1999) – though work by 
Bonter et al. (2013) refutes bimodal feeding. Recent empirical evidence points to the presence of a two-part 
foraging strategy; prey feed less and move more for the first half of the day whilst searching for food patches 
(Farine & Lang, 2013), then shift to exploiting (higher feeding rates) discovered patches later in the day (Bonter 
et al., 2013; Macleod, Gosler, et al., 2005). Results from optimal sampling experiments support the presence 
of this two-part behaviour, as a discovery-exploitation strategy would function to find and consume the most 
profitable food patches (Krebs, Kacelnik, & Taylor, 1978). Together, these findings demonstrate that prey 
species can change their foraging behaviour over the course of a day based on the presence of predators and 
starvation risk, and highlights the importance of the temporal component of their behaviour (Ferrari & Chivers, 
2009; Lima & Bednekoff, 1999b; Matassa & Trussell, 2014).  

 
Despite being well studied in avian prey (Ferrari, Elvidge, Jackson, Chivers, & Brown, 2010; Kronfeld-Schor & 
Dayan, 2003; Matassa & Trussell, 2014; Mirza et al., 2006), our understanding of the temporal component of 
behaviour for their predators remain incomplete (Ferrari & Chivers, 2009). Two previous studies have 
qualitatively investigated temporal patterns of predator behaviour by using data from individually radio-
tagged hawks in Europe (Newton, 2010) and North America (Roth II & Lima, 2007a). The results of these 
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studies differ; Newton (2010) reported that Eurasian sparrowhawk, Accipiter nisus, show a morning peak of 
activity, while Roth II and Lima (2007a) found that Cooper’s hawk, Accipiter cooperii, exhibited bimodal peaks 
of activity at sunrise and sunset, and Sharp-shinned hawk, Accipiter striatus had low morning activity, higher 
activity during the day, and a pre-sunset peak. In both studies however, the apparent consensus was that 
timing of predator behaviour appeared to be matched to the activity of prey. Though these tracking studies 
have improved our understanding of the temporal component of predator behaviour, the effort required for 
each capture of an individual for tagging limits the sample size (and thus spatial range) available to draw from. 
As a result, research has not fully explored the temporal behaviour of predators on wider population levels. 
Without a large-scale methodological technique for collecting directly comparable data across species and 
geographic ranges, we are unable to fully assess broad-scale interactions between predators and prey, limiting 
our ability to generate and test hypotheses about predator temporal hunting strategies. 

Here, we develop a broad-scale approach to quantify the temporal activity profile of predators, and to relate 
these patterns to the temporal profiles of prey activity. We utilise two large citizen-science datasets of bird 
observations across the continental United States (herein North America) and Great Britain/Ireland to assess 
when avian predators allocate time to hunting. These datasets comprise ‘checklists’ of all the bird species 
observed during a timed observation period. We simplify checklists to focus on 16 species, chosen as the most 
common avian predators in each region, and their common avian prey species. As focal predators, we included 
species from three genera (Accipiter, Falco and Buteo), which characterise three functionally different 
predator groups. Accipiters are specialised in hunting almost exclusively birds (Gotmark & Post, 1996), 
whereas Falco and Buteo species have different primary prey types (predominantly mammals (Graham, 
Redpath, & Thirgood, 1995) and insects (Korpimäki, 1985), and are included for comparative purposes. We 
then estimate the activity profiles of predator species alongside those of their prey.  

We hypothesise that diurnal predators could employ one of three hunting strategies for allocating hunting 
effort to exploit the temporal limitations of prey. Their strategies could target the times of the day when prey 
are most vulnerable due to (i) movement activity (when having to search for new food resources), (ii) feeding 
(when they have to accumulate fat), or (iii) the environment (when they are least able to detect predators). 
Under a strategy that matches prey activity (i), predators should intensify hunting effort at times when prey 
are searching for new food resources, as the increased movement of prey increases the chance of encounter 
(Banks, Norrdahl, & Korpimaki, 2000). Under a strategy that matches prey feeding (ii), predators should hunt 
more at times when prey are least vigilant, or least able to escape predators. Higher feeding rates result in 
decreased vigilance (Lima & Bednekoff, 1999a), and decreased manoeuvrability as a result of fat accumulation. 
From previous studies of songbirds, such feeding rates are usually observed to be constant or slowly increasing 
following dawn, sometimes with peaks shortly before sunset (Bonter et al., 2013; Brittingham & Temple, 
1992), while body mass steadily increases over the day (and is thus greatest in the late afternoon) (Macleod, 
Gosler, et al., 2005; Moiron, Mathot, & Dingemanse, 2018). Finally, under a strategy that matches the 
environment (iii), predators should hunt most when the environment increases the chances of hunting 
success. Specifically, we hypothesise that low light conditions (during dusk or dawn) could impair the ability 
of prey to detect distant predators, thereby reducing the effectiveness of prey vigilance, whilst increasing the 
success rate of ambushes by diurnal predators that possess greater visual acuity (Heurich et al., 2016; Klinka 
& Reimchen, 2009; Lima, 1988). These three hypotheses represent quite different potential behavioural 
patterns that should have distinct temporal profiles. By identifying common temporal patterns within taxa 
and across countries on two different continents, and contrasting patterns between predator species 
according to prey type, we generate new insights into behavioural strategies of the predator-prey arms race. 
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METHODS 
 

Data Collection 

To source behavioural data for our analyses, we compiled datasets from two large publicly-accessible 
databases: BirdTrack (BTO/RSPB/BirdWatchIreland/SOC/WOS, 2017) (collected across Great Britain/Ireland); 
and eBird (Sullivan et al., 2009) (collected globally but here using data from the continental United States – 
herein North America). Both are citizen science projects where volunteers submit observations (in the form 
of checklists) of bird species, which are saved to a central database. In order to be able to account for varying 
hourly observer effort across the day, we only included records that were submitted with a start and stop time 
(i.e. had a checklist period). This start and stop time of each record was used to determine its observation 
period, and calculate hourly observation rates. 

We created unique datasets for each focal species (Table 2.1). First, we generated a complete list of all 
checklists available in the databases (BirdTrack: 2004 to 2016, eBird: 2002 to 2012). We then created a record 
that summarised each checklist in terms of the presence or absence of the focal species. Duplicate checklist 
records from a group of observers were excluded, retaining only the primary observer. Checklist count data 
per species was reduced to 1 for presence and 0 for absence because we aimed to test activity, and the 
probability of observing the species as active was more informative than the number of individuals observed. 
We then trimmed each dataset to omit records with exceptionally long (>3 hours) or short (identical start/stop 
times) observation periods. Because we were interested in resolving temporal activity patterns, long 
observation periods were uninformative as our binning procedure (detailed below) means they contribute 
equally to most hours and therefore even out to have no effect on the results. Conversely, observations with 
the same start/stop time were likely to have been submitted as anecdotal sightings, which might be more 
likely to occur for uncommon species and thus could introduce a positively-biased observation probability for 
predator species. Species were selected based on being widespread across the majority of each continent and 
being predominantly present year-round. Equal geographic distribution of all predator and prey species across 
study areas was verified by plotting the location of all observations used in the analyses. 
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Table 2.1: Details of data on the 16 focal species (including both predators and prey) used in the analyses. The 
table includes the source and number of records after subsetting by duration. The total number of checklists 
used (including absent records) from eBird was 2.8 million, and from BirdTrack was 0.8 million. 

 

Common name Latin name Main prey type Data source # ‘present’ records 

 
North American predators 
 Cooper’s hawk Accipiter cooperii Birds eBird 141,362 
 Sharp-shinned hawk Accipiter striatus Birds eBird 69,364 
 American kestrel Falco sparverius Mammals eBird 193,629 
 Red-tailed hawk Buteo jamaicensis Mammals/other eBird 401,878 

North American prey 
 House sparrow Passer domesticus - eBird 549,662 
 American goldfinch Spinus tristis - eBird 739,952 
 Housefinch Haemorhous mexicanus - eBird 630,384 
 Dark-eyed junco Junco hyemalis - eBird 288,887 

GB/IRE predators 
 Sparrowhawk Accipiter nisus Birds BirdTrack 69,998 
 Kestrel Falco tinnunculus Mammals BirdTrack 136,749 
 Buzzard Buteo buteo Mammals/other BirdTrack 190,790 

GB/IRE prey 
 Great tit Parus major - BirdTrack 408,732 
 Blue tit Cyanistes caeruleus - BirdTrack 469,748 
 Robin Erithacus rubecula - BirdTrack 498,765 
 Chaffinch Fringilla coelebs - BirdTrack 443,698 
 Nuthatch Sitta europaea - BirdTrack 78,425 
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Time Correction 

To account for latitudinal differences in sunrise and sunset times, we modified the data to represent the time 
relative to the local sunrise and sunset times. Using the ‘suncalc’ function in the RAtmosphere package 
(Biavati, 2014) in R, we computed accurate local sunrise and sunset times at the location and date each 
observation. Using these location-specific sunrise/sunset times, we then calculated the mean monthly sunrise 
and sunset times across all observations, yielding a single value for the dawn and dusk of every month 
(separately for each data set). We then shifted all of the observation start and end times to have a common 
sunrise (for morning observations) and sunset (for afternoon observations) time, and avoiding situations 
where an observation that, at a given location, was made after sunrise (e.g. at 6:15am where sunrise at that 
location was 6am) ended up being modelled as occurring before sunrise (e.g. if the mean sunrise time was 
6:30am, then the observation was shifted to 6:45am). That is, the start and end times were shifted to be 
correct relative to the mean monthly sunrise and sunset times, rather than using the raw observation time 
(which is only correct relative to the local sunrise and sunset times). 

 

Hourly Binning 

Because records represented the binary presence of the focal species, but could span more than one hourly 
period, we assigned sightings proportionately to the amount of time the observation period fell in each hourly 
period. For example, a record containing a sparrowhawk that started at 09h40 and finished at 11h00 would 
contribute 0.25 of a sighting for the hour 09h00 (09h40-10h00 – or one quarter of the total observation 
period), and 0.75 for the hour 10h00 (10h00-11h00, three quarters of the total observation period). We then 
calculated the sum of these (fractional) observations from each hour. This hourly partitioning was conducted 
independently for each record of each species in the datasets. 

The number of sightings of a species in each hour is likely to be a function of not only that species’ activity 
profile, but also observer effort, which could vary across the time of day. In order to correct for this, we used 
the complete set of trimmed records for the focal species, including both presence and absence records to 
generate a measure of total observer effort across time. First, we calculated how much of each hour the 
observer was active. For example, a (time-corrected) record from 09h40 to 11h00 would yield an effort value 
of 0.33 for 09h00 (09h40-10h00 – one third of the hour), and an effort value of 1.0 for 10h00 (10h00-11h00 – 
the full hour). We then divided the hourly sum of the number of observations by the hourly sum of the 
observer effort to generate the probability of sighting the focal species per hour of observer effort (see sample 
of this methodological process in Figure S2.1 of Supplementary information). We interpret this probability as 
akin to an activity profile, as species have a higher/lower probability of being observed at higher/lower levels 
of movement activity – this has been shown in previous work where individual movement between sites 
correlates with higher detection rates (Farine & Lang, 2013). Because our hypotheses are based on time of 
day, which changes over the year, we calculated these probabilities separately for each month of the year.  

 

Permutation Test 
 
We used a permutation test to identify times of day in which observations of the focal species differed from 
the expectation by chance. Because our measure of interest was the probability of observing the focal 
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species in a given hour, our aim was to generate a null distribution of the hourly probability of observation. 
We constructed the permutation test by randomly allocating the presence records for the focal species 
across all records in the dataset. That is, our input dataset contained one row representing each unique 
observation record, with a column containing the information on whether the focal species was observed in 
that record or not (a binary 0 or 1). Our permutation test shuffled this ‘observed’ column (thus maintaining 
both the number of observations of the focal species and the observer effort in time constant). After 
performing this re-allocation of presence data, we re-calculated the probability of sighting the focal species 
per hour of observation effort (as above) for each hour. We repeated this process 1000 times for each focal 
species, and extracted the 95% range of the distribution for each hour. This 95% range of random sampling 
data is shown by the grey polygons in Figure 2.1, and Figures S2.2-S2.17. 
 

Log-Ratio Differences from Random  
 
To make the non-random patterns in the activity profiles of species more directly comparable, we extracted 
the hours of the day (for each month) in which the observed probability was outside the range of permuted 
data. When the observed probability was above the 97.5% quantile, we plotted the area using a red polygon. 
When below the 2.5% quantile, we plotted the area as a blue polygon. We then generated a figure by plotting 
these monthly polygons overlaid in a stack per species. Because the ability for observations to differ from 
random changes at different baseline probabilities (i.e. the largest differences are possible at 0.5), we plotted 
these values on the y-axis as the log of the ratio between the observed and upper (for above) or lower (for 
below) 95% quantile. Because of seasonal changes in the mean sunrise and sunset times, we plotted all of the 
data relative to the mean sunrise and sunset time across the entire data (using the same procedure as 
described above to shift each month’s polygons). This allowed us to combine the observation probability 
curves for each species of predators and prey in North America (Figure 2.2a) and Great Britain/Ireland (Figure 
2.2b) plotted on a common temporal axis without any effects of geographical or seasonal differences in day 
length, and removing any effects of seasonal differences in observability of species arising due to their 
migration outside of the area covered by our datasets. 

 

Predictive Modelling 
 
To test our ‘prey activity-matching’ hypothesis – how closely the daily activity pattern of different predators 
matches the daily activity pattern of prey, we developed a predictive model using a Gaussian process 
framework (Mann et al., 2011; Williams & Rasmussen, 2006). The predictive model enables us to 
quantitatively test how well the inferred activity profile for prey species predicts the inferred activity profile 
for predator species. We used all but one prey species from each continent as training data to fit a Gaussian 
process model describing the activity profiles (the non-included species was chosen by selecting a species with 
a large geographical range; the results of our analyses were not affected by this choice). The fitted model 
describes a probability distribution over possible activity profiles, and is specified by a mean profile (the 
average amount of activity at each time) and a covariance matrix (the temporal correlations in activity). The 
mean profile was estimated by the sample mean of the training data, while the covariance matrix was 
estimated using shrinkage estimation (Schäfer & Strimmer, 2005). We then evaluated how well this model 
predicted the activity profile of each predator found on the same continent (the predictive probability of the 
predator profiles). We also evaluated the predictive probability for the remaining prey species as a baseline 
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for each dataset (i.e. how well do prey species predict other prey species). To determine how much this 
prediction can be attributed to the precise temporal pattern of the activity profile, we compared the predictive 
power of the model trained on real data (using the original activity profiles) with a model trained on a set of 
all 18 possible time-shifted copies of the original training data (where the temporal position was shifted in 
time by 0 to 17 hours, preserving the overall shape of each activity profile and maintaining the same temporal 
autocorrelation in both datasets). We then plotted the resulting difference (reported as Log2 information gain). 
This difference shows how much more or less informative real data was than the shifted data. If predators 
match the activity of prey, then we expect that the prey patterns of activity should predict the activity patterns 
of their predators. Using bootstrap resampling on the 12 months of activity profiles for each test species and 
recalculating the information gain from these resampled data, we created 95% confidence intervals on the 
values of the information gain (using the 0.025 and 0.975 quantiles). Bootstrap resampling also provides an 
estimate of the p-value for each information gain, on the null hypothesis that information gain is 0. We report 
the information gain for each species separately, providing a quantitative test of the temporal difference in 
the activity profiles of predators and prey (Figure 2.3). We further explored how predictive power varied with 
the amount of shift, by plotting the increase/decrease in information for every possible iteration of hourly 
shift used (Figures S2.18-S2.19). All analyses were carried out using R (R Development Core team, 2010). 

 

RESULTS 
 

Our primary aim was to determine when avian predators allocate time to hunting, and how these activity 
patterns relate to the behavioural patterns of prey species. Hourly binning and permutation test analyses 
revealed consistent temporal variation in the probability of sighting focal species over the course of the day 
(black line, Figure 2.1, Figures S2.1-S2.17). We found that all analysed prey bird species from both North 
America (Figure 2.2a) and Great Britain/Ireland (Figure 2.2b) showed similar daily patterns of activity. These 
are marked by higher than random activity in the morning period (dawn to midday), peaking at approximately 
08h00, and often declining in the afternoon onwards – consistent with empirical data collected by Farine & 
Lang (2013). While the above/below random patterns were consistent among all prey from each continent, 
the overall observation probability for prey species reflected variations in abundance, being higher for 
common species such great tit, chaffinch, house sparrow and American goldfinch, but lower for less common 
species like nuthatch and dark-eyed junco. There was also variance in the monthly observability of many prey 
species, with less pronounced daily patterns observed from May to August for North American species 
(notably during the autumn migration of dark-eyed junco – Figure S2.9), and from November to February for 
species from Great Britain/Ireland (detailed monthly prey results can be found in Figures S2.6-S2.9 and S2.13-
S2.17). Migration is apparent by the reduction in the probability of observations across the entire daytime 
period in months when the species has migrated. 
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Figure 2.1: The probability of sighting a Cooper’s hawk (Accipiter cooperii) is significantly higher in the morning 
than in the afternoon. Solid black line denotes observed hourly sighting probability for each calendar month. 
The grey-shaded polygon indicates the 95% range of the distribution of random sampling. Coloured polygons 
highlight where the observed probability is above (red) or below (blue) the probability of observing that 
species if they were observed randomly throughout the day. Vertical dashed grey lines represent the mean 
sunrise (left) and sunset (right) times across all of the data for each month. This plot is replicated alongside 
similar plots for all other focal species in Figures S2.2-S2.17.  
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Figure 2.2: Predator activity profiles match the profile of their prey, and are consistent within genus across 
continents. Plots of log ratio of the observed versus the upper (red) and lower (blue) quantiles of the 95% 
range expected by chance (see Figure 2.1). Each subpanel represents the data from one species, and each 
transparent polygon is the data from one month (thus each subpanel contains 12 red and 12 blue polygons). 
Dotted lines indicate mean sunrise and sunset times for dataset against which all data are plotted. Data are 
shown for both predators (upper rows) and prey (lower rows) for a) North American species (eBird), and b) 
Species from Great Britain/Ireland (BirdTrack). Predator species genera are illustrated by black outlines. 
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Figure 2.3: Predictive power of prey activity profiles is greatest when predicting the activity profile of 
specialist avian predators and other avian prey. Bar plot showing predictive power (Log2 information gain) of 
prey species on the activity profile of one prey species and each predator species from the same continent 
(only species from the same datasets were used for comparisons). For North American species (a) the training 
data comprised S. tristus, J. hyemalis and H. mexicanus. For species from Great Britain/Ireland, (b) the training 
data comprised P. major, C. caeruleus, E. rubecula and S. europaea. Grey bars show predictive power as 
information gained by using real training data compared to shifted training data (where overall shape of 
activity profile was maintained, but shifted in time by 0- 17 hours). Positive numbers show how much more 
informative real training data is compared to shifted data, when predicting the activity of the focal species 
(activity occurs at similar times). Negative numbers show the real training data is less informative than shifted 
training data (activity occurs at different times). Bootstrapping was used to create 95% confidence intervals 
on the values of the information gain by resampling the monthly activity profiles for each test species. P-values 
estimated from bootstrap evaluations denote whether the information gain was significantly different from 
zero (two-tailed test). 
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For predators, daily patterns of behaviour appeared to vary according to the type of prey specialisation, with 
species’ activity profiles differing more across genera than between continents (Figure 2.2). Accipiter species 
(A. nisus, A. cooperii and A. striatus) showed a higher than random period of activity in the late morning. Buteo 
species (B. buteo and B. jamaicensis) showed a later and more extended period of higher than random activity, 
with a sharp increase before the peak, and a gradual decrease after it. Both Falco species (F. sparverius and F. 
tinnunculus) – much like the Buteo species – showed an extended period of higher than random activity 
around midday, but with a bimodal pattern: with one peak occurring in the middle of the day and another in 
the mid-afternoon. The general activity patterns of predators remained consistent between months. A. 
striatus, which is less abundant in North America throughout its  migration period, showed less pronounced 
activity patterns during Autumn, but still retained consistent activity patterns for the rest of the year (detailed 
monthly predator results can be found in Figures S2.2-S2.5 and S2.10-S2.12). Overall, the daily activity profiles 
of Accipiter species on both continents appeared closely time-matched to the morning activity peak of their 
prey (Figure 2.2). In contrast, the activity of Falco and Buteo species appeared to be less closely matched to 
that of the prey bird species, as their activity peaked closer to the middle of the day. 

Our predictive modelling statistically showed how closely predator behaviour is matched to prey. Prey bird 
species had the greatest power when predicting the daily activity profile of the one remaining prey species 
per continent not included in the training data, P. domesticus (P≤0.001) and F. coelebs (P≤0.001), suggesting 
that prey species have generally similar daily patterns of activity. In line with our initial results of Figure 2.2, 
the prey bird species were significantly better than the shifted data in predicting the daily activity profiles of 
two of the Accipiter predators, A. nisus (P=0.004) and A. cooperii (P=0.007). An additional posthoc analysis 
examining the effect of each hour of timeshift suggested that Accipiter predators foraged predominantly at 
the same time as prey, but also up to two hours after the peak in prey activity (Figures S2.18-19). 
Comparatively, the activity profiles of three out of four Falco and Buteo predator species were significantly 
less predicted by the prey bird species than by the shifted data; B. jamaicensis (P≤0.001), F. tinnunculus 
(P≤0.001) and B. buteo (P≤0.001). Our analysis suggests that the pattern of similarities between specialist avian 
predators and their avian prey is unlikely to have arisen simply by chance.  

 

DISCUSSION 
 
We found that predators exhibit clear peaks in their activity over the course of a day. These activity patterns 
varied according to predator ecology. Accipiter species, which primarily hunt birds, were most active during 
the mid-morning, whilst all prey bird species analysed were also most active in the morning period. By 
contrast, Falco and Buteo species (largely mammal and insect hunters) were most active during the middle of 
the day. While these results cannot conclusively demonstrate the directionality of the relationship, our 
findings strongly suggest that predators which are most specialised to hunt birds (Accipiter spp.) closely align 
their activity profile with the time of day that their prey are most active. By contrast, we find little evidence to 
support the hypotheses that predators are targeting periods of the day in which prey birds may be more 
vulnerable due to the environment (e.g. low light levels at dawn and dusk) or alternatively are hunting when 
prey birds are most vulnerable due to their foraging needs (in the evening). The similarity of activity profiles 
from data collected on two continents, and across a broad range of species, suggests that patterns of highest 
activity during the morning could represent a convergent equilibrium between predator and prey behaviour.  
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Our ‘prey activity-matching’ hypothesis posits that predators should allocate their hunting effort to times of 
the day when their prey are most active. From our results on the temporal behaviour of prey birds from both 
continents, this period of highest prey activity is in the early-to-mid morning period. This finding is supported 
by previous studies on prey species, which show that prey exhibit the highest movement activity in the first 
half of the day (Farine & Lang, 2013). For the prey bird species we studied, the higher rates of movement in 
the morning could be because they are acquiring information about the state of their environment, such as 
where the best food sources are (Farine & Lang, 2013; Krebs et al., 1978). Further, searching in the morning 
incurs less starvation risk than later in the day (Bonter et al., 2013) (because a bird that fails to find food in the 
morning still has time to find food later in the day). For predators, hunting when prey are on the move should 
be more efficient because prey individuals are more likely to arrive in the target area of the predator with no 
information about its presence. Predators also likely benefit from improved prey detection, as they can 
eavesdrop on vocalisations used by searching prey (such as recruitment calls - Suzuki, 2012). The observed 
temporal pattern of morning activity in accipiters is consistent with the results of a qualitative study by Newton 
(2010) where radio-tracked A. nisus individuals were found to have a higher mean number of flight movements 
in the first half of the day. Our results are also in line with theoretical work on foraging games, which indicate 
that the foraging strategies of prey shape their basic activity pattern, and the evolutionarily stable strategy for 
activity patterns of predators should match that of prey (Kotler et al., 2002). By contrast, predators that are 
less specialised to hunt avian prey (such as Buteo and Falco species) appear to be less closely aligned to 
temporal activity of songbirds. We note that while F. sparverius do occasionally hunt birds (potentially more 
in northerly populations during winter), these represent a small fraction (<10%) of the total number of prey 
items in their diet (Sherrod, 1978). Instead, Buteo and Falco species tended to hunt most around midday, 
which is when key prey such as small mammals and insects are likely to be most active (Rijnsdorp, Daan, & 
Dijkstra, 1981).   

Our results (Figure 2.2) give no apparent support to two alternative hypotheses relating to how predators 
might hunt when their prey are most vulnerable as a result of other prey behavioural strategies, or as result 
of the environment. The first of these is perhaps best linked to a ‘behavioural vulnerability’ that has been 
hypothesised elsewhere and relates to feeding; prey are more at risk of being captured by predators when 
they have high levels of body fat (Metcalfe & Ure, 1995; van der Veen, 1999). Studies have shown that when 
A. nisus became re-established in the UK, resident prey species decreased the body mass they carried (Gosler 
et al., 1995). Further studies have since shown that when predators are present, prey will also alter their 
feeding strategies to delay carrying body fat until later in the day (Macleod, Gosler, et al., 2005). Models have 
assumed that prey species have decreased manoeuvrability due to higher mass or decreased vigilance as a 
consequence of having to increase feeding rates as the day progresses, which accipiters could target by 
hunting in the afternoon. However, our results suggest that these predators are actually less likely to be 
observed in the afternoon and evening than expected by chance. This could be because foraging strategies of 
prey make them less vulnerable in the evening (e.g. they can increase vigilance if at less risk of starving) or 
more vulnerable in the morning (e.g. if they have higher rates of movement and reduced vigilance while 
replenishing energy reserves lost overnight) than previously thought.  

The second vulnerability that predators could target is the reduced visibility in the morning and evening. With 
their high visual acuity, predators could presumably spot and target prey in low light conditions, whilst making 
themselves more difficult to detect. Under this ‘environmental vulnerability’ hypothesis, predators should 
allocate the most hunting effort during dawn and dusk. This hypothesis is supported by evidence that indicates 
prey species are responsive to indirect cues of higher predation risk. For example, prey species will often be 
more alert for nocturnal predators on nights with low visibility (e.g. a new moon - Fanson, 2010). Our results 
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(Figure 2.2), however, suggest that avian predators do not exclusively target times of low light: out of all 
predators assessed in our study, no species ever exhibited its highest hunting activity in both dawn and dusk. 
Though A. cooperii was occasionally observed before sunrise (which could signify some low light hunting), in 
general, rather than being earlier, the morning activity pattern of accipiters was slightly delayed relative to 
prey species (Figure 2.2, Figures S2.18-19). This broad-scale delay in activity mirrors the findings of a fine scale 
tracking study of North American accipiters, where the lag in activity was longer for A. striatus than A. cooperii 
(Roth II & Lima, 2007a). Roth and Lima (2007a) suggest that the smaller-bodied A. striatus are at high risk of 
intraguild predation risk from owls around sunrise and sunset, and the lag they observed signals the avoidance 
of overlap with such superpredators. One alternative reason for this delay could be that the avian predators 
we studied are actually unable to detect prey in low light conditions (or are less capable of detecting prey than 
prey are at detecting predators), and therefore do not benefit from hunting during this time. The 
morphological differences between the eyes of nocturnal and diurnal predators have recently been well 
described (Jones, Pierce, & Ward, 2007). Many prey bird species have eyes adapted for visual sensitivity (the 
ability to spot movement) in twilight conditions. By contrast, predators are faced with a trade-off between 
visual sensitivity in twilight and visual acuity (the ability to differentiate objects) in daylight (Mitkus, 2015), 
and appear to have not countered the twilight adaptations of their prey.  While the reduced predator activity 
in twilight could alternatively be explained by observers themselves having reduced acuity (and thus reduced 
detection range) in near-darkness, recent research suggests that humans have cognitive adaptations that 
improve perception during twilight hours (Cordani et al., 2018). From these studies, we can assume that if 
light levels are sufficient for diurnal predators to hunt, then they are also sufficient for observers and for prey 
to see them. Work on nocturnal animals highlights how variation in acuity impacts predator-prey dynamics 
(Prugh & Golden, 2014), but as of yet, the absolute ability for diurnal predators to detect prey in low light is 
unknown. There is much that could be learnt by quantifying in detail the sensitivity and acuity of predators, 
prey, and human observers under different light conditions, and using these data to model some of the 
evolutionary trade-offs faced by predators (e.g. increasing visual sensitivity versus maximising visual acuity).  

A prominent feature of our results is the similarities of activity profiles of species with similar life histories 
across two continents. These patterns are detectable thanks to the large amounts of data made available by 
birdwatchers recording their observations. These observational datasets allow us to take a large-scale 
approach, complementing fine-scale studies of predator behaviour (Roth II & Lima, 2007a). While fine-scale 
tracking studies can inform us about individual variation and between-sex/age differences (Newton, 2010), 
large scale approaches provide insight into behavioural dynamics at the population-level. However, 
observational data also have some limitations. Chiefly, our analyses rest upon the assumption that predators 
are more likely to be sighted when they are more active in hunting. An antagonistic interpretation of our 
results is that predators might actually be least active in hunting when sighted most commonly, which could 
be the case for ‘sit-and-wait’ predators that hunt by remaining in a fixed position to ambush prey (Jaksić & 
Carothers, 1985). These ambush predators would instead be observed most often when moving between 
ambush sites (and not when actually hunting). If this were the case, it could support the hypothesis that 
predators are indeed hunting when prey are most vulnerable (for example in the afternoon when carrying the 
most body fat). However, our assumed link between observability and hunting is supported by the similar 
result reported in a smaller-scale study of real predator hunting activity based on tracking individual birds 
(Newton, 2010). Moreover, several empirical studies have found no evidence for decreased manoeuvrability 
(and increased vulnerability) of avian prey species carrying higher levels of body fat (Kullberg, 1998; Veasey, 
Metcalfe, & Houston, 1998), which, alongside our findings, suggests that prey mass cycles are unlikely to solely 
govern the daily hunting strategies of raptors. Greater insight could be gained by comparing ambush and non-
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ambush predators of common prey, and modelling the economic value of different predator strategies as a 
function of prey behaviour – for example, by testing if the chance of a predator being spotted by prey while 
moving is higher or lower when prey species also move more. We posit that such hunting costs will be lower 
when prey are on the move, as the information and certainty of the predators’ location (from the perspective 
of the prey individuals) becomes outdated more quickly (Sih, 1984). Finally, a limitation of studies that use 
methodologies such as ours is that the results are based on correlational data. We hope that natural 
experiments, such as the return of sparrowhawks into the UK after being nearly extirpated by DDT (Gosler et 
al., 1995), will provide conclusive support for our data, and allow for further empirical tests of our findings. 

 

CONCLUSION 
 
While predator-prey dynamics are thought to be reciprocally driven by continuously evolving behaviours, we 
have found consistent patterns of behaviour in species from different continents. Our results suggest a 
possible convergent state of equilibrium in the temporal behaviour of predators and their key prey. As 
increasing quantities of observational data are collected by citizen scientists in the coming years, this method 
for calculating activity could prove to be a powerful way to further assess the dynamics of behavioural 
interactions between predator and prey, and link these processes across different temporal scales (Estes et 
al., 2018). Further studies could also explore whether patterns change over years, differ across habitats, vary 
according to climatic conditions, or even change depending on the relative abundance of predator species. 
While distinct peaks in non-random activity in predators are detectable, we still don’t fully understand the 
finer level dynamics that might be occurring within these high-activity periods. A key additional element to 
hunting strategies is how predators invest hunting effort spatially across their home-range. We hypothesise 
that predators with a large home range would be much less predictable in terms of where they might occur, 
and therefore could afford a more relaxed temporal strategy. More research is needed to explore the temporal 
and spatial dynamics of behavioural feedback cascades triggered by hunting activity of predators, particularly 
at the within-day level of the individual. 
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SUPPLEMENTARY MATERIAL 

 

Methodology for normalising observation data 

 

 

Figure S2.1: Example of methodology to normalise results – using all eBird data for Cooper’s hawk 
(Accipiter cooperii) collected in the month of August. (a) dashed line shows the binned frequency of 
all observations. (b) dashed line shows the binned frequency of observations that sighted a 
Cooper’s hawk. (c) solid line shows the final probability of observing a Cooper’s hawk (presence 
divided by effort).  
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Monthly plots per species 

 

Species from North America (eBird data) 

 

Figure S2.2: Probability of sighting predator (Cooper’s hawk, Accipiter cooperii). Observed 
probability is shown by the black line, and the red polygon shows the 95% range of the distribution 
of 1000 randomised permutation tests on all observation data (presence and absence records). 
Dotted vertical lines denote average sunrise and sunset times from plotted data. 

  

hours[which(hours > 4)]

ob
se
rv
ed

JAN

0.0

0.1

hours[which(hours > 4)]

ob
se
rv
ed

FEB

hours[which(hours > 4)]

ob
se
rv
ed

MAR

hours[which(hours > 4)]

ob
se
rv
ed

APR

0.0

0.1

hours[which(hours > 4)]

ob
se
rv
ed

MAY

hours[which(hours > 4)]

ob
se
rv
ed

JUN

hours[which(hours > 4)]

ob
se
rv
ed

JUL

0.0

0.1

hours[which(hours > 4)]

ob
se
rv
ed

AUG

hours[which(hours > 4)]

ob
se
rv
ed

SEP

hours[which(hours > 4)]

ob
se
rv
ed

OCT

6 12 18

0.0

0.1

hours[which(hours > 4)]

ob
se
rv
ed

NOV

6 12 18

hours[which(hours > 4)]

ob
se
rv
ed

DEC

6 12 18

Time of day (24 hours)

P
ro

ba
bi

lit
y 

of
 s

ig
ht

in
g 

sp
ec

ie
s 

( A
cc

ip
ite

r c
oo

pe
rii

 )



 60 

 

Figure S2.3: Probability of sighting predator (Sharp-shinned hawk, Accipiter striatus). Observed 
probability is shown by the black line, and the red polygon shows the 95% range of the distribution 
of 1000 randomised permutation tests on all observation data (presence and absence records). 
Dotted vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.4: Probability of sighting predator (American kestrel, Falco sparverius). Observed 
probability is shown by the black line, and the red polygon shows the 95% range of the distribution 
of 1000 randomised permutation tests on all observation data (presence and absence records). 
Dotted vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.5: Probability of sighting predator (Red-tailed hawk, Buteo jamaicensis). Observed 
probability is shown by the black line, and the red polygon shows the 95% range of the distribution 
of 1000 randomised permutation tests on all observation data (presence and absence records). 
Dotted vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.6: Probability of sighting prey (House sparrow, Passer domesticus). Observed probability 
is shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.7: Probability of sighting prey (American goldfinch, Spinus tristis). Observed probability is 
shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.8: Probability of sighting prey (Housefinch, Haemorhous mexicanus). Observed probability 
is shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.9: Probability of sighting prey (Dark-eyed junco, Junco hyemalis). Observed probability is 
shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Species from Great Britain/Ireland (BirdTrack data) 

 

Figure S2.10: Probability of sighting predator (Sparrowhawk, Accipiter nisus). Observed probability 
is shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.11: Probability of sighting predator (Kestrel, Falco tinniculus). Observed probability is 
shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.12: Probability of sighting predator (Buzzard, Buteo buteo). Observed probability is shown 
by the black line, and the red polygon shows the 95% range of the distribution of 1000 randomised 
permutation tests on all observation data (presence and absence records). Dotted vertical lines 
denote average sunrise and sunset times from plotted data. 
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Figure S2.13: Probability of sighting prey (Great tit, Parus major). Observed probability is shown by 
the black line, and the red polygon shows the 95% range of the distribution of 1000 randomised 
permutation tests on all observation data (presence and absence records). Dotted vertical lines 
denote average sunrise and sunset times from plotted data. 
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Figure S2.14: Probability of sighting prey (Blue tit, Cyanistes caeruleus). Observed probability is 
shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.15: Probability of sighting prey (Chaffinch, Fringilla coelebs). Observed probability is 
shown by the black line, and the red polygon shows the 95% range of the distribution of 1000 
randomised permutation tests on all observation data (presence and absence records). Dotted 
vertical lines denote average sunrise and sunset times from plotted data. 
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Figure S2.16: Probability of sighting prey (Robin, Erithacus rubecula). Observed probability is shown 
by the black line, and the red polygon shows the 95% range of the distribution of 1000 randomised 
permutation tests on all observation data (presence and absence records). Dotted vertical lines 
denote average sunrise and sunset times from plotted data. 
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Figure S2.17: Probability of sighting prey (Nuthatch, Sitta europaea). Observed probability is shown 
by the black line, and the red polygon shows the 95% range of the distribution of 1000 randomised 
permutation tests on all observation data (presence and absence records). Dotted vertical lines 
denote average sunrise and sunset times from plotted data. 
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Figure S2.18: Predictive log-likelihood using shifted training data from 0 to 17 hours for species with 
predictive power greater than 0 (A) P. domesticus, and (B) A. cooperii. Due to the cyclical nature of the data 
pattern, 17 hours of forward shift is equal to 1 hour of backward shift, and thus to improve interpretation, 0 
(marked in red) is mapped to the centre of the scale. The red points denote the predictive log-likelihood for 
zero shift (raw data), the level of which is shown across the figure by the horizontal dashed line. Comparing 
the profile of the predator (B) with the prey (A) species highlights the higher level of information when in 
negative predator time-shifted data (i.e. when the predator’s data was shifted to be 1-2 hours earlier in the 
day) relative to the same amount of time shift of the prey species’ data. 
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Figure S2.19: Predictive log-likelihood using shifted training data from 0 to 17 hours for species with 
predictive power greater than 0 (A) F. coelebs and (B) A. nisus. Due to the cyclical nature of the data pattern, 
17 hours of forward shift is equal to 1 hour of backward shift, and thus to improve interpretation, 0 (marked 
in red) is mapped to the centre of the scale. The red points denote the predictive log-likelihood for zero shift 
(raw data), the level of which is shown across the figure by the horizontal dashed line. Comparing the profile 
of the predator (B) with the prey (A) species highlights the higher level of information when in negative 
predator time-shifted data (i.e. when the predator’s data was shifted to approximately 1 hour earlier in the 
day) relative to the same amount of time shift of the prey species’ data. 
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CHAPTER 3: THE RELATIONSHIP BETWEEN EFFORT AND SUCCESS IN 

TEMPORAL HUNTING STRATEGIES OF PREDATORS 
 

 

ABSTRACT 
 

Understanding how predators hunt has long been the missing piece in the puzzle of predator-prey 
interactions. Though predator hunting behaviour has been shown to vary over time, it is not fully 
understood how the effort expended in hunting relates to changes in the probability that a hunt is 
successful. In this study, we outline three hypothetical relationships between effort and success that 
predators could be using to tailor their hunting strategies. I collated images of peregrines provisioning chicks 
at the nest (n=4) and annotated them for hunting effort (time absent) and capture success (prey deliveries). I 
sought to describe the temporal distribution of peregrine hunting effort, determine how this effort 
correlates with hunting success, and explore the relationship between hunting effort and hunting success 
over time. I found that peregrine hunting effort is unevenly distributed in time, but had no apparent strong 
correlation with hunting success. At all nests, birds experienced a distinct bimodal distribution of hunting 
success rate, with peaks in both the morning and afternoon. My data do suggest that hunting effort was, in 
general, negatively correlated with hunting success, pointing towards a predator strategy meant for 
maintaining a constant rate of prey returns. However, there was also a large amount of between-nest 
variation in the temporal patterns of hunting effort – or how peregrine pairs responded to the diel variation 
in prey catchability. This could suggest that individual predators might have different foraging strategies. My 
approach highlights the importance of establishing base assumptions of studies, and represents progress 
towards the accurate description and analysis of the relationship between hunting effort and success rate at 
catching prey. Future studies on this topic are essential for developing a deeper understanding of how a 
predator’s hunting strategy is linked to energetics, shaped by the behaviour of their prey, and contributes 
towards shaping the anti-predator strategies of their prey. 

 

Keywords: Foraging behaviour, foraging strategies, predation, activity patterns, predator-prey interactions 
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INTRODUCTION 
 
Understanding how predators hunt is the key to explaining how predation shapes prey behaviour, drives 
predator responses, and modifies predator-prey dynamics (Lima, 2002). One fundamental aspect of hunting 
behaviour is how predators allocate hunting activity over time (Lima & Bednekoff, 1999b; Sih, Ziemba, & 
Harding, 2000). In much the same way that predators can increase hunting activity within areas that yield 
greater hunting success (Benhamou, 1992; De Margerie, Pichot, & Benhamou, 2018), recent studies have 
illustrated how temporal strategies of predators can be used to a similar effect, by focusing hunting activity to 
times of increased prey availability and/or vulnerability (Lang, Mann, & Farine, 2019; Monterroso et al., 2013; 
Roth II & Lima, 2007a). However, due to the difficulties of identifying successful predation events, very few 
studies are able to directly relate a predator’s hunting activity to its hunting success. 

It is widely assumed that when an animal increases its foraging activity (or effort), it experiences greater 
foraging success (Stephens et al., 2007). Numerous studies of activity patterns have been built upon this 
assumption (Harmsen et al., 2011; Monterroso et al., 2013; Roth II & Lima, 2007a), but few have sought 
empirical confirmation. When studies have looked at patterns of foraging effort in detail, they have neglected 
to relate this effort to the ultimate success predators experience (Rejt, 2001). Conversely, studies that have 
looked at prey capture success focus on how it is affected by external factors such as prey group size (Krause 
& Godin, 1995), conspecific group size (Holekamp et al., 1997), or the local habitat (Cresswell, Lind, & Quinn, 
2010), while neglecting to measure the effort expended by predators (Time, 2016). By failing to integrate 
effort with success rates, we are prevented from fully understanding how the components of a predator’s 
hunting strategy relate to its overall form and function (Curio, 2012; Krebs, 1978). 

In cases where hunting success rates (returns per unit effort) varies over temporal scales, changes in predation 
strategy would have implications for our current assumptions about the relationship between predator and 
prey behaviours. For example, if prey become harder to catch at certain times of day, predators could increase 
hunting effort during these periods to maintain a constant rate of prey intake (Ronconi & Burger, 2008). 
Alternatively, if prey become easier to catch at certain times, predators might strategically increase hunting 
effort during these periods to reduce their overall effort to reach a set return (Bolnick & Ferry-Graham, 2002). 
This concept of predators incorporating prey ‘catchability’ into their hunting strategies has been explored in 
the past, but only to explain how predators hunt in areas when prey are most easily captured (Balme, Hunter, 
& Slotow, 2007; Hopcraft, Sinclair, & Packer, 2005). Given that predators are also able to dynamically alter 
hunting behaviour over time (Lang et al., 2019), it is feasible that they could be incorporating information 
about when prey are most easily captured into their temporal hunting strategies in the form of a prey specific 
capture effort – or modulation – that maximise their long-term energetic balance or minimises key risks. 

In this study, I seek to understand how the effort that predators expend in hunting reflects the temporal 
variation in their hunting success rates.  To do this, I establish how predators allocate hunting effort over the 
course of a day, how this effort relates to their prey captures, and, from these data, determine which times of 
the day predators are most successful in hunting prey. I define ‘Hunting effort’ as the relative proportion of 
time spent actively hunting per hour, ‘Prey captures’ as the hourly counts of actual captures, and ‘Hunting 
success rate’ as the number of prey captures divided by the effort. I then relate the relationship between 
hunting effort and hunting success rate to three proposed hypothetical foraging strategies: a) prey 
availability/vulnerability matching by predator; b) risk (of starving) aversion by predator; or c) constant return 
maintaining a continuous level of prey intake. Under a prey matching strategy (Figure 3.1a), we expect to see 
a predator’s success rate matching the temporal pattern of hunting activity. This strategy would likely be a 
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result of predators directly targeting some temporal aspect of prey behaviour, such as prey vulnerability 
(Matassa & Trussell, 2014; Quinn & Cresswell, 2004), or prey availability (Bosiger & McCormick, 2014; Lang et 
al., 2019), and maximising their return on effort by hunting more during high success rate periods. Under a 
risk aversion strategy (Figure 3.1b), we expect the hunting effort to be temporally variable over the course of 
the day, but largely unrelated to the hunting success rate. Such a strategy could minimise the risk of starvation 
by hunting more early in the day, which allows for additional opportunities to hunt later in the day should a 
predator fail in the morning (McNamara & Houston, 1992). Under a constant return strategy (Figure 3.1c), 
we expect hunting effort to be the inverse of hunting success. Predators could hunt more intensively at times 
when success rate is lower, and hunt less intensively at times when success rate is higher to achieve a constant 
rate of prey captures (Tremblay, Thomas, Blondel, Perret, & Lambrechts, 2005)  

 

 

Figure 3.1. Potential explanatory relationships for what drives the temporal strategy used by predators. a) 
a temporal strategy that directly matches the behaviour of prey to maximise success rate, b) a risk aversion 
strategy that avoid the risk of starvation, or c) a strategy that maintains a constant rate of prey capture/intake. 
Grey lines denote the hunting effort, red lines prey capture, and dashed blue lines success rate (as captures 
divided by effort). 

 

Because it has been previously difficult to collect data on when predators have successfully caught prey, 
testing these three alternative hypotheses has not been practically possible. The advent of remote camera 
traps and time lapse photography is now enabling researchers to collect near-complete information on the 
foraging behaviours of animals – particularly for nest-breeding species (De Pascalis, Collins, & Green, 2018). I 
use data of true prey captures in the form of prey deliveries by free-ranging predators (Peregrine falcons – 
Falco peregrinus) to directly relate hunting success (prey deliveries) with hunting activity (time spent off-
nest). Using annotated nest images, I first establish hunting activity and calculate the distribution of 
temporal hunting effort over the course of the day. In these same images, I also record the times of the day 
when prey are returned to the nest. I then calculate the correlation between hunting success rates and 
hunting effort on an hourly scale. This allows me to investigate whether hunting effort and success rates 
vary over the course of a day, and what strategies predators are using in response to the variation in prey-
driven success rates. Using this approach, I provide a new understanding of the rules that govern the hunting 
decisions that predators make (Dall, Giraldeau, Olsson, McNamara, & Stephens, 2005; Lima, 2002). 

a) Prey matching strategy b) Risk aversion strategy
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METHODS 
 

Study species 
 
Peregrines are a globally widespread species of falcon. They predate on medium sized birds such as pigeons, 
doves, waders and small ducks. In towns and cities, feral rock doves (Columba livia) are the most commonly 
recorded prey item (Drewitt & Dixon, 2008). During hunting, peregrines employ an ambush type strategy; 
spotting prey at distance and stooping at high speed to attack in mid-air (Cresswell, 1996). Urban-dwelling 
peregrines nest in tall buildings such as cathedrals and office blocks, which provide comparable nesting 
conditions to their natural cliff nesting sites. The peregrine breeding period begins during late March/early 
April in Europe, with an incubation period of around 30 days. Immediately after hatching, the chicks are 
brooded and fed by the female, while the male carries out the majority of hunting and prey delivery to the 
nest. After approximately 20 days, chicks achieve thermoregulatory independence (Hovis, Snowman, Cox, Fay, 
& Bildstein, 1985), and both parents gradually take part in hunting and delivering prey items to chicks, which 
continues until fledging (lasting approximately 35 days total). Chicks become independent 2-3 months after 
fledging (Ratcliffe, 2010). 

 

Data collection 
 
I collected data from four focal nest sites across the UK: Aylesbury, Brighton, Rochdale, and Wakefield. Live 
streams of peregrine falcon nests were selected based on their location (within Europe) and quality of 
camera viewing angle (primary video coverage was of the nesting area). Using a WebDriver (ChromeDriver, 
2017) process written in Python (Van Rossum & Drake Jr, 1995), I automatically cycled through a list of 
selected peregrine nest streams collecting one image every five minutes. Data collection (images from the 
webcams) ran from April to June 2017. Images were saved with unique identification codes composed of 
date, time and nest location.  

I first annotated each image in sequence, assigning three possible tags to each picture: “one parent”, “two 
parent”, and “prey delivery”. Because parent sex could not always consistently be identified, I used “one 
parent” and “two parent” tags to simply denote the number of adults that were observable in each image. I 
interpreted the absence of one or both parents from the nest as hunting events. The absence of a parent tag 
(both parents away from the nest) represented maximum hunting effort in later statistical analyses. I assigned 
the tag “Prey delivery” to images that showed fresh prey items being delivered to the nest. All images retained 
annotations saved as metadata, and the final dataset consisted of date, time, location, and with annotations 
(one parent, two parent, prey delivery) saved as independent binary variables. Images that were unidentifiable 
(due to compression artefacts) or blank (due to the webcam being temporarily offline) were removed prior to 
annotation.  

Given that all nests had different hatch dates, I aligned data on a common scale by aligning the data to the 
specific hatch date of every nest. That is, I defined Day 0 as the date of first chick hatching, and all other dates 
were relative to this (for example ‘-1’ as the day before hatching and ‘1’ as the day after hatching). In order to 
avoid the loss of data quality as chicks become more independent and partially fledge ‘out of shot’ from the 
nest box to the surrounding nest site, I used data from the first 30 days post-hatching.  
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Focal analysis window 
 
Because the behavioural patterns of nesting birds change markedly as chicks develop, I focused the analysis 
of parent hunting effort and hunting success on days 20-24. The start of this window (day 20) represents the 
time that chicks achieve thermoregulatory independence, meaning that females were free from having to 
brood the chicks (Hovis et al., 1985) and instead attend to food requirements of their chicks. The end of this 
window (day 24) represents when chicks begin self-feeding, and parents start attending the nest less, meaning 
that presence/absence data would become less informative in the late nestling-rearing phase that occurs from 
day 25 onwards (Palmer, Nordmeyer, & Roby, 2001). However, I analysed the annotated images from days 0 
to 19 and from days 25 to 30 to gain some further insights into how chick developments influences hunting 
behaviour by peregrine falcons and present these results in the supplemental materials. 

 

Statistical analyses 
 
In order to avoid bias that server latency or data blackouts had on the image collection rate from different 
nest camera streams, I calculate hourly proportional data. Specifically, ‘Hunting effort’ was the number of 
images where one or both parents were absent in the given hour divided by the total number of images in 
that hour. For example, if there were 10 images collected between 10h00-11h00, and 7 of these images 
showed both parents absent, hunting effort for this hour would be calculated as 0.7. The added complication 
of unidentified parent sex was resolved by considering the nest’s parents as two halves of a single unit, with 
each parent individual representing half (0.5) of the total maximum possible hunting effort. This provided a 
practical way to assess the hunting effort of both parents combined, without having to positively identify 
individuals. If in the previous example that gave a hunting effort of 0.7 one of the 3 remaining images had only 
one parent present instead of both, the hunting effort for that hour would be increased to 0.75. Proportional 
hourly values calculated in this way were used as the measure of hunting effort for all subsequent data 
analyses. Similarly, I measured ‘Prey capture success’ using the unique number of prey items delivered in each 
hourly window.  

I then conducted a correlation analysis between hunting effort and prey capture. I calculated the mean hourly 
hunting effort and extracted the mean hourly number of prey captures using the ‘stat_smooth’ function in the 
R package ggplot2 (Wickham, 2016). I also conducted a correlation analysis between hunting effort and 
hunting success rate. I calculated the success rate by dividing the hourly prey capture data by hourly hunting 
effort data, and extracted the mean hourly success rate using the ‘stat_smooth’ function. For both correlation 
analyses, I used the hour-by-hour data across all focal days to calculate correlations between hunting effort 
and number of prey captured, and between hunting effort and hunting success rate. All data analyses were 
carried out using R (R Development Core team, 2010). 
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RESULTS 
 

Image collection and general behaviour 

In the 30 day post-hatching period, I collected a total of 27,086 images from the four peregrine falcon nests, 
of which 572 were deemed unidentifiable and deleted (Aylesbury: 215; Brighton: 248; Rochdale: 109;  
Wakefield: 0). I then annotated  the remaining 26,514 images according to number of parents and prey 
deliveries (Table S3.1). From the annotations, 26,357 images showed at least one parent absent (7,840 
involving both parents and 18,517 involving one parent) with a total of 468 prey deliveries by parents to chicks 
within the full observation period (0-30 days post hatching). Brood size of studied peregrines ranged from 1 
to 4 hatched chicks (Aylesbury: 1; Brighton: 3; Rochdale: 4; Wakefield: 3). The general hunting patterns of 
peregrines exhibited gradual change over the course of chick development, as the female substituted nest 
attendance for hunting (Figure S3.2-5). In summary, hunting effort increased over time (Figure S3.6), while 
number of prey captured stayed relatively constant (Figure S3.7).  

 

Focal analyses 

I collected 4,702 images within the focal analysis window of days 20-24 days post hatching. Of these, 4,676 
had at least one adult hunting (2,500 involving both parents and 2,176 involving one parent), and I observed 
84 total prey deliveries (Table S3.2). Within this focal window, the mean hourly proportion of combined 
hunting effort was 0.76 (Aylesbury: 0.71; Brighton: 0.72; Rochdale: 0.76; Wakefield: 0.86), and parents 
delivered an average of 4.2 prey items to chicks per day (Aylesbury: 3.6; Brighton: 2.4; Rochdale: 5.4; 
Wakefield: 5.4). 

 

Temporal distribution of hunting effort 

Peregrine hunting behaviour is not evenly distributed throughout the day, instead showing a peak in activity 
in the afternoon (Figure 3.2a). Hunting effort for all available data shows a gradual increase in the early hours 
of the day, steadily increasing to the peak around 16h00. There does appear to be a large amount of variation 
between nests, with hunting effort by peregrines in certain locations showing consistent within-nest patterns 
of behaviour (Figure 3.2b, Figure S3.1). Hunting by the Rochdale peregrines for example, showed a consistent 
bimodal trend, with two peaks in activity at approximately 07h00 and 16h00, whereas hunting effort by the 
Brighton peregrines showed a single peak around 12h00. One consistent pattern in the hunting effort of all 
peregrines was a change in behaviour near midday, with Aylesbury, Brighton and Wakefield peregrines 
exhibiting peaks around 12h00, and the Rochdale peregrines exhibiting a dip in effort at this same time. 
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Figure 3.2. Temporal distribution of hunting effort over the course of a day. a) Daily temporal effort for all 
nests (n=4) from day 20-24 post-hatching. Each light grey line denotes one day of hunting effort for one nest, 
for a total of 20 days of data. The dark grey line and shaded 95% confidence interval show the average pattern 
of hunting effort across all 20 days of data. b) Daily temporal effort for each nest individually in the same five-
day window. Each light grey line denotes one day of hunting effort. The coloured lines and shaded 95% 
confidence interval show average pattern of hunting effort across each nests’ five-day window. Lines in both 
a) and b) were smoothed using a loess method. 

 

 

  

a b
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Correlation between temporal distribution of hunting effort and prey captures 

Overall, peregrine hunting effort and prey captures do not appear to show a clear and consistent relationship 
(Figures 3.3, 3.4). While overall hunting effort gradually increased towards a peak in the late afternoon, it 
appears to be largely independent of overall prey captures. Peregrines capture the most prey at two points in 
the day, the early morning around 07h00, and mid-afternoon around 16h00 (Figure 3.3a). The second peak in 
prey captures appears to roughly match the afternoon peak in hunting effort. Hourly hunting effort and hourly 
prey captures were weakly correlated overall (Pearson’s correlation coefficient r=0.23; Figures 3.3, 3.4a). 

Across nests, prey captures of peregrines all showed peaks in the middle of the morning and/or afternoon 
periods. In two nests (Rochdale and Wakefield), the data showed bimodal patterns of prey captures (Figure 
3.3b). Relationship patterns appear more visible within-nests, with Aylesbury and Brighton nests showing a 
roughly inverse relationship between effort and prey captures. However, these apparent relationships were 
not reflected in the correlation analyses for hunting effort and prey captures, with weak correlations observed 
at three of the four observed nests (Aylesbury: r=0.16; Brighton: r=-0.11; Wakefield: r=0.02; Figure 3.4b). 
Conversely, data from the Rochdale nest showed a (relatively) closely matching pattern of hunting effort and 
success, with a moderately strong correlation of r=0.48 (Figure 3.3b). High attendance of the nest by both the 
male and female was rarely recorded in the focal analyses window, with only two hours of data from the 
Aylesbury nest producing the two outlying data points (when hunting effort was below 0.25). 
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Figure 3.3. Temporal relationship between hunting effort and prey captures over time. a) Daily temporal 
effort and hourly prey captures for all nests (n=4) from day 20-24 post-hatching. Each light grey line represents 
one day of hunting effort for one nest, with five days of data for each of the four nests (n=20). The dark grey 
line and shaded 95% confidence interval show the average pattern of hunting effort across all 20 days of data. 
Light red lines denote smoothed prey captures the same five-day period for all nests (n=20). The dark red line 
and shaded red 95% confidence interval represents the average success of hunting for all nests over all 20 
days of data. b) Distribution of hunting effort and prey captures plotted for each nest in the same five-day 
window, using identical plotting scheme. Regression lines in both a) and b) were smoothed using a loess 
method. 

 

Figure 3.4. Correlation between hunting effort and prey captures. a) Correlation plot for all nests (n=4) from 
day 20-24 post-hatching. Shaded circles denote data points for each hour of every day (n=475), dark grey line 
and 95% shaded grey confidence interval denote the correlation between variables. b) Correlation plots for 
each nest in the same five day window. Shaded circles denote data points for each hour of every day 
(Aylesbury n=120, Brighton n=115, Rochdale n=120, Wakefield n=120). Coloured lines and shaded grey 95% 
confidence intervals denote the within-nest correlation between variables across each nest’s five day window. 
Regression lines in both a) and b) were fitted using a linear model, and all r values were calculated using a 
Pearson’s correlation 
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Correlation between temporal distribution of hunting effort and hunting success rate 

Overall, peregrines have the highest hunting success rate at two points in the day: the early morning around 
07h00, and the mid-afternoon around 16h00 (Figure 3.5). This was strongly reflected when converting prey 
captures (number of prey per hour) into hunting success rates (number of prey per unit of effort). The latter 
revealed the very clear bimodal distribution in hunting success rates. However, hunting effort and success rate 
were not found to be correlated (r= 0.086; Figure 3.6a).  

Hunting success of peregrines from different nests all exhibited a generally consistent bimodal trend (Figure 
3.5b), with larger midday dips in success in some nests (see Wakefield), and small or negligible dips in others 
(see Brighton). Nests appeared to show different relationships between hunting effort and hunting success, 
with Aylesbury and Brighton nests showing a roughly inverse relationship, and the Rochdale nest showed a 
strongly matching pattern. Wakefield showed an almost complete absence of any relationship, with the largely 
flattened pattern of hunting effort being apparently independent of the strongly bimodal pattern of hunting 
success. While the strength of most of these patterns were relatively weak (Aylesbury: r=-0.11; Brighton: r=-
0.17; Wakefield: r=-0.0043; Figure 3.6b), the Rochdale nest showed a moderately strong correlation between 
hunting effort and success rate (r=0.46; Figure 3.6b). 
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Figure 3.5. Temporal relationship between hunting effort and capture success over time. a) Daily temporal 
effort and hourly prey captures for all nests (n=4) from day 20-24 post-hatching. The dark grey line and shaded 
95% confidence interval show the average distribution of hunting effort across all 20 days of data. Dashed 
blue lines and shaded blue 95% confidence interval denote smoothed distribution of hunting success rate 
(hourly prey captures divided by hourly hunting effort) from the same five-day period for all nests over all 20 
days of data (n=20). b) Distribution of hunting effort and hunting success rate were plotted for each nest in 
the same five-day window, using identical plotting scheme. Regression lines in both a) and b) were smoothed 
using a loess method. 

 

 

Figure 3.6. Correlation between hunting effort and hunting success rate. a) Correlation plot for all nests (n=4) 
from day 20-24 post-hatching. Shaded circles denote data points for each hour of every day (n=475), dark grey 
line and 95% shaded grey confidence interval denote the correlation between variables. b) Correlation plots 
for each nest in the same five day window. Shaded circles denote data points for each hour of every day 
(Aylesbury n=120, Brighton n=115, Rochdale n=120, Wakefield n=120). Coloured lines and shaded grey 95% 
confidence intervals denote the within-nest correlation between variables across each nest’s five day window. 
Regression lines in both a) and b) were fitted using a linear model, and all r values were calculated using a 
Pearson’s correlation. 
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DISCUSSION 
 
My results show that hunting effort by peregrine falcons is unevenly distributed across the day, most 
commonly expressed as an afternoon peak in activity. Contrary to the assumptions in much of the literature, 
this hunting effort does not always appear to correlate strongly with hunting success rate. In general, 
peregrines in this study had the highest number of prey captures – translating to a higher hunting success rate 
– at two points in the day: the early morning (approximately 07h00), and the mid-afternoon (approximately 
16h00), but hunted throughout the day. The observed relationship between hunting effort and success rate 
does not clearly appear to resemble any of the hypothetical strategies I posited. Instead, the temporal 
relationship between overall hunting effort and hunting success rate shows elements of two hypothetical 
hunting strategies: prey matching, and constant rate strategy.  

The temporal relationship between hunting effort and success rate in the morning period most closely 
resembles a ‘constant rate’ strategy. Peregrines gradually increase hunting effort during the day, but do not 
track the change in hunting success. In the afternoon period, the temporal relationship most closely resembles 
a ‘prey matching’ strategy, with increased hunting success rate being matched by increased hunting effort at 
the afternoon peak in success rate. However, the dip in hunting success rate around midday does not appears 
to be reflected by a drop in effort, even perhaps the contrary. Such pattern also seems to be consistent with 
the constant rate strategy (as predators would experience the same prey captures throughout the day). In 
general, no clear evidence of a repeatable strategy across the sampled nests emerges. 

One of the most striking patterns in the data is the consistent between-nest variation in temporal foraging 
behaviour. The daily hunting effort strategy used by each pair of peregrines appeared to be highly consistent, 
and differed markedly to the strategy employed by other nesting pairs. This also translated into inter-nest 
variation in the strength of the correlation between hunting effort and prey captured, with one of the four 
observed nests (Rochdale) yielding a much stronger positive correlation. This correlation was supported by 
the same nest’s temporal relationship between effort and success rate, most closely resembling a ‘prey-
matching’ type strategy. Conversely, two other nests (Aylesbury and Brighton) exhibited an inverse temporal 
relationship between effort and success, roughly resembling a ‘constant capture rate’-type strategy. Thus, 
when conducting the analyses at the nest level, the evidence for two of the hypothetical strategies we 
originally outlined is much more strongly supported. This degree of inter-nest variation suggests that 
individual behaviour may be a significant factor in shaping how predators allocate hunting effort over time. 
This importance has been highlighted by previous studies, for example Hertel et al. (2017) demonstrated that 
individual brown bears (Ursus arctos) consistently use one of four distinct diel activity strategies, which 
appeared linked to factors including demography, foraging habitat, and human disturbance. Peregrine hunting 
behaviour could follow a similar paradigm, with temporal hunting strategy varying between individuals 
according to various internal and external factors (Drewitt & Dixon, 2008; Rejt, 2001). Because all our study 
nests were located in city centres, the proximity to urban habitat (and thus distance to prey) was roughly 
equal. However, site-specific differences in density and range of local prey populations, or even local weather 
conditions during the focal period, could have driven the use of specific hunting strategies. 

The observed discordance between hunting effort and success rate, as well as the ambiguous temporal 
relationship overall, indicates that no one hypothetical relationship can fully explain the forces driving the true 
relationship between effort and success. Alternatively, the data collected might not accurately reflect 
peregrine hunting behaviour. Regarding possibly inaccurate hypotheses, hunting strategies that resemble the 
‘prey matching’ hypothesis have also been observed in a range of animals (Bosiger & McCormick, 2014; Lang 
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et al., 2019; Monterroso et al., 2013). The assumed reason for these patterns is that by hunting most when 
hunting success is highest requires the least overall energy. While this ‘prey matching’-type relationship is 
clear in the daily patterns of hunting from one nest, I did not find conclusive support for its presence overall. 
The ‘constant intake’ strategy has also been observed in a range of species, but is often represented more 
broadly, over seasonal and spatial scales. For example, Ronconi & Burger (2008) showed that marbled 
murrelets (Brachyramphus marmoratus) exhibit increased foraging activity during periods of scarce prey, and 
decreased diving activity in areas with high prey availability. In the present study, I wanted to see if this same 
relationship could be found to occur over the course of a day. I observed a relationship that roughly resembles 
a ‘constant rate’-type strategy, but only in two nests, and the hypothesis is not conclusively supported overall. 

The apparent lack of correlation between hunting effort and hunting success is an unusual finding, as it 
suggests that regardless of the amount of effort that directed towards hunting, predators always experience 
a similar rate of hunting success. This result is inconsistent with the current assumptions of much of the 
literature, which adopts the opposite paradigm: that increasing hunting effort should increase the number of 
prey captured (Bosiger & McCormick, 2014; Lang et al., 2019; Monterroso et al., 2013). In the current study, 
this then translates to varying patterns of correlation between hunting effort and hunting success rates. These 
results highlight the importance of verifying base assumptions (such as a positive correlation between hunting 
effort and success) before conducting studies and drawing conclusions. 

In summary, some studies have shown that behavioural modulation can be used by prey to reduce predation 
risk (Daly, Behrends, Wilson, & Jacobs, 1992), and theoretically also by predators to maximise benefits 
(success) over costs (effort) (Bolnick & Ferry-Graham, 2002). However, my current findings do not conclusively 
support the hypothesis that peregrine predators consistently modulate their hunting effort in this manner, or 
exclusively employ one of the hunting strategies outlined in Figure 3.1. My best explanation for the findings 
of this study is that peregrines employ a range of different hunting effort strategies, which could ultimately 
yield a similar pattern of hunting success. That is, my data suggests that parents of different nests could 
employ different strategies. This raises the question of whether different strategies are inherent (in which 
case – how do different adults conform to the same strategy?) or whether they are employed according to 
changing local conditions and foraging contexts (Hertel et al., 2017).  

Using data from predators provisioning young has both strengths and weaknesses. One potential benefit of 
using data from provisioning adults is that the internal drivers of hunting – such as hunger (Curio, 2012; 
Mueller, 1973), will be tempered by the need to maximise catching prey for young. As such, it could be 
surmised that nesting adult peregrines will exploit all available factors (such as prey vulnerabilities) that could 
potentially maximise the overall success rate of hunting in terms of number of prey returned to the nest as 
this will translate directly to their lifetime reproductive success (i.e. the quality of their offspring). Thus, they 
will not be tied to confounding internal rhythms in metabolic rate or hunger levels – which should produce a 
stronger signals of hunting effort and success. However, it should be noted that there are important 
differences between foraging and provisioning, and predators might hunt differently when feeding  
themselves versus feeding their young (Ydenberg et al., 1994). This potential difference in hunting for self-
maintenance versus hunting for chicks could help to explain the observed lack of correlation between hunting 
effort and prey captures; peregrines could be catching prey in the morning but consuming it themselves, only 
delivering captured prey to chicks in the afternoon. 

The hunting data that I collected from breeding peregrines have several additional limitations, largely 
stemming from the amount of information I was able to extract from images. Difficulties in defining true 
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‘hunting effort’ present the most likely possible source of error: if peregrines were absent from the nest (and 
thus considered hunting) but were actually resting somewhere out of view, this could artificially increase 
perceived hunting effort when in fact hunting effort is low. This becomes a problem for the analyses in this 
study if resting away from the nest is not randomly spread throughout the day – for example it could be more 
likely around midday. Because males normally spend less time attending to nests, the amount of information 
they impart on the overall signal is likely to be relatively low (as indicated by the 0.5 values of hunting effort 
appearing as a baseline for many figures). In addition, our inability to identify sex, and the combined effort 
approach I used to resolve this, may have had a dampening effect on the overall signal of hunting effort. At 
the extreme, if males and females exhibited inverse patterns of hunting activity (which has been observed in 
the coordinated foraging trips taken by seabirds (Shoji et al., 2015), their patterns of hunting effort cancel 
each other out when combined, resulting in an incorrect representation of their individual hunting patterns. 

Difficulties in reliably identifying predation events using prey deliveries also presents a potential source of 
error. A key assumption I made in these analyses was that peregrines brought back prey items to the nest as 
soon as they were captured (and thus temporal hunting success is likely to be a relatively accurate measure). 
However, it is also possible that prey could have been caught earlier and cached, or ‘hoarded’, until a later 
time. This would allow parents to maintain an apparently constant capture rate (as per a ‘risk-aversion’ 
strategy), but prey could have been caught in a time period with different hunting success. Though this caching 
behaviour has been observed in a range of taxa (Smith & Reichman, 1984), to my knowledge it has not been 
observed in peregrines. But, it remains possible that adults could have first fed on the carcass, thus delaying 
the return of prey sufficiently to shift the hunting success curve back by one hour, and therefore reducing the 
observed correlation between hunting and prey capture (especially if having been successful means that 
adults hunt less in the following hour).  

While this study was somewhat limited in the amount and quality of data available, it does provide some 
potential new insights that warrant further investigation. With the advent of improved computational 
methods, the long-winded hand annotation I performed could be automated, and thus my approach could be 
deployed across a much larger number of nests (and replicated across years). Applying machine-learning 
methods to annotate images (Norouzzadeh et al., 2018) would increase temporal data resolution (i.e. more 
images per hour), reduce error, remove human bias, and enable more detailed individual analysis. Machine 
learning approaches could potentially also allow the sex of the parents to be identified, which would provide 
for a range of additional hunting metrics to be calculated, including hunting bout length and its relationship 
to hunting success/failure. Hunting bout metrics would enable more detailed analyses of individual strategy, 
and also allow us to determine if there are sex differences between the hunting behaviours of both parents 
(Austin, Bowen, McMillan, & Boness, 2006).   

Another improvement would be to combine image data with accelerometry data from tagged individuals. We 
could use accelerometry data to establish what peregrines are doing in the time spent absent from the nest, 
and determine how much time is actually spent expending hunting ‘effort’, prospecting for prey, or resting 
(Bennison et al., 2018). We can also cross-validate accelerometry  data with camera data (and vice versa), 
providing a powerful way to ensure high data quality (De Pascalis et al., 2018). Finally, if peregrines are tagged 
with devices that record both accelerometry data and GPS location, we could even explore how peregrine 
falcons allocate hunting effort over both temporal and spatial scales (Estes et al., 2018). 

Finally, in the current study I only collected data on the behaviour of predators, and almost entirely neglected 
the behaviour of prey. Even a coarse measure of prey behaviour, such as a measure of pigeon activity within 
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cities over the course of a day, could go a long way to helping to answer questions about what drives the 
temporal variation in hunting success that I observed (notably the midday dip in hunting success). For example, 
is it possible that peregrines do not attack pigeons in close proximity to humans – which presumably occurs 
most around lunchtime? Information about prey availability and/or behaviour could also provide insights into 
the strong between-nest differences (and within-nest consistency) in behavioural strategies. For example, do 
different cities vary in the abundance of pigeons, or do peregrines exploit (or are limited by) features of human 
temporal activity when hunting? 

 

CONCLUSION 
 
Despite the lack of conclusive evidence for any specific hunting strategy that exploits a temporal relationship 
between hunting effort and hunting success, this study provides a proof of concept that I hope will stimulate 
further investigations. It demonstrates how alternative methods for collecting data can allow us to extract 
information about predator behaviour—a major gap in our knowledge of predator-prey interactions (Lima, 
2002). In this case, I measured hunting effort based on absence and presence of adults in nests images, and 
extracted information about hunting success from images that showed prey deliveries. While both of these 
measures would have benefited from being able to individually identify parents, and from additional 
information collected on the prey, my findings highlight that there is much we still do not understand about 
predator hunting strategies. In particular, an exciting area of future research that my study has revealed is the 
possibility for these apex avian predators to vary in their hunting strategies, which could make the predator-
prey games far more dynamic than previously thought. 

Future research in the field of predator behaviour has many possible avenues. In my study I used data on 
urban-dwelling peregrines hunting urban-dwelling prey. At present, we have little to no idea of how the 
behaviour of predators in cities relates to the behaviours of predators in rural areas. While some studies show 
that animals often move activity patterns to times of day that avoid interactions with humans (Gaynor, 
Hojnowski, Carter, & Brashares, 2018; Tucker et al., 2018), it is possible that urban-dwelling peregrines could 
exploit human patterns of activity or features of these novel environments– as show by some observations of 
peregrines hunting in cities at night by the light of streetlights (Drewitt & Dixon, 2008). Understanding how 
the hunting behaviour of urban-dwelling predators differs from rural dwelling predators might broaden our 
understanding of how patterns of hunting behaviour are shaped by the modified behaviour of prey. One could 
also apply an effort/success approach to other nest camera study systems with different predator types, to 
explore if and how predators of different prey modulate their temporal hunting effort. Including information 
about the availability and behaviour of prey would be also beneficial for future studies of this topic. By 
capturing comparable measures of prey behaviour, we could begin to understand how much of predator 
behaviour is linked or perhaps even targeted to the behaviour of prey (Lang et al., 2019).   Moving forward, 
answering these kinds of questions will enable mechanistic studies of predator hunting strategies, and allow 
for a better understanding of how predator behaviour varies over different spatial and temporal scales, is 
shaped by internal and external factors, and refined by the individual.  
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SUPPLEMENTARY MATERIAL 
 

Table S3.1. Counts of parent presence/absence at nest, grouped by nest location. Parent presence/absence 
and prey deliveries were annotated once per image (one image was collected approximately every 5 
minutes), from post-hatching days 0-30. 

Location Pictures collected Both absent One absent Both present Prey deliveries 

Aylesbury 6612 1996 4548 68 71 

Brighton 6831 1600 5172 59 92 

Rochdale 6067 1493 4558 16 156 

Wakefield 7004 2751 4239 14 149 

Total 26514 7840 18517 157 468 

 

 

Table S3.2. Counts of parent presence/absence at nest, grouped by nest location within focal period. Parent 
presence/absence and prey deliveries were annotated once per image (one image was collected 
approximately every 5 minutes), from post-hatching days 20-24. 

Location Pictures collected Both absent One absent Both present Prey deliveries 

Aylesbury 1206 542   644 20 18 

Brighton 1126 500 624   2 12 

Rochdale 1192 610 581 1 27 

Wakefield 1178 848 327 3 27 

Total 4702 2500 2176 26 84 

 

 

Table S3.3. Data on actual hatch date and end of observation day (0-30 days). Also included are number of 
eggs, and number of chicks raised in each nest 

Location Hatch date (0) No. eggs No. chicks 

Aylesbury 28-04-2017 1 1 

Brighton 03-05-2017 4 3 

Rochdale 11-05-2017 4 4 

Wakefield 03-05-2017 4 3  
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Figure S3.1. Summary of daily hunting effort for each nest for days 20-24 post-hatching. Blue lines denote 
proportional hunting effort, smoothed using a loess method. Column name denotes day post hatching, row 
name denotes nest location. 
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Figure S3.2. Summary of daily hunting effort, prey captures, and hunting success rate over all days from 0-30 
post hatching (where data was available), collected from the Aylesbury nest. Light grey lines denote raw 
data on proportional hunting effort. Dark grey lines and shaded grey regions denote proportional hunting 
effort, smoothed using a loess method, with 95% confidence intervals. Dark red points denote hourly prey 
deliveries. Dashed blue lines and shaded blue regions denote hunting success rate (effort divided by 
captures), smoothed using a loess method and 95% confidence intervals. Black dashed line references 0.5 
hunting effort.  
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Figure S3.3. Summary of daily hunting effort, prey captures, and hunting success rate over all days from 0-30 
post hatching (where data was available), collected from the Brighton nest. Light grey lines denote raw data 
on proportional hunting effort. Dark grey lines and shaded grey regions denote proportional hunting effort, 
smoothed using a loess method, with 95% confidence intervals. Dark red points denote hourly prey 
deliveries. Dashed blue lines and shaded blue regions denote hunting success rate (effort divided by 
captures), smoothed using a loess method and 95% confidence intervals. Black dashed line references 0.5 
hunting effort.  
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Figure S3.4. Summary of daily hunting effort, prey captures, and hunting success rate over all days from 0-30 
post hatching (where data was available), collected from the Rochdale nest. Light grey lines denote raw data 
on proportional hunting effort. Dark grey lines and shaded grey regions denote proportional hunting effort, 
smoothed using a loess method, with 95% confidence intervals. Dark red points denote hourly prey 
deliveries. Dashed blue lines and shaded blue regions denote hunting success rate (effort divided by 
captures), smoothed using a loess method and 95% confidence intervals. Black dashed line references 0.5 
hunting effort. 
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Figure S3.5. Summary of daily hunting effort, prey captures, and hunting success rate over all days from 0-30 
post hatching (where data was available), collected from the Wakefield nest. Light grey lines denote raw 
data on proportional hunting effort. Dark grey lines and shaded grey regions denote proportional hunting 
effort, smoothed using a loess method, with 95% confidence intervals. Dark red points denote hourly prey 
deliveries. Dashed blue lines and shaded blue regions denote hunting success rate (effort divided by 
captures), smoothed using a loess method and 95% confidence intervals. Black dashed line references 0.5 
hunting effort. 
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Figure S3.6. Summary of average daily hunting effort, plotted relative to chick age (days after hatching). Grey 
shaded circles denote the mean daily effort of each nest (n=4). The blue regression line was fitted using a 
linear model, and grey shaded regions denote 95% confidence intervals. 
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Figure S3.7. Summary of average daily prey captures, plotted relative to chick age (days after hatching). Grey 
shaded circles denote the mean daily prey captures of each nest (n=4). The blue regression line was fitted 
using a linear model, and grey shaded regions denote 95% confidence intervals. 
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GENERAL DISCUSSION 

 

In this thesis, I sought to investigate predator foraging strategies. My research was motivated by the fact 
that the literature is filled with studies of prey, but bereft of studies that focus on the predator. Because 
predators forage on prey that respond by moving, aggregating, and ultimately evolving, studying predators 
provides unique opportunities to widen our understanding of foraging behaviours. Neglecting to include 
predators—alone or as part of studies into predator-prey interactions—has detrimentally affected our 
ability to understand the mechanisms of predator foraging strategies and predator-prey behavioural 
dynamics. As the body of literature on prey behaviour has grown, it has revealed gaps in our knowledge of 
predator behaviour and ecology, and though predators are gradually becoming included in studies of 
predator-prey interactions, there remain large descriptive and mechanistic gaps in our understanding. I 
aimed to address this knowledge gap using a combination of approaches to describe, quantify, and analyse 
the hunting strategies of predators: focusing on how predators hunt in groups, and how they hunt over 
time. 

 

Hunting in groups 

In Chapter 1, I outlined a framework designed to generate new insights into the multidimensional diversity of 
mechanistic strategies used by group-hunting predators. This was driven by our general lack of studies that 
synthesised knowledge about social predators, which is largely because previous approaches used to describe 
group hunting behaviours were reducing multifaceted behaviours into a single point on a one-dimensional 
continuum. By applying the multidimensional framework to data collected from the literature, I validated how 
the information captured with a multidimensional approach can be used to form a broader, more cohesive 
perspective of group hunting strategies. This work revealed that group hunting is not a simple trait, but rather 
a complex behavioural landscape, with widely different taxa forming clusters of similar strategy combinations. 
It also raised a series of unanswered questions opening up new directions for future enquiry. Chiefly among 
them was the question of which evolved first: did sociality lead to group hunting, or did group hunting pave 
the way for sociality?  

In order to gather the information necessary to generate a deeper understanding of the evolutionary 
pathways to different social predation strategies requires researchers to adopt the same kind of approach and 
score their own study species according to these fundamental dimensions of behaviour. A logical follow-up to 
my study that would enhance the uptake of this framework would be to build an openly-accessible database 
for the uploading and collation of dimension scores by researchers. A common dataset comprising a 
taxonomically wide range of species, coupled with phylogenetic data, would facilitate powerful comparative 
analyses, and allow us to develop a deeper understanding of social predation strategies. Additional pieces of 
information added by researchers (such as prey type) would further allow us to explore how these 
evolutionary pathways might have been shaped by the ecology that species experience (Nachappa, Margolies, 
Nechols, & Campbell, 2011; Palkovacs & Post, 2008). 

In uncovering fundamental features of behaviour, the work in Chapter 1 also identifies new facets of behaviour 
that research could focus on. Given the advent of modern tracking and biologging technologies, it is possible 
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that we will be able to ask much deeper mechanistic questions about each of these dimensions of behaviour 
(and the unforeseen links between them) in the near future. For example, the use of high-resolution GPS tags 
and drone-based tracking technology will allow for the collection of precise movement data about hunting 
predators, enabling a range of different types of studies. Within the ‘Specialisation’ dimension, we could 
describe and analyse the group movement tactics that terrestrial predators use when hunting collective prey 
(Handegard et al., 2012). Within the ‘Communication’ dimension we could use GPS data combined with audio 
recordings to better understand how vocalisations are used to coordinate hunts. Within the ‘Resource sharing’ 
dimension, we could track individuals from the start of the hunt all the way to the kill, and quantify the energy 
expended by individual predators in a group related to the energy rewards they gain. Long-term tracking might 
even allow us to explore how interactions on a finer scale (such as spacing or position during hunts) have 
downstream social consequences for individuals and groups as a whole (Farine, Strandburg-Peshkin, Couzin, 
Berger-Wolf, & Crofoot, 2017). We also anticipate that this approach has wider implications for other fields, 
as the approach of decomposing complex behaviours into fundamental traits of behaviour has the potential 
to benefit the study of other types of behaviours far outside the scope of group hunting, such as social 
organisation (Prox, 2018). 

The collective behaviour of animals has garnered significant research attention, and yielded a number of 
important findings – including how collectives function to reduce predation risk (Ioannou et al., 2012) Yet, as 
researchers have started learning more about the collective tactics that prey use to avoid predators, we have 
directed less research towards understanding how and why predators themselves form collectives to hunt 
prey (Handegard et al., 2012). Future studies on the fine-scale spatial behaviour of collective predators hunting 
collective prey have the potential to advance our understanding of the processes underlying this fascinating 
type of predation event. 

 

Hunting in time 

In Chapter 2, I investigated the temporal strategies that individual predators use to hunt prey. This research 
was inspired by the fact that there is robust evidence suggesting prey species have distinct diel dynamics in 
their foraging behaviour (Farine & Lang, 2013), but that there is almost no data on the impact this has on 
predators (Lima, 2002). I developed a method that extracted the activity profiles of focal species of predators 
and prey based on their probability of observation in large datasets of bird observations. In doing so, I found 
that predator congeners from different continents use the same temporal strategies to hunt prey. The results 
also suggest that specifically for Accipiter predators, this temporal pattern of hunting activity is linked to the 
behaviour of their common songbird prey. These findings are not consistent with several theoretical and 
empirical studies of songbirds, which instead have suggested that prey temporal behaviour is driven by 
predators targeting periods of mass-linked prey vulnerability (Houston & Mcnamara, 1993; van der Veen, 
1999). In fact, it seems that instead of targeting these ‘vulnerable’ periods, accipiters allocate hunting effort 
towards times when prey are most active, and thus likely to be most available (Lapiedra, Schoener, Leal, Losos, 
& Kolbe, 2018). The indication that predators allocate activity towards peaks in the day also raises an 
important follow-up question: what is happening within those periods of increased activity?  

A promising future avenue of research would be to track individual predators with high-resolution GPS tags to 
investigate the patterns of predator movement in space. This would allow us to explore in detail the behaviour 
of predators within the observed high-activity periods and establish if there was a spatial component to these 
peaks in activity. We could also link these spatial and temporal behaviours over seasonal and yearly timescales, 
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to gain a better understanding of how predator behaviour changes over time and is altered by external factors 
(Caraco, 1980; Grecian, Lane, Michelot, Wade, & Hamer, 2018). Next, these predators could be tracked at the 
same time as data are collected from prey populations. Doing so could determine the factors that drive what 
type of foraging strategy a predator uses and, ideally, the dynamics of time and space use between predators 
and prey (Kotler et al., 2002; Mitchell & Lima, 2002). For example, we could test whether predators hunt at 
prey feeding sites, follow flocks of prey around from one place to another, or ‘manage’ the fear in different 
flocks of prey at once by moving from one flock to another when anti-predator behaviour reaches a critical 
threshold (Roth II & Lima, 2007b). With simultaneous data from predators and prey, we would also be able to 
ask questions about how the foraging strategies of predators affect the behaviour of prey (e.g. Voelkl, Firth, 
& Sheldon, 2016), and ultimately feed back onto the behaviour of the predator. Acquiring data of real-time 
behavioural feedback cascades between predators and prey has the potential to fundamentally alter our 
understanding of predator-prey behavioural dynamics (Kohl et al., 2018). Long-term studies that collect both 
behavioural and genetic information about predators and prey could take this concept one step further, and 
provide some of the first evidence for behavioural coevolution in wild vertebrates. Eventually, such studies 
could confirm whether the selective effects from interactions between predators and prey in a system are 
strong enough to drive coevolutionary dynamics, and even start to uncover if there are genetic bases for 
predatory and anti-predatory strategies. 

One other open question raised by this temporal predation work links the foraging strategies of predators to 
their sensory morphology. Specifically, although we didn’t find evidence of predators hunting during low-light 
periods, we realised that there is a noticeable lack of information on how diurnal predators with high visual 
acuity might have the capacity to trade-off resolution for sensitivity (for example Mitkus, 2015 found that this 
varied greatly between species). Future morphological and mechanistic experimental studies of vision in 
raptors (or other apex predators), alongside the vision of their prey could be used to explore the fundamentals 
of evolutionary trade-offs faced by predators. Molecular approaches that use phylogenetic data of retinal 
morphology to reconstruct diel activity patterns (as shown in mammalian predators and prey – Wu, Wang, 
Wang, & Feng, 2018) could be employed in avian predator and prey systems to look for historical evidence of 
coevolutionary shifts in diurnality. 

 

In Chapter 3, I then developed a more detailed investigation into the temporal hunting behaviour of predators 
by studying the time of hunting and of prey capture in adult peregrines provisioning chicks. This work was 
prompted by the absence of studies that explored the relationship between hunting effort and hunting success 
rate (the number of prey captured per unit of effort). Based on the findings of Chapter 2, it was clear that 
predators were able to allocate hunting effort to specific periods of the day, but it was unclear as to the 
strategic function of these peaks in activity (i.e. whether having more prey available translated to catching 
more prey). I set out to describe the distribution of hunting effort, determine the correlation between hunting 
effort and success rate, and establish which kind of temporal strategy peregrines use to hunt their prey. In 
doing so, I discovered that when peregrine provisioning chicks, hunting success rate is not always strongly 
correlated with effort. This finding is inconsistent with the assumptions of many studies of activity patterns in 
predators and prey (Bosiger & McCormick, 2014; Lang et al., 2019; Monterroso et al., 2013), and demonstrates 
the need for further investigation of what drives the foraging strategies used by predators. I also found 
evidence suggesting that not all predators use the same temporal strategy. My data suggests that at some 
nests, the parents followed a prey-matching strategy that profits from increased prey ‘catchability’, whereas 
at other nests the parents followed a constant-rate strategy where effort inversely follows success rate to 
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maintain a constant intake of prey. Taken together, the findings demonstrate that the relationship between 
hunting effort and hunting success rate is not as straightforward as previously thought, and perhaps 
individuals use different strategies to maintain the same overall hunting success rate. While other studies of 
foraging behaviour have discovered similar inter-individual variation in activity strategy linked to age and the 
environment (Hertel et al., 2017), much needs to be done to determine how robust such inter-individual 
variation is and what drives differences among individuals. 

To better evaluate how consistently individuals vary will require collecting data across many individuals (or 
many nests) at once. I next plan to apply machine-learning approaches to help with automatically annotating 
nest images, allowing me to increase the quality and temporal resolution of data, while reducing confounding 
sources of error such as human bias. An automated approach could also allow for the accurate identification 
of each parent, enabling detailed analysis of hunting bout lengths, and individual or sex-related differences in 
temporal hunting strategy (Austin et al., 2006; Hertel et al., 2017). In capturing these additional variables, we 
would be able to carry out fine-scale studies of individual variation (to see what drives the use of individual 
strategies), and broad scale analyses of behaviour patterns under changing environmental condition (to see 
how external factors shape the overall patterns of predator behaviour). 

My third chapter has also revealed a series of gaps in our understanding of how predators incorporate 
information about prey into their temporal hunting strategies. With future research in peregrines, and 
combined with studies of other types of predators (that hunt different prey), we can explore how prey 
behaviour, the environment, and the individual, contribute to predator hunting strategies (Greeff & Whiting, 
2000; Hertel et al., 2017; Palkovacs & Post, 2008). In addition, studies of urban-dwelling animals compared 
with their rural counterparts could be used to test whether human activity is changing the behaviour of 
predators and their prey, including how predators are adapting to exploit the novel range of foraging 
opportunities provided by anthropogenic landscapes (Fleming & Bateman, 2018; Gaynor et al., 2018). 

 

ADVANCES AND DEEPENING IN DESCRIPTION AND UNDERSTANDING 
 

The studies that comprise my thesis have highlighted the varied strategies predators use to hunt prey, which 
is a signal of their varied ecology (including that of their prey). This can be observed in the different killer whale 
populations that I included in Chapter 1, which I found used different group hunting strategies tailored for 
catching either fish or marine mammals as prey. It can also be seen in the temporal behaviour of raptor 
predators that use a hunting strategy matched to the temporal activity of their prey. Even peregrine falcons 
appeared to exhibit a range of hunting strategies that vary from one nest to another, and appear to exploit 
prey behaviour in different ways. Taken together, my studies suggest a strong signal of ecology in the foraging 
strategies of predators, which represents an important area of future research (Hiltunen, Ayan, & Becks, 
2015). 

A fundamental step in studying predation behaviour is the description of the behaviour itself. By better 
describing the strategies that predators use, we can then begin addressing questions about how these 
strategies function, and how they might have evolved. In Chapter 1, I described the range of predation 
strategies used by predators, and after embedding each species into a behavioural landscape, it was possible 
to gain new detailed information about species using similar strategies, and which combinations of strategies 
were consistently present together. In Chapter 2, I described the temporal patterns of activity used by 
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different species of predators, and compared these to the patterns of their prey. In doing so, I could go some 
way to explaining how such activity strategies of predators function to maximise the chances of encountering 
prey in time. Finally in Chapter 3, I described the hunting patterns of nesting peregrines, and related the 
observed pattern of hunting effort with hunting success rate. With this information I could make steps towards 
interpreting the relationship, and analysing how the pattern of predator activity could function to exploit the 
temporal variation in ‘catchability’ of prey.  

Beyond description, we also made strides towards understanding these predator strategies by putting them 
into context of foraging behaviour, predator-prey dynamics, and coevolution. In the case of Chapter 2, we 
found that predators are likely to be matched to the behaviour of their prey, suggesting that even for discrete 
systems, common ecological pressures may have convergently shaped coevolution into the evolutionarily 
stable strategies used by predators and prey. In Chapter 3, amongst the variation in patterns observed 
between focal nests, we found indication that predators can modulate hunting effort. Given that our current 
definition of temporal activity coevolution looks for matching activity patterns, this modulation could be a 
previously unidentified piece of the coevolutionary puzzle. Together, the findings in these two chapters 
provide insight not only into the form and function of predator strategies, but also how these strategies have 
been shaped – and potentially continue to be shaped – by the behaviour of prey.  

The results of Chapter 2 and 3 also provide real world data that could be used as the building blocks for future 
theoretical studies of predator-prey dynamics (Lima, 2002). For example, given the states of aligned activity 
patterns observed in Chapter 2, we could run models under different behavioural parameters to try and 
recreate similar evolutionarily stable patterns of behaviour. This data-informed modelling approach could 
allow us to determine how different selective pressures contribute to predator-prey dynamics, or even be 
used to predict how predator-prey systems (and their stability) might change under different scenarios 
(Portalier et al., 2018). Further, accounting for the modulatory effects suggested in Chapter 3 is a relatively 
unstudied concept, and future game theoretical studies incorporating this idea could use modelling to predict 
what the best prey activity strategy would be for scenarios where predators are able to modulate their 
behaviour, and even be used to determine how predators might shift from unmodulatory to modulatory 
strategies (Bolnick & Ferry-Graham, 2002). 

 

REMAINING GAPS (AND OPPORTUNITIES) 
 

While our understanding of predator hunting strategies has deepened in some areas, numerous gaps still exist. 
For social predators, we still don’t know how the complex suite of strategies we observe has evolved, and 
whether they might represent different evolutionary pathways towards the same strategic endpoints. 
Similarly, we now have a clearer picture of how predators hunt in time (and what drives these behaviours), 
but we still don’t have a clear idea of how predators hunt in space. Movements over space could be linked to 
temporal patterns of behaviour, and there are additional unknown implications of the spatial games played 
between responsive prey and responding predators, which could be expressed as feedback cascades in 
behaviour.  

There are many different approaches that can be used to study predator hunting strategies. Some approaches 
are widely used and readily available, such as GPS tags and accelerometry (Kays et al., 2015; Wilmers et al., 
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2015), as well as more classical direct observations. The usage of other approaches are gradually increasing 
with technological advances, such as the increased use of unmanned aerial systems to collect observational 
and location data from untagged animals (Harvey et al., 2016). However, there are certainly many sources of 
data that were not collected with the specific purpose of studying predators, but can be used to do so. For 
example, bird observation datasets such as eBird were not designed to explore activity patterns, but can be 
readily adapted to addressing new questions. It is possible to imagine that there are other forms of similar 
data that could be used in a similar way, or that eBird data could be used to address deeper questions about 
temporal and spatial activity by birds gleaned from the huge abundance of observations that are submitted 
each day (Van Doren & Horton, 2018). Similarly, camera-trapping studies, which classically have been used to 
calculate abundance and range estimation of animals, are gradually being co-opted to look at activity patterns 
and interactions of different animals, including predator and prey (Caravaggi et al., 2018). As such, given the 
huge challenge associated with collecting data on predators, it is essential that researchers remain open to 
looking for, and using, unconventional sources of data, and working on developing new ways to analyse them 
(Norouzzadeh et al., 2018). 

 

GENERAL CONCLUSIONS 
 

My thesis contributes knowledge to our understanding about the strategies that animals as predators use to 
optimise their foraging behaviour. Whether this is done by forming groups, or hunting at particular times of 
day that match prey, predators are finding ways to maximise their advantage, and exploit prey behaviour. I 
have also shown that there exist many opportunities to address these types of questions using data sources 
that are already being collected, often for very different purposes. Finally, I have opened up a range of avenues 
of future research, from tracing the evolutionary underpinnings of social predation, or exploring behavioural 
feedbacks between predators and prey, to understanding how predator foraging strategies are shaped by 
prey, the environment, and the individual. 
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