University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Ng, L;Garcia, JE;Dyer, AG;Stuart-Fox, D

Title:
The ecological significance of time sense in animals

Date:
2021-04

Citation:

Ng, L., Garcia, J. E., Dyer, A. G. & Stuart-Fox, D. (2021). The ecological significance of time
sense in animals. BIOLOGICAL REVIEWS, 96 (2), pp.526-540. https://doi.org/10.1111/
brv.12665.

Persistent Link:
https://hdl.handle.net/11343/276584



Ng Leslie (Orcid ID: 0000-0001-5973-1367)
Stuart-Fox Devi (Orcid ID: 0000-0003-3362-1412)

The ecological significance of time sense in animals

Leslie Ng*?", Jair E. Garcia?, Adrian G. Dyer>*" and Devi Stuart-Fox"'

1School of BioSciences, The University of Melbourne, Parkville, VIC 3010, Australia
ZBio-Inspired Digital Sensing (BIDS) Lab, School of Media and Communication, RMIT
University, Melbourne, VIC 3001, Australia

3Department of Physiology, Monash University, Melbourne, Clayton, VIC 3800, Australia

Page heading: Ecological significance of time sense in animals

“Author for correspondence (E-mail: tsznl@student.unimelb.edu.au; Tel.: +61 4 1876 0331).

TAuthors contributed equally.

ABSTRACT

Time is a fundamental dimension of all biological events and it is often assumed that animals
have the capacity to track the duration of experienced events (known as interval timing).
Animals can potentially use temporal information as a cue during foraging, communication,
predator avoidance, or navigation. Interval timing has been traditionally investigated in
controlled laboratory conditions but its ecological relevance in natural environments remains

unclear. While animals may time events in artificial and highly controlled conditions, they
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may not necessarily use temporal information in natural environments where they have
access to other cues that may have more relevance than temporal information. Herein we
critically evaluate the ecological contexts where interval timing has been suggested to
provide adaptive value for animals. We further discuss attributes of interval timing that are
rarely considered in controlled laboratory studies. Finally, we encourage consideration of
ecological relevance when designing future interval-timing studies and propose future

directions for such experiments.

Key words: animals, communication, ecological, foraging, interval timing, navigation,

predator avoidance, temporal information, time perception.
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I. INTRODUCTION

Time is a fundamental dimension in how we experience the world around us; we have the
capacity to perceive the duration of events subjectively, and use this information in our
decision-making (Fontes et al., 2016). The same is true for some animals that may use
temporal information as cues in foraging, communication, predator avoidance or navigation.
There is increasing evidence from laboratory studies that some animals can learn tasks
requiring timing of events; but how such findings translate to biologically relevant tasks is
often unclear. Currently there exists no detailed synthesis of evidence regarding the adaptive
value of time sense in animals. The purpose of this review is to evaluate critically the

adaptive value of time sense, to discuss the strength of this evidence in relation to different
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ecological contexts, and to provide a framework for future investigations of how different
animals may show evidence of time sense.

Time perception entails a representation in the brain based on available sensory information.
This representation is peculiar as it does not directly map to a tangible stimulus, and is not
associated with a specialised organ (Wittmann & Van Wassenhove, 2009). Nevertheless, time
perception has similarities with other sensory perceptions; for example, duration judgements
follow Weber’s law (Grondin, 2001), are influenced by factors such as motivation (Gable &
Poole, 2012), and can be integrated with other senses such as spatial information to form
multimodal representations (e.g. episodic memory formation; Copara et al., 2014;
Eichenbaum, 2017). Time perception involves different mechanisms depending on the scale
at which an event is timed. Studies of time perception in animals often focus on tracking
temporal regularities that occur in large (in the range of hours) or predictable cycles
(Vasconcelos, de Carvalho & Machado, 2017). The timings of these events have been
attributed to circadian timing mechanisms where animals may store a specific time of day in
memory to optimise foraging or predator avoidance (Mulder, Gerkema & Van der Zee,
2013). Alternatively, timing of events can also occur at relatively short scales of seconds to
minutes. Timing of these events is attributed to an interval-timing mechanism, where it is
often suggested that a clock-like mechanism is tracking the onset and end of events (Wilkie et
al., 1994; Bateson, 2003; Vasconcelos et al., 2017). Circadian timing mechanisms have been
studied extensively and are relatively well understood (Hardin, 2005; Toh, 2008; Mulder et

al., 2013). Here, we focus on interval timing at short timescales.
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Herein, we discuss the ecological contexts in which interval timing has been suggested to be
used by animals, namely, foraging, communication, predator avoidance, and navigation
(Table 1). We discuss aspects of interval timing in ecological contexts that are rarely
considered in laboratory experiments, and the importance of different sources of evidence for
interval timing. Much of the literature has assumed that animals can use temporal information
during decision-making, but direct evidence for this in ecologically relevant conditions is
rare. Furthermore, the specific neural mechanisms behind interval timing in different animals
remain largely unclear. Investigating the use of interval timing under ecologically relevant
conditions requires a creative and informed approach towards experimental design that
considers the biology of the animal, and information that it has access to in its natural
environment. We propose future directions for behavioural experiments that will provide an

insight into the ecological relevance of interval timing.

Il. THE STUDY OF INTERVAL TIMING IN ANIMALS

Interval timing in animals has been traditionally investigated using experimental procedures
such as peak procedure, temporal bisection, temporal generalisation, or fixed interval
schedules [see Maclnnis & Guilhardi (2006) and Vasconcelos et al. (2017) for reviews] .
These procedures are conducted in controlled laboratory environments where an animal is
generally trained to learn specific time schedules. Such experiments provide evidence for
interval-timing capacity in some animals (fixed interval studies summarised in Craig &
Abramson, 2015) such as mammals (e.g. Church & Gibbon, 1982; Craig et al., 2015;

Heinrich, Dehnhardt & Hanke, 2016), birds (Brodbeck, Hampton & Cheng, 1998; Ohyama et
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al., 1999; Penney, Gibbon & Meck, 2008), some fish (Higa & Simm, 2004; Drew et al.,
2005), and an insect (Boisvert & Sherry, 2006). These studies demonstrate that some animals
can anticipate and respond to temporally repeating food schedules (fixed interval), store and
reproduce intervals from memory (peak procedure), compare and discriminate different
intervals (temporal generalisation), and categorise intermediate durations as either short or
long (bisection task). Notably, there can be large differences in interval-timing performance
between closely related species, such as honeybees (Apis mellifera) and bumblebees (Bombus
impatiens; Boisvert & Sherry, 2006; Craig et al., 2014), or pigeons (Columba livia) and turtle
doves (Streptopelia risoria; Lejeune & Richelle, 1982). Therefore, generalisations about time
sense in animals based on studies of limited model species need to be considered cautiously.
Evidence for interval timing can be found in neural, psychophysics, and behavioural ecology
studies. Neural evidence for interval timing demonstrates the fundamental capacity of
animals to process temporal information during different tasks. For example, Paulk et al.
(2008) showed that neurons in the bumblebee visual system can code temporal properties of
signals. Alternatively, psychophysics experiments are important in determining properties of
relevant neural mechanisms, such as the observation of scalar properties (i.e. standard
deviation of time estimates increases linearly with interval duration) in humans and other
animals (Gibbon, 1977), or the influence of different parameters on timing mechanisms such
as attention or interval length (Church, Getty & Lerner, 1976; Boisvert & Sherry, 2006;
McMillan et al., 2017). Together, neural and psychophysics studies provide evidence that
intervals can be timed and identify parameters that affect timing performance, but not how

time sense is used in natural contexts. Behavioural ecology studies, which consider the
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biology of the focal species, are also necessary to understand the biological and ecological
significance of interval timing. Consequently, a combination of all three sources of evidence
is required to gain a comprehensive understanding of interval timing in animals (Fig. 1).
Interval timing has also been suggested to play an important role in associative learning
(Balsam, Drew & Gallistel, 2010). When forming associations between stimuli, it appears
that animals process the temporal relations between events (Balsam & Gallistel, 2009). This
implies that all animals capable of associative learning have some capacity to process time.
However, if this is the case, why do animals such as honey bees that have well-developed
associative learning capacities (Giurfa, 2007) fail in interval-timing experiments (Grossmann,
1973; Craig et al., 2014)? The likely answer is that animals do not necessarily use time as a
cue even if they have the capacity to do so, especially in complex natural environments.
Therefore, ecologically relevant experiments are essential to understand the importance of

time sense in non-human animals.

1. MECHANISMS OF INTERVAL TIMING

The mechanisms responsible for interval timing have been extensively discussed and various
frameworks have been proposed to explain how animals process temporal information
[reviewed in Matell & Meck (2000) and Paton & Buonomano (2018)]. Currently, the most
influential frameworks are pacemaker—accumulator clock models such as the scalar
expectancy theory (SET; Gibbon, 1977). Here, a pacemaker controlled by a switch produces
pulses that are accumulated and stored in memory. The pulses are then summed and

compared with a reference memory to determine if the intervals match. SET has become a
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standard model of timing in the animal literature and consequently time sense in animals is
often discussed in terms of a clock-like mechanism (Brunner, Kacelnik & Gibbon, 1992;
Bateson, 2003; Kleinman, Sohn & Lee, 2016; VVasconcelos et al., 2017). Interval timing has
also been modelled using oscillator models such as the striatal beat-frequency model (SBF)
or dynamic attending theory (DAT), where oscillatory neural patterns generate a unigue time
code or adapt to an existing temporal pattern (Jones & Boltz, 1989; Matell & Meck, 2004).
Alternatively, behavioural models such as the behavioural theory of timing (BET) or
learning-to-time (LET) suggest that animals can time intervals using a series of behavioural
states without the need for complex cognitive mechanisms (Killeen & Fetterman, 1988;
Machado, 1997). For example, in BET, an animal transitions between behavioural states (e.g.
a pigeon transitioning from head-bobbing at one location, to pecking at another location)
driven by an internal pacemaker, and the behavioural state coinciding with the reinforcer will
be conditioned to elicit a response. However, current consensus in the human literature is
converging towards decentralised clock models where timing is thought to be an emergent
property of neural dynamics (Buonomano & Laje, 2011; Goel & Buonomano, 2014; Paton &
Buonomano, 2018). For example, population clock models suggest that timing is encoded in
changing neural population dynamics after the onset of a stimulus, and the trajectory and
pattern of these dynamics can act as a unique time code for a time interval (Jin, Fujii &
Graybiel, 2009; Buonomano & Laje, 2011). Ultimately, temporal processing is highly
complex and is involved in a variety of tasks and brain regions (Grondin, 2010; Paton &
Buonomano, 2018); therefore, a range of mechanisms are likely necessary to process

temporal cues for different tasks.

This article is protected by copyright. All rights reserved.



To date, most studies investigating such mechanisms are centred around humans and select
model species such as rats (Buhusi & Meck, 2002; Matell, Meck & Nicolelis, 2003; Xu et al.,
2014), but whether other animals share the same timing mechanisms remains an open
question. It is also unclear whether an animal’s neural representation of time intervals is
linear or logarithmic (Kim et al., 2013), although increasing evidence suggests that animals
represent time logarithmically (Roberts, 2006; Kim et al., 2013; Sarpeshkar, 2014). This
could be adaptive for the efficient processing of long durations, which may require a large
working memory if timing is linear (Y. Ren, H. Miller & Z. Shi, in preparation). Further,
different animals may process time in different ways depending on their ecology.
Understanding the importance of time sense under various ecological contexts may therefore
provide insights into the neural mechanisms required to process temporal information in

natural environments.

IV. FORAGING

Interval timing is frequently assumed to play an integral role in foraging (Brunner et al.,
1992; Boisvert, Veal & Sherry, 2007; Heinrich et al., 2016). Foraging takes time, and food
resources can vary in terms of profitability and acquisition rate. Therefore, efficient time

expenditure during foraging activities is thought to be under strong selection (Bateson, 2003).

(1) Optimality in foraging

How animals efficiently collect food resources has largely been discussed in the context of

optimal foraging theory (Stephens & Krebs, 1986). In general, these models predict that
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natural selection acts to maximise some fitness currency such as energy gain or efficiency
(Brunner et al., 1992; Bateson, 2003; Hazen, Friedlaender & Goldbogen, 2015). This
implicitly assumes that animals can measure the rate of resource acquisition and that this
directly influences their decision-making. For example, ants (Camponotus rufipes),
honeybees (Apis mellifera), and wasps (Paravespula germanica) appear to be sensitive to
nectar flow rates when foraging from artificial feeders, and modify their foraging behaviours
accordingly (Pflumm, 1986; Wainselboim, Roces & Farina, 2002; Schilman & Roces, 2003).
Rats have also been shown to measure the time required to consume a piece of food, and
directly use this information when engaging in food protection behaviours (Whishaw &
Gorny, 1994; Wallace et al., 2006).

By assessing a proxy for energy gain (e.g. food consumed) over time, animals can determine
whether to continue foraging at a patch, or to move to another patch once food is depleted.
This is often modelled using patch-departure models such as the marginal value theorem
(MVT) or Bayesian update models which describe how an animal should behave in such
situations (Charnov, 1976; Green, 1984; Bateson, 2003; Marshall et al., 2013). For example,
the MVT suggests that an animal will opt to leave a patch once its foraging rate drops to the
average food gain rate across all patches in the habitat (Nonacs, 2001). Most optimal patch-
departure models assume that temporal information is important when considering when to
leave the patch, but do not explain the proximate mechanisms required to make such
calculations (Kacelnik, Brunner & Gibbon, 1990). An exception to this is the collection of
work applying SET to MVT (Kacelnik et al., 1990; Kacelnik & Brunner, 2002). These works

demonstrate that animals can anticipate the expected timing of a reward and make decisions
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to leave the patch based on this anticipated time. Scalar properties can be observed in the
time at which an animal moves to another patch and the time of the last foraging response in
a patch, demonstrating that animals can adjust the waiting time at a patch based on the food
schedules experienced (Brunner et al., 1992; Kacelnik & Brunner, 2002; Bateson, 2003).
Variability in the amount of food or the time it takes to find food is also assumed to play a
role in foraging decisions (Bateson, 2003; Kacelnik & EI Mouden, 2013; Craft, 2016). For
example, animals may decide to forage at a patch where search time is fixed, or another patch
where search time is more variable. Risk-sensitive foraging theory suggests that animals may
adopt either a risk-prone or risk-averse strategy depending on the foraging context, energy
budget, or search time variability (Caraco, Martindale & Whittam, 1980; Kacelnik & El
Mouden, 2013; Craft, 2016). This implies that animals can assess variation in search time for
each patch, and develop preferences towards fixed or variable foraging options (Caraco et al.,
1980; Bateson & Kacelnik, 1995; Bacon, Hurly & Healy, 2010; Craft, 2016). However,
whether animals use interval timing to assess search time variability remains unclear.
Optimal foraging is an attractive framework for evaluating time sense, but it is often difficult
to test modelled predictions in natural systems. The extent to which interval timing
contributes to foraging optimality in general has received limited attention, especially in
relation to cognitive mechanisms other than SET. Furthermore, animals may use other
physiological cues to measure rate of resource acquisition, foraging duration, search time,
and other time-related currencies. This can result in behaviours that appear to involve time
sense but in fact do not. For example, animals that forage underwater may resurface based on

depleting oxygen levels rather than specifically tracking dive duration (Ponganis, Meir &
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Williams, 2010). The distinction between physiological mechanisms or constraints and time
sense is important as interval timing is an active process that requires the animal to make

decisions based on temporal mechanisms.

(2) Speed—-accuracy trade-offs

When managing time expenditure during foraging tasks, there may be a trade-off between
speed and accuracy. Speed-accuracy trade-offs are well-studied in humans, where individuals
can either make quick decisions with low accuracy or slow decisions with high accuracy
(Pachella & Fisher, 1969; Bogacz et al., 2010; Heitz, 2014; Drugowitsch et al., 2015). In
animals, speed—accuracy decisions are often consistent within individuals but some flexibility
also exists (Rinberg, Koulakov & Gelperin, 2006; Chittka, Skorupski & Raine, 2009; Heitz &
Schall, 2012; Wang, Chittka & Ings, 2018). For example, bumblebees (Bombus terrestris)
switch to a slower but more accurate strategy in a colour-discrimination task when incorrect
choices are punished, or when the task is more difficult (Chittka et al., 2003; Dyer & Chittka,
2004). Bumblebees also slow their inspection flights when under risk from cryptic predators,
indicating that speed-accuracy trade-offs occur in ecologically relevant situations (Ings &
Chittka, 2008). The ability of individuals to adjust speed—accuracy decisions to improve
foraging efficiency has often been suggested to imply a sensitivity to time intervals.

However, responses to food rewards or other cues may result in differences in foraging
behaviour consistent with speed—accuracy trade-offs. This is because any type of response

towards stimuli costs time, but such behaviours may not directly require a sense of time.
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(3) Timing food-replenishment intervals

Some sources of food replenish at predictable intervals and animals can track the time they
last foraged at a resource to improve foraging efficiency. Many animals have the ability to
track food schedules as evidenced by fixed-interval studies (Fig. 2; Craig & Abramson,
2015), but this type of behaviour may only be ecologically relevant for animals that exploit
rapidly replenishing food sources, such as pollinators that forage from flowers that replenish
throughout the day (Henderson et al., 2006; Boisvert et al., 2007; Toelch & Winter, 2013).
This is reflected in the traplining behaviour of some pollinators, where animals visit food
sources in spatially repeatable patterns (Boisvert et al., 2007; Lihoreau et al., 2013; Tello-
Ramos, Hurly & Healy, 2015). Such visitation patterns are thought to be based on the
replenishment schedule of flowers and indeed studies have shown that pollinators can track
replenishing food schedules. Henderson et al. (2006) demonstrated that rufous hummingbirds
(Selasphorus rufus) can distinguish between artificial flowers with schedules of 10 or 20
minutes and can remember and avoid flowers they recently visited. Similarly, Boisvert et al.
(2007) showed that bumblebees (Bombus impatiens) could remember when a high-quality
reward was available at a feeder at different fixed-interval schedules and time their visitations
accordingly (Fig. 3). In nature, it may take considerably longer for flowers to replenish
compared to the schedules presented in these studies (Tello-Ramos et al., 2015); however,
flowers exhibit increased nectar production in response to nectar draining and some species
rapidly replenish at schedules of under an hour (Thomson, McKenna & Cruzan, 1989;

Castellanos, Wilson & Thomson, 2002; Luo, Ogilvie & Thompson, 2014). Therefore, it is
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plausible that flowers replenish at a scale that is reliably tracked by interval-timing

mechanisms.

(4) Time—place learning

Where and when a foraging event occurs can be useful for animals to learn, as they can
change foraging sites according to spatiotemporal schedules of their food source (Thorpe &
Wilkie, 2006a; Vasconcelos et al., 2017). This is similar to tracking food replenishment
intervals, but there is greater emphasis on the relationship between time and location of one
or many foraging sites, rather than simply tracking the time last foraged at a specific
resource. Most studies investigating time—place learning (TPL) make use of mazes where
animals can find food in different arms, levers, or compartments depending on the time of
day (Biebach, Gordijn & Krebs, 1989; Carr & Wilkie, 1997; Moura & Luchiari, 2016). The
mechanisms at this timescale likely involve circadian timers where animals are associating
the food location with time of day (Saksida & Wilkie, 1994), or an ordinal timer where
animals are associating food location according to its order in a temporal pattern (Carr &
Wilkie, 1997). However, TPL can also be facilitated by interval-timing mechanisms (Thorpe
& Wilkie, 2006a). Rats and pigeons have the capacity to learn both spatial and temporal
contingencies in TPL tasks at short timescales of minutes (Pizzo & Crystal, 2004; Thorpe &
Wilkie, 2006b; Garcia-Gallardo & Carpio, 2016). The majority of TPL studies are performed
in controlled laboratory conditions and therefore the ecological relevance of TPL at interval-

timing scales remains unclear.
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An extension to TPL are studies investigating what, where, when (WWW) memories in the
context of episodic memory in animals. Here, animals need to learn and remember the
spatiotemporal characteristics of a food source in addition to the identity of the food item
itself. This is especially relevant for food-storing animals that cache perishable foods and
need to remember the time and type of food item stored to predict how much it may have
degraded over time (Clayton & Dickinson, 1998, 1999; Feeney, Roberts & Sherry, 2009;
Zinkivskay, Nazir & Smulders, 2009). However, such studies usually involve large
timescales of several hours as food items do not often perish at interval-timing scales. Martin-
Ordas et al. (2010) provide a unique example where bonobos (Pan paniscus), chimpanzees
(Pan troglodytes) and orangutans (Pongo pygmaeus) had to choose either frozen juice
(preferred) or a grape (less preferred) after intervals of either 5 min or 1 h. The animals
preferred frozen juice after 5 min intervals but preferred the non-perishable grape after 1 h.
WWW tasks can also occur in the context of replenishing resources as different food
resources may renew at different rates depending on the food type. For example, Salwiczek &
Bshary (2011) presented free-swimming cleaner wrasse (Labroides dimidiatus) with
differently coloured and patterned plates that were associated with different time intervals,
such that the fish were only allowed to feed off the plate after the corresponding time interval
had passed. This time interval was biologically relevant as each plate simulated a client fish,
and these clients are regularly reinfected with ectoparasites (Salwiczek & Bshary, 2011).
Cleaner wrasse were able to remember when and which plate they had previously interacted

with to complete an optimal foraging task. In the same way, short timescales are biologically
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relevant for pollinators that can benefit from time—place or WWW information as they can

travel to different patches in a sequence according to patch-specific temporal schedules.

V. COMMUNICATION

(1) The role of interval timing in communication

Animal communication is often suggested to involve interval timing (MacDonald & Meck,
2003; Vasconcelos et al., 2017; Motanis, Seay & Buonomano, 2018). However, the role of
interval timing is difficult to evaluate in the context of communication due to the complexity
of such signals. Many communication signals occur in the range of seconds to minutes, but
are also often composed of temporal elements or patterns in the scale of milliseconds to
seconds. To detect and process temporal signals at this resolution usually requires dedicated
sensory mechanisms such as duration-selective neurons (Carlson, 2009; Elliott, Christensen-
Dalsgaard & Kelley, 2011; Paton & Buonomano, 2018). For example, thoracic auditory
interneurons in acridid grasshoppers (Chorthippus biguttulus) selectively respond to 2 ms
song gaps (Ronacher & Stumpner, 1988). Therefore, neural mechanisms that process
temporal communication signals can be very different to those involved in traditional
interval-timing tasks depending on the timescale. Although the processing of signals in the
milliseconds (sub-second) versus seconds (supra-second) range appears to involve different
neural circuits (Rammsayer, 1999; Karmarkar & Buonomano, 2007; Rammsayer, Borter &
Troche, 2015), the temporal boundaries between the two are unclear. Consequently, the

processing of temporally complex communication signals likely requires both active and
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cognitively mediated mechanisms that are associated with interval timing, and passive
sensory mechanisms that detect sub-second information.

In addition, it can be tempting to conclude that highly specialised neural circuits such as those
involved in communication are unrelated to interval timing in general. For example, the
learning and production of bird songs are processed by a group of brain nuclei aligned with
two connecting pathways: the posterior descending pathway (PDP), and the anterior forebrain
pathway (AFP; Nottebohm, 2005; Mooney, 2009). The PDP is associated with the production
and timing of a song, while the AFP is required for the learning of a song. These pathways
are clearly specialised for the processing of temporal signals in bird songs and are likely
unrelated to temporal processing in other contexts. However, it is possible that neural
mechanisms for traditional interval-timing tasks are also highly specialised for each task or
context, and therefore we cannot exclude communication signals from interval timing on this
basis alone. Given the ambiguity of interval timing in communication signals, and the fact
that the exact mechanisms of interval timing in general are unclear, we discuss the ecological
relevance of timing in communication signals below but highlight that such signals are

temporally complex and are known to involve specialised neural circuits.

(2) TIMING OF TEMPORAL ELEMENTS AND PATTERNS

When communicating with conspecifics, animals modulate the temporal patterns and
structures of their communication signals (Pollack, 2000; Filippi et al., 2019; Ravignani et
al., 2019). In some instances, the duration of the signal can provide meaningful information

for the receiver. This is the case for honeybees that communicate information about a food
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source with their dance language (von Frisch, 1967). The duration of a component of the
dance known as the waggle run is correlated with the distance of the food, and therefore
followers must have the ability to time the waggle run (Seeley, Mikheyev & Pagano, 2000).
However, in most studied cases of signalling, it is the temporal pattern of individual elements
within a signal that is important in communication. Advertisement calls in frogs (Wollerman
& Wiley, 2002; Tobias, Evans & Kelley, 2011), flash patterns in fireflies (Lewis & Cratsley,
2008), cricket stridulations (Zuk, Rebar & Scott, 2008), fish acoustic signals (Kihslinger &
Klimley, 2002), and bird songs (MacDonald & Meck, 2003; Dooling & Prior, 2017), all
contain species-specific temporal patterns that enable reliable signalling of species identity.
Temporal patterns can also convey more specific information about individual identity. In
cotton-top tamarins (Saguinus oedipus), individual identity, sex, and group identity can be
encoded in their long calls (Weiss, Garibaldi & Hauser, 2001). Temporal components of long
calls appear to be particularly important in encoding sex and group identity. In African
clawed frogs (Xenopus laevis), male—male encounter vocalisations are triggered by calls with
a male-like temporal pattern; while both a female-like frequency and female-like temporal
pattern are required to trigger courtship displays (Vignal & Kelley, 2007). Additionally,
temporal patterns can also provide information about individual quality that is used in mate
preference or male—male competition, and acoustic performance has been correlated to male
condition across multiple species (Scheuber, Jacot & Brinkhof, 2003; Forsman & Hagman,
2006; Richardson et al., 2010; Benitez et al., 2016). For example, the song rate or structure of
male barn swallows (Hirundo rustica) is associated with male-quality traits such as body

condition, testosterone level, parasite levels, or immunological condition in several studies
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(Mgller, 1991; Galeotti et al., 1997; Saino et al., 1997). As acoustic displays are often
energetically expensive, females can use temporal components of these signals as reliable
predictors of mate and offspring quality (Scheuber et al., 2003; Forsman & Hagman, 2006).
While most studies discussed here relate to acoustic signals, temporal patterns exist in other
modalities. Mormyrids (Brienomyrus brachyistius) communicate individual identity and
behavioural state with patterns of electric discharges (Carlson & Hopkins, 2004; Baker et al.,
2013). Even colourful insect displays that interact with incident light have been suggested to
be temporally dynamic signals (Schroeder et al., 2018). In general, many animals directly
modulate temporal components in their signals regardless of modality, and specialised neural
mechanisms responsible for the production or interpretation of such signals are often required
to process these complex temporal components to inform decision-making (Nottebohm,

2005; Kostarakos & Hedwig, 2014).

V1. PREDATOR AVOIDANCE

Animals often find themselves in vulnerable situations during foraging or reproductive
activities as these tasks may be associated with exposure to predation (Sih, 1992; Hedrick,
2000). Consequently, animals must manage how much time they spend engaged in risky
behaviours (Lima & Dill, 1990; Balaban-Feld et al., 2019). Interval-timing ability is therefore
assumed to be important in determining the duration of predator exposure, particularly in

light of trade-offs with foraging or other activities important for survival or reproduction.
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(1) Timing predator exposure

Many animals appear to assess threat level in a given situation and can adjust their behaviour
accordingly (Houston, McNamara & Hutchinson, 1993; Verdolin, 2006; Thaler, McArta &
Kaplan, 2012; Liesenjohann et al., 2015; Hefty & Stewart, 2019). For example, black-capped
chickadees (Parus atricapillus) achieve maximal efficiency when foraging directly next to a
food source (Lima, 1985). However, in high-risk situations they opt to carry food items to
cover, suggesting a capacity to manage feeding rate versus time exposed to predators.
Similarly, air-breathing diving animals such as marine mammals or diving birds appear to
manage how much time they spend at the surface where they are most vulnerable to predators
(Dunphy-daly et al., 2010). Although these examples appear to show that animals can
optimise their time allocation in response to predation risk, animals can also behave in these
ways without the use of interval timing. For example, escape responses may be heightened in
animals when they experience more predator encounters. In these circumstances, animals
may be more likely to escape, hide, or avoid areas where predators have been located, and
therefore will reduce predator exposure time without specifically relying on any interval-

timing mechanisms.

(2) Refuge-hiding behaviour

When avoiding predators, many animals make use of refuges into which they can retreat to
hide (Jennions et al., 2003; Cooper, Hawlena & Pérez-Mellado, 2010; Martin & Lopez,
2015). In this context, animals are assumed to be aware of how long they have spent in hiding

to determine when they should emerge and resume normal behaviour. For example, fiddler
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crabs (Uca perplexa) modulate how long they spend hiding in their burrows depending on the
proximity of the predator (Jennions et al., 2003). The decision when to emerge from a refuge
can be complex as many animals are blind to information about the predator while they are
hiding (Sih, 1992; Hugie, 2003; Martin & Lbpez, 2015). If the animal emerges too early, they
risk the chance that the predator has not yet left. However, waiting too long is also costly as
this time could be spent foraging or finding a mate (Reaney, 2007; Rhoades & Blumstein,
2007). This trade-off can be seen in the yellow-bellied marmot (Marmota flaviventris), where
supplemental food placed next to their burrow resulted in the marmots emerging sooner from
their burrows (Blumstein & Pelletier, 2005). Therefore, the decision to emerge was
influenced by energetic considerations and opportunity cost of remaining in the burrow.
Animals may also consider the perceived risk of remaining in the refuge (Jennions et al.,
2003), unique attributes of the refuge (Chavez-Solis & Alcaraz, 2015), self-conspicuousness
within the environment (Hedrick, 2000), behaviours of group members (Balaban-Feld et al.,
2019), or mating opportunity costs (Reaney, 2007) when deciding time to emerge.
Refuge-hiding studies have often assumed that animals are primarily reliant on temporal
information when making decisions on when to emerge. It is likely that an interval-timing
mechanism is involved as animals are often unable to access other sources of information in
their refuges. Even so, it is still possible that some animals are not tracking the absolute time

but are relying on an unknown proxy.
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VII. NAVIGATION

One well-studied navigation mechanism is path integration, where animals can track their
position with respect to their starting position by integrating the direction and distance they
have travelled (Mandal, 2018). A variety of potential odometer mechanisms have therefore
been proposed to explain how animals determine distance travelled. This includes tracking
energy expenditure (Heran & Wanke, 1952), self-motion cues from proprioceptive and
vestibular systems (Wohlgemuth, Ronacher & Wehner, 2001; Wallace et al., 2002), optic
flow (Esch et al., 2001), stride integration (Walls & Layne, 2009; Wolf, Wittlinger & Pfeffer,
2018), or the actual travel duration with a temporal odometer (Wolf, 2011). The temporal
odometer theory is attractive as many animals are expected to have interval-timing ability and
therefore have access to temporal information (Craig & Abramson, 2015). For example,
parasitoid Trichogramma wasps adjust their reproductive investment in a host based on the
host egg size. They measure egg size with a temporal odometer by timing the travel duration
from first contact with the egg, to contact with the substrate (Schmidt & Smith, 1987; Parent,
Brodeur & Boivin, 2016). In this case, a temporal odometer is reliable as the distance is very
short and the insect is likely moving at a relatively constant speed. However a temporal
odometer is less reliable when travel time becomes more variable over larger distances, and
this can be heavily influenced by factors such as differences in carrying a load during
inbound or outbound journeys (Wolf, 2011). Despite its flaws, a temporal odometer cannot be
ruled out as animals do not necessarily use the most optimal odometer mechanism. An
internal cue such as time could be useful when navigating in conditions where external cues

such as optic flow are unavailable (e.g. travelling in darkness; Chittka et al., 1999). Under
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changing conditions, it is not surprising that animals may use different or multiple odometers
in each situation. This is seen in the desert ant (Cataglyphis fortis), which uses both stride
integration and optic flow cues to determine distance travelled (Wolf et al., 2018). These two
mechanisms interact dynamically to drive homing behaviour, allowing flexibility depending
on the navigational context. In the same way, the temporal odometer may be used primarily
in situations where it is most reliable, but otherwise integrated with other mechanisms to
achieve optimal homing behaviour.

Although animals may have the capacity to track travel times, direct behavioural support for
the temporal odometer remains scarce (Wolf, 2011). However, even in instances when an
animal is not directly timing the distance travelled, some degree of interval timing may still
be involved. For example, when measuring self-motion, animals need to integrate their
movements with time to estimate distance (Aharon, Sadot & Yovel, 2017). From this
perspective, time sense is necessary when processing cues that exist as a rate, regardless of

the specific odometer mechanism.

VI INTERVAL TIMING OUTSIDE THE LABORATORY

Interval-timing studies performed in laboratory conditions demonstrate the capacity of
animals to time events, but these controlled environments sacrifice some understanding of
how timing is used in ecological contexts outside the laboratory. For instance, in fixed-
interval experiments, timing the food schedule is the only way reliably to improve foraging
efficiency (Fig. 2). However, animals have access to a multitude of signals in natural

environments and may not actively rely on timing in ordinary circumstances. Stimuli
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occurring in these natural environments are often multimodal and animals can process these
signals in a variety of ways. Animals may opt to ignore unreliable temporal information and
instead process other components of the signal when making decisions. Indeed, interval
timing is highly context dependent in humans and can be an inaccurate information source
(Sackett et al., 2010; Lake, LaBar & Meck, 2016). Consequently, alternative cues may be
more reliable and act as proxies for interval duration. For example, animals do not often
measure absolute distance but can use odometer mechanisms such as stride integration to
determine distance travelled (Wolf, 2011). In a similar way, animals can use low-level cues
to solve time-related tasks without the capacity to measure time intervals directly.

Even if animals do use temporal information in their daily lives, the way in which they do so
may be very different to how timing problems are presented in laboratory conditions. While
timing studies often require an animal to track a precise start and stop time, the onset of a
stimulus to be timed is likely to be more ambiguous in natural settings (van Rijn, 2018). Food
is not always available at clearly defined and repetitive time schedules in nature, and
proficiency in timing such tasks may not be informative for how animals use time in real
foraging decisions.

Factors unrelated to timing capacity can also have a significant effect on timing performance
but are underappreciated in the animal timing literature. For example, attentional mechanisms
play an important role in timing (Brown & West, 1990; Brown, 2008; Grondin, 2010). In
humans, attention has clear effects on interval-timing performance, so it is not surprising that
animals may be similarly affected (Sackett et al., 2010). While attention is often maximised

in controlled laboratory conditions, animals in natural environments are often attending to
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multiple sources of information at once. In addition, animals that rely on their time sense are
also likely tracking multiple time schedules concurrently. This has been explored in some
studies, with evidence for the capacity to track multiple time schedules concurrently in rhesus
monkeys (Macaca mulatta) and even bumblebees (Boisvert & Sherry, 2006; Kleinman et al.,
2016). However, the extent to which attention affects timing performance and how animals
manage multiple sources of temporal information in a noisy natural environment are unclear.
The ecological context of timing tasks can also influence behavioural strategies, and therefore
timing performance. For example, food-deprived pigeons have difficulty timing stimuli of
increasingly longer duration than a reference duration, while pigeons under no deprivation
discriminated long durations better than short durations (Zeiler, 1991). This suggests that the
way that animals use temporal information may be context dependent. The use of temporal
information itself may also be a strategy that is only used under specific circumstances.
Animal timing studies are often constrained to enable precision and as such they explore only
one timing context, but animals that have time sense may not necessarily use time in every
context.

Finally, while the capacity for animals to experience emotion remains a debated topic (de
Vere & Kuczaj, 2016; Paul & Mendl, 2018), emotional states affect interval timing in
humans (Yamada & Kawabe, 2011; Lake et al., 2016). Specifically, high arousal states (often
in response to negative or aversive stimuli) can make timed durations be perceived as longer
(Langer, Wapner & Werner, 1961; Tipples, 2008; Yamada & Kawabe, 2011). If animals
experience emotional states to some degree, their time sense may be influenced by arousal in

similar ways. In natural situations, animals can experience high arousal in response to
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predator encounters, which may influence how they time behaviours such as refuge hiding.
Emotional state is not generally controlled for in animal timing studies and its effect on

timing performance remains unknown.

IX. FUTURE DIRECTIONS

To gain a complete understanding of interval timing in ecological contexts, it is vital to
consider the biology and ecology of the species of interest. We provide a framework for the
design of ecologically informed interval-timing experiments in Fig. 4. Below we outline five
research recommendations to evaluate the ecological relevance of interval timing.

(1) Do animals that use interval timing in laboratory conditions also do so in natural
conditions? While there is evidence for interval timing in laboratory conditions (Craig &
Abramson, 2015), it is significantly more challenging to test this in ecological settings where
animals may be relying on cues other than time. In some cases, it may be possible to control
for cues other than temporal information. For example, studies investigating path integration
in invertebrates often control for multiple cues to rule out the possibility of a temporal
odometer (Wohlgemuth et al., 2001; Walls & Layne, 2009). However, it is not always
logistically possible to control for every cue that may be correlated with time. In this case,
one approach involves testing if animals can flexibly use time cues of their own volition. For
example, in a study by Boisvert et al. (2007), bumblebees were able to forage from a patch of
low-quality feeders with a high-quality feeder that only provided reward after a fixed delay
(Fig. 3). Here, bumblebees timed their visits to the high-quality feeder, showing that they

could voluntarily use temporal cues to increase their foraging efficiency. Another example is
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the mid-session reversal task where an animal is trained simultaneously to discriminate and
respond to two stimuli (Cook & Rosen, 2010; Rayburn-Reeves, Molet & Zentall, 2011). One
stimulus is reinforced for the first half of the trial while the other stimulus is reinforced
during the second half. The type of cue used to solve this task can be deduced by examining
when the animal switches between responses and the types of errors made. While pigeons
consistently appear to use passage of time to predict the mid-session reversal (Zentall, 2020),
rats will often use their spatial orientation between each response as a cue if not controlled for
(McMillan, Kirk & Roberts, 2014). Therefore, the conditions of the task clearly affect the
type of cue that is used to solve it. Overall, these types of experimental design can
demonstrate whether animals flexibly use time sense to solve foraging problems and the
conditions in which they do so.

(2) What influences interval timing in ecological settings, and to what extent? Studies of
timing in humans have shown that interval timing is complicated and influenced by factors
such as attention or arousal. This can result in interval timing being less accurate or reliable
in complex environments. Investigating such factors may also provide insight into the
underlying timing mechanism of the animal, as well as the interval-timing model most
consistent with performance. For example, not all models consider the effect of attention and
cognitive load on time perception (Block, Hancock & Zakay, 2010; Addyman, French &
Thomas, 2016). In general, it is likely that timing in animals is similarly complex to timing in
humans, but internal and external factors that influence timing have rarely been considered in

animal studies.
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(3) How does interval timing vary among contexts? Interval timing may be specialised to
specific tasks but may not be reliable in other contexts. Animals are generally only tested in a
single experimental paradigm when testing for interval-timing capacity, therefore it is unclear
how timing varies across different contexts, or whether animals that show no evidence of
time sense in one context do so in another.

(4) Does interval-timing capacity differ among species, and if so, why? Interval timing is
potentially adaptive in contexts such as foraging, communication, reproduction, navigation,
and predator avoidance (Table 1). As these are activities relevant for the survival of every
animal, it brings into question why individuals or species may differ in interval-timing
capacity. Whether these differences reflect variations in lifestyle or cognitive strategies is
unknown.

(5) What is the interval-timing capacity of understudied species? While mammals and birds
are relatively well represented in the interval-timing literature, the timing capacity of many
other species remains unknown, especially amongst reptiles and invertebrates. Testing such
species using neurobiological or traditional psychophysics approaches is important to
understand the evolution of interval timing in animals, allowing us then to explore how these

animals may use timing in different contexts.

X. CONCLUSIONS

(1) Animals have generally been assumed to have interval-timing capacity. In some contexts,

such as refuge hiding, interval timing is likely to be used in the absence of other cues.

This article is protected by copyright. All rights reserved.



However, there is ambiguity in the extent to which timing is used in other contexts such as
foraging.

(2) The potential adaptive value of time sense does not automatically imply that animals are
directly tracking time intervals in everyday tasks even if they have the capacity to do so in
laboratory studies. Instead, animals can either use a non-cognitive timing mechanism such as
the behavioural theory of timing, an internal physiological cue such as oxygen depletion or an
external non-temporal cue such as stride counting. These alternative strategies are likely to be
context dependent, and direct evidence for their use in natural conditions is understandably
scarce due to the difficulty of controlling for extraneous cues other than time in natural
situations.

(3) Consequently, it is difficult to generalise or speculate on the relative importance of
interval-timing versus non-temporal strategies that may be used across different species,
tasks, or even variants of similar tasks. It is therefore vital to design behavioural experiments

using a framework that considers the biology of specific animals.
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