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Abstract — Signals that inform prospective receivers of potential contingencies associated with the signaler or its
environment may be innate, or may rely upon repeated association between signal production and a context relevant
to the receiver, or theory of mind, such that signalers and/or receivers infer the state or contextual situation
communicative partners find themselves in. While theoretical discourse on the information content of signals has
focused on the coevolution of signalers and receivers as distinct entities, the fact that individuals often act both as
receivers and signalers in similar communicative contexts over the course of their lives presents the possibility that
signals emitted in a given context may reflect the signaler's own experience as a receiver in the same or similar
contexts. This process, which we term “Exchangeability,” would allow signalers to encode appropriate information in
signals and receivers to extract meaningful information without conditioning or recourse to theory of mind. We
propose that Exchangeability readily accounts for the expression of true communication, where both signalers and
receivers benefit, eavesdropping, where receivers alone benefit, and manipulation, where signalers benefit at the
expense of receivers, thus providing a previously overlooked mechanism via which information can be encoded and
decoded in animal communicative exchanges.
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Actions of signalers that affect receiver behavior (signals) evolve by exploiting pre-existing
receiver sensory biases or via fitness benefits associated with receiver responses to actions that are reliably
associated with certain signaler states or environmental contingencies (influence versus information
respectively, sensu Owren et al., 2010; Scarantino, 2010; Stegmann 2013). As such, signals may come to
have meaning for signalers and receivers alike (Amphaeris et al., 2023; Carazo & Font, 2010; Danchin,
2013; Font & Carazo 2010; Jablonka 2002; Seyfarth et al. 2010), though that meaning may differ for
participants within a communicative bout owing to the multifaceted nature of both communicative
interactions and meaning itself (Amphaeris et al., 2023; Marler, 1961; Rendall et al. 2009).

Previous research has implicated repeated pairings of a particular signal type with a given context
or outcome (i.e., conditioning, sensu Shriner, 1999) to explain predictable receiver responses to specific
signals, or has invoked theory of mind (Hare et al., 2000; Premack & Woodruff, 1978; Royka & Santos,
2022; Thom & Clayton, 2013) to account for intentional communication (Graham et al., 2019; Zuberbiihler
& Gomez, 2018). As individuals often act as both signaler and receiver in communicating with others they
may also ascribe meaning to signals based on their own experience producing and receiving them, a process
that we term "Exchangeability". We propose that this previously overlooked dimension of the signaler-
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receiver dynamic allows information to be encoded and decoded by signalers and receivers respectively.
Thus, this process represents a more general case of what Hockett (1963) termed Interchangeability — the
ability of individuals to produce any linguistic signal they can receive — in outlining the design features that
distinguish language from communication in the broad sense.

Exchangeability refers to the capability of an individual to act as both signaler and receiver in the
same situation, either serially or at disjunct points in time. In turn, the individual, consciously or
unconsciously, interprets the scenario and can do so again when confronted with either that same situation
in the future, or with the signal previously associated with that situation. Further, where signal production
and perception are congruent for signalers and receivers, signalers can use signals related to a given context
to manage receivers through expected receiver behavior based upon the signaler's previous behavior in that
same context (Guilford & Dawkins, 1991; Miller & Bee, 2012).

The ability of animals to learn and unlearn associations between salient stimuli and events in their
environment, which also confers the ability to predict how others are likely to behave in the same scenario
(Emery & Clayton, 2001; Kano et al. 2019), suggests that individuals may take into account experiences
they have had when acting as receivers, and apply those when acting as signalers (Miller et al., 2009).
Exchangeability, in this sense, refers to exchanging signal perception with subsequent signal production,
which would require individuals to "know" what they are doing when signaling, yet need not invoke the
attribution of mental states to others, at least in the sense we presume humans do, either consciously or
unconsciously (de Sousa, 2008). To meaningfully encode information employing Exchangeability,
individuals would require: 1) the sensory and neural mechanisms to perceive the signal (perceptual
architecture), 2) the capacity for categorical thinking, attributing objects, internal states, and events to
mental categories, relating those to particular signals they have experienced in the past, 3) mid- to long-
term memory capability so as to recall what signal had been used by signalers confronted with the same
environmental contingency, situation or stimuli in the past, and, 4) the neural and physical substrate
(productional apparatus) to control signal production.

We propose that signalers encode information in a signal because as subjects, their relationship to
an object is not direct, but instead is mediated by something new: a sign or signal (Hofkirchner, 2011).
Signalers thus relate the signal, and the context in which it is emitted, with their memories of similar
situations/contexts when they were a receiver. However, this does not necessarily mean that the signaler
infers information the actual receiver of its signal has in mind, or how that receiver will interpret the
information. This process is independent of the signaler possessing theory of mind regarding potential
receivers (Lurz et al., 2022; Penn & Povinelli, 2007; Seyfarth & Cheney, 2003, Skyrms, 2010), and may
also be independent of the receiver's reaction to the signal. If the signaler acts through the process of
Exchangeability, it will encode information relevant to the situation at hand based on its own memories
regarding past similar situations, and its signal usage or interpretation (attribution of meaning to the signal)
as signaler or receiver in those situations.

Exchangeability would allow receivers to decode signals based upon their own experience with
signal production, particularly where signals conform to Morton's motivation-structural rules (Morton
1977), such that the signal's characteristics reflect the intrinsic state of the signaler. This is likely to be the
case in that signals ultimately have their genesis in intention movements, displacement activities or
activation of the autonomic nervous system (Bradbury & Vehrencamp 1998). As such, manifesting overt
behavior or a particular physiological response in the presence of a certain stimulus or context would
provide the association between that behavior/response (incipient signal), the stimulus/context at hand, and
the state of the individual at the point the incipient signal was broadcast. Subsequent perception of that
signal would presumably then allow the individual, as a receiver, to exchange their past experience as a
signaler (producer) with their perception of that signal at present (receiver), assuming they possess the four
attributes outlined above (perceptual architecture, memory capability, capacity for categorical thinking, and
productional apparatus).

The four attributes that are requisite to employing Exchangeability are presumably widespread
across taxa. Animals have evolved the necessary sensory and perceptual mechanisms to respond in an
organized fashion to relevant stimuli in their environment (von Uexkiill, 1926), along with mechanisms
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necessary to produce signals that are detectable to receivers in sensory modalities selected for by the
interaction of signaler and receiver anatomy and physiology and the nature of the physical environment
through which signals are conveyed (Bradbury & Vehrencamp 1998). Further, the capacity for categorical
thinking, such that objects, events and internal states are ascribed to mental categories, has been
documented repeatedly among insects, anuran amphibians, birds, and mammals (Bruni, 2008; Ehret, 1990;
Francescoli, 2021; Hare & Atkins, 2001; Hauser, 1996; Miller & Bee, 2012; Nelson & Marler, 1989; Prather
et al., 2008, Prather et al., 2009; Reznikova, 2007; Snowdon, 1990), as has the ability to recover past
associations and experiences from memory (Billard et al., 2020; Clayton & Dickinson, 1998; Clayton et al.
2001; Godfrey-Smith, 2014; Guilford & Dawkins, 1991; Pavlov, 1927; Shriner, 1999; Skyrms, 2010; Spear
etal., 1990; Thorndike, 1898). Lasting associations between extrinsic or intrinsic stimuli, receiver responses
and the production of certain signals on the part of signalers, or between those stimuli and signaler behavior
on the part of receivers, constitute information available to receivers and signalers alike (Fischer, 2011).

The meaning attributed to a signal by a receiver (the relationship between a signal and the category
or categories it represents in the receiver's mind) would be the same or similar to the one it attributes to that
signal when it broadcasts the signal as a signaler, owing to what Francescoli (2021) termed "semiotic
canalization", which describes the progressive encapsulation of signal meaning by signalers and receivers
over the course of development. In the context of Exchangeability, this could be based on a comparison and
self-assessment process like the one that occurs in social eavesdropping (Doutrelant et al., 2001), or through
self-monitoring (Allen, 1999). Thus, it is analogous to the self-referent phenotype matching mechanism
underlying kin recognition, in which individuals use cues emanating from themselves to form a template
allowing the subsequent discrimination of kin from non-kin (Dawkins, 1982; Holmes & Sherman, 1982;
Neff & Sherman, 2005).

As suggested by Scarantino (2010), signals may convey the internal state of the signaler to
receivers. A clear way of interpreting this is through the Exchangeability process we have described,
because an animal that has used signals to encode referential information about an internal state
(motivation), and in parallel, sensed that state through proprioception or self-monitoring (Allen, 1999),
could subsequently decode the signal and interpret its meaning in an empathic way when acting as a
receiver. The neurophysiological basis of this process may involve neural mechanisms such as those
described by Prather et al. (2008, 2009) that affect song learning and production in swamp sparrows
(Melospiza georgiana), or the development of mirror neurons (Keysers, 2009), which have been postulated
to promote the exchange of interpretations and responses to signals in a given context within the individual's
brain when that individual acts as both a receiver and signaler, thus representing a process at the root of
what we call empathy (Gallesse, 2003) or ‘associative explanation’ (Heyes, 2014; but see Heyes & Catmur,
2022 for a contemporary account of documented mirror neuron function).

Regardless of the underlying mechanism, both the productional repertoire of signalers, and the
perceptual abilities of receivers, co-evolve through repeated interactions between those parties that are often
exchangeable: the same individual can play both roles at different times, allowing individuals to act as,
what Smith (2007) termed, ‘introspective obverters’. In that sense, even if an individual can never be sure
of the true meaning of a signal, because he/she cannot directly access the mind of another individual,
repeated signal exchanges in particular situations with experience as both signaler and receiver would allow
an individual to relate a category or categories of event(s) with a signal, and thus interpret or attribute
meaning to the signal (not to the mental contents) emitted by another individual. This mechanism, a
fundamental component of our proposed Exchangeability concept, promotes flexibility in signal meaning,
leading to the development of complex signaling systems (Francescoli, 2021; Menant, 2003; Smith, 2007).

Exchangeability would allow the ascription of meaning to signals in the three possible contexts that
Wiley (1983) outlined as encompassing animal communication: where both the signaler and receiver
benefit (true communication), where signalers benefit at the expense of receivers (manipulation), and where
receivers benefit at the signaler's expense (eavesdropping). For instance, female Belding's ground squirrels
(Urocitellus beldingi) emit vocal "trills" that warn conspecifics of the presence of terrestrial predators
(Leger et al., 1984). Receivers of trills benefit by being alerted to potential terrestrial predators, while
signalers benefit via enhanced survivorship of female kin alerted to those predatory threats by trills
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(Sherman, 1985). Here, receivers come to associate the trill vocalization with terrestrial threats, and thus
are expected to selectively broadcast that vocalization type upon detection of a terrestrial threat given the
benefit of promoting an appropriate behavioral response to the threat at hand among kin. The selective
emission of the trill call to terrestrial predators would, in turn, predispose individuals to perceive the
presence of a terrestrial threat when they detect trill calls broadcast by conspecifics. Association of a
particular alarm signal with evasive responses of conspecifics, however, may inadvertently provide
signalers with the experience necessary to manipulate others, as has been demonstrated for certain insects
(Lloyd, 1975) birds (Flower, 2011; Flower et al., 2014; Mgller, 1988), ungulates (Bro-Jergensen & Pangle,
2010), and non-human primates (Wheeler, 2009) that broadcast false signals for their own benefit. Indeed,
the manipulative bioluminescent signals of the femme-fatale firefly (Photuris versicolor) that attract
Photinus males to their death are produced facultatively by the femme fatales, who eavesdrop on Photinus
males (Lloyd 1975). Exchangeability here may provide the basis both for the perception of Photinus mating
signals by Photuris femme fatales (eavesdropping), in that receivers come to associate the species-specific
Photinus bioluminescent signals that reliably correlate with the presence of attractable males (Magrath et
al., 2015), and for the production of the correct species-specific counter-signal that serves to attract those
Photinus males (manipulation), given the signaler's experience in producing bioluminescent signals
attracting conspecific males as mates, and attracting allospecific males of several Photinus species as prey.

Concluding Summary

Exchangeability proposes that an individual's experience as a signaler and receiver would prove
sufficient to encode and decode the information contained in signals. This previously overlooked process
does not necessitate theory of mind for animals to ascribe meaning to signals, relying instead on more
modest cognitive processes, including the capacity for categorical thought and memory, in addition to the
sensory and perceptual mechanisms underlying signal perception and production.

Exchangeability can readily account for true communication, manipulation and eavesdropping
among signalers and receivers based on an individual's garnering experience in either of those roles and
subsequently applying their experience in the complementary role in a communicative exchange. As such,
Exchangeability represents a more general case of Hockett's Interchangeability concept (the ability to
produce any signal that can be received in the context of human language), and yet a more specific case of
what Lurz & Krachun (2019) describe as experience projection (predicting how others are likely to behave
in a given context based on past experience they have had in that same context), here, involving the
projection of experience between the signaler and receiver role in a communicative context.

Non-human animals communicate in ways that defy, or at least cast serious doubt, on purely
mechanistic explanations (e.g., audience effects: Doutrelant et al., 2001; Dzieweczynski et al., 2005; Evans
& Marler, 1994; Le Roux et al., 2008, Townsend & Zuberbiihler, 2009; content attribution: Ostojic et al.,
2013; Price & Fischer 2014; concept formation: Hare & Atkins, 2001; Thompson & Oden, 2000;
Wasserman, 1995; Wasserman et al. 2023; Zuberbiihler et al., 1999; and controlled signal production:
Miller et al., 2009; Snowdon, 1998). Exchangeability provides a simple mechanism via which individuals
can process information about a situation, and relate that to similar situations recovered from memories
stored in the context of their past participation as a signaler or receiver in a communicative context (Bruni,
2008; Francescoli, 2021; Prather et al., 2008, 2009; Reznikova, 2007).

The outstanding challenge, having recognized that an individual's experience as a signaler or
receiver can inform their production or perception of signals in the complementary communicative role, is
to obtain empirical evidence of Exchangeability affecting signal production and/or perception. This will
require controlling an individual's experience with itself in terms of signal production and perception,
necessitating clever manipulation of the developing individual's sensory experience (e.g. Gottlieb, 1966)
and capacity to produce signals (e.g. Glassey & Forbes 2002), yet will undoubtedly shed important light on
the mechanism underlying the attribution of meaning in animal communication.



Francescoli & Hare 436

Acknowledgements

We thank multiple anonymous reviewers and Editor-In-Chief Lydia Hopper for helpful comments
that have allowed us to refine and clearly communicate our notion of Exchangeability in animal
communication.

Author Contributions: GF: Original Conceptualization, Writing - Original Draft, Writing - Review and
Editing; JFH: Supplementary Conceptualization, Writing - Original Draft, Writing - Review and Editing.

Funding: Gabriel Francescoli thanks Sistema Nacional de Investigadores (SNI), Programa de Desarrollo
de las Ciencias Basicas (Pedeciba), and Universidad de la Republica through Comision Sectorial de
Investigacion Cientifica (CSIC), Uruguay for financial support through the development of his ideas and
research. James Hare appreciatively acknowledges financial support provided by the Natural Sciences and
Engineering Research Council of Canada through Discovery Grant Funding over the course of his research
program.

Conflict of Interest: The authors declare no conflict of interest.

References

Amphaeris, J., Blumstein, D.T., Shannon, G., Tenbrink, T., & Kershenbaum, A. (2023). A multifaceted framework to
establish the presence of meaning in non-human communication. Biological Reviews of the Cambridge
Philosophical Society. Epub ahead of print. PMID: 37340613. https://doi.org/10.1111/brv.12989

Allen, C. (1999). Animal concepts revisited: The use of self-monitoring as an empirical approach. Erkenntnis, 51, 33-
40. https://doi.org/10.1023/A:1005545425672

Billard, P., Clayton, N.S., & Jozet-Alves, C. (2020). Cuttlefish retrieve whether they smelt or saw a previously
encountered item. Scientific Reports, 10(1), 5413. https://doi.org/10.1038/s41598-020-62335-x

Bradbury, J.W., & Vehrencamp, S.L. (1998). Principles of Animal Communication. Sinauer Associates, Sunderland,
MA.

Bro-Jargensen, J., & Pangle, W.M. (2010). Male Topi antelopes alarm snort deceptively to retain females for mating.
American Naturalist 176(1), E33-E39. https://doi.org/10.1086/653078

Bruni, L.E. (2008). Hierarchical categorical perception in sensing and cognitive processes. Biosemiotics, 1(1), 113-
130. https://doi.org/10.1007/s12304-008-9001-9

Carazo, P., & Font, E. (2010). Putting information back into biological communication. Journal of Evolutionary
Biology, 23(4), 661-669. https://doi.org/10.1111/1.1420-9101.2010.01944.x

Clayton, N.S., & Dickinson, A. (1998). Episodic-like memory during cache recovery by scrub jays. Nature, 395, 272-
274. https://doi.org/10.1038/26216

Clayton, N.S., Yu, K.S., & Dickinson, A. (2001). Scrub jays (4dphelocoma coerulescens) form integrated memories
of the multiple features of caching episodes. Journal of Experimental Psychology: Animal Behavior
Processes, 27(1), 17-29. https://doi.org/10.1037/0097-7403.27.1.17

Danchin, E. (2013). Avatars of information: towards an inclusive evolutionary synthesis. Trends in Ecology and
Evolution, 28(6),351-358. https://doi: 10.1016/j.tree.2013.02.010

Dawkins, R. (1982). The Extended Phenotype: The Gene as the Unit of Selection. W.H. Freeman and Company, San
Francisco, CA.

de Sousa, R. (2008). Grades of communication. In: d'Ettorre, P., Hughes, D.P. (eds.) Sociobiology of Communication,
pp- 275-288. Oxford University Press, New York, NY.
https://doi.org/10.1093/acprof:0s0/9780199216840.003.0016

Doutrelant, C., McGregor, P.K., & Oliveira, R.F. (2001). The effect of an audience on intrasexual communication in
male Siamese fighting fish, Betta splendens. Behavioural Ecology, 12(3), 283-286.
https://doi.org/10.1093/beheco/12.3.283

Dzieweczynski, T.L., Earley, R.L., Green, T.M., & Rowland, W.J. (2005). Audience effect is context dependent in
Siamese  fighting  fish, Betta  splendens.  Behavioural  Ecology,  16(6), 1025-1030.
https://doi.org/10.1093/beheco/ari088



https://doi.org/10.1111/brv.12989
https://doi.org/10.1023/A:1005545425672
https://doi.org/10.1038/s41598-020-62335-x
https://doi.org/10.1086/653078
https://doi.org/10.1007/s12304-008-9001-9
https://doi.org/10.1111/j.1420-9101.2010.01944.x
https://doi.org/10.1038/26216
https://doi.org/10.1037/0097-7403.27.1.17
https://doi.org/10.1093/acprof:oso/9780199216840.003.0016
https://doi.org/10.1093/beheco/12.3.283
https://doi.org/10.1093/beheco/ari088

Francescoli & Hare 437

Ehret, G. (1990). Categorical perception of sound signals: Facts and hypotheses from animal studies. In: Harnad, S.
(ed.) Categorical Perception. The Groundwork of Cognition, pp. 301-331. Cambridge University Press, New
York, NY.

Emery, N., & Clayton, N. (2001). Effects of experience and social context on prospective caching strategies by scrub
jays. Nature, 414, 443-446. https://doi.org/10.1038/35106560

Evans, C.S., & Marler, P. (1994). Food calling and audience effects in male chickens, Gallus gallus: their relationships
to food availability, courtship and social facilitation. Animal Behaviour, 47(5), 1159-1170.
https://doi.org/10.1006/anbe.1994.1154

Fischer, J. (2011). Where is the information in animal communication? In: Menzel R., Fischer, J. (eds.) Animal
Thinking, pp- 151-161. MIT Press Scholarship Online, Cambridge, MA.
https://doi.org/10.7551/mitpress/9780262016636.003.0010

Flower, T. (2011). Fork-tailed drongos use deceptive mimicked alarm calls to steal food. Proceedings of the Royal
Society B: Biological Sciences, 278(1711), 1548-1555. https://doi.org/10.1098/rspb.2010.1932

Flower, T.P., Gribble, M., & Ridley, A.R. (2014). Deception by flexible alarm mimicry in an African bird. Science,
344(6183), 513-516. https://doi.org/doi: 10.1126/science.1249723

Font, E., & Carazo, P. (2010). Animals in translation: why there is meaning (but probably no message) in animal
communication. Animal Behaviour, 80(2), el-e6. https://doi.org/10.1016/j.anbehav.2010.05.015

Francescoli, G. (2021). "Semiotic canalization": a process directing the use and interpretation of signals in animal
interactions? Biosemiotics, 14, 199-207. https://doi.org/10.1007/s12304-020-09400-0

Gallesse, V. (2003). The roots of empathy: The shared manifold hypothesis and the neural basis of intersubjectivity.
Psychopathology, 36(4), 171-180. https://doi.org/10.1159/000072786

Godfrey-Smith, P. (2014). Sender-receiver systems within and between organisms. Philosophy of Science, 81(5), 866-
878. https://doi.org/10.1086/677686

Gottlieb, G. (1966). Species identification by avian neonates: contributory effect of perinatal auditory stimulation.
Animal Behaviour, 14(2-3), 282-290. https://doi.org/10.1016/S0003-3472(66)80084-2

Graham, K.E., Wilke, C., Lahiff, N.J., & Slocombe, K.E. (2019). Scratching beneath the surface: intentionality in
great ape signal production. Philosophical Transactions of the Royal Society B: Biological Sciences, 3735,
20180403. http://dx.doi.org/10.1098/rstb.2018.0403

Guilford, T., & Dawkins, M.S. (1991). Receiver psychology and the evolution of animal signals. Animal Behaviour,
42(1), 1-14. https://doi.org/10.1016/S0003-3472(05)80600-1

Hare, B., Call, J., Agnetta, B., & Tomasello, M. (2000). Chimpanzees know what conspecifics do and do not see.
Animal Behaviour, 59(4), 771-785. https://doi.org/10.1006/anbe.1999.1377

Hare, J.F., & Atkins, B.A. (2001). The squirrel that cried wolf: reliability detection by juvenile Richardson's ground
squirrel  (Spermophilus richardsonii). Behavioural Ecology and Sociobiology, 5I1(1), 108-112.
https://doi.org/10.1007/s002650100414

Hauser, M.D. (1996). The Evolution of Communication. MIT Press, Cambridge, MA.

Heyes, C. (2014). Tinbergen on mirror neurons. Philosophical Transactions of the Royal Society B: Biological
Sciences, 369(1644), 20130180. https://doi.org/10.1098/rstb.2013.0180

Heyes, C. & Catmur, C. (2022). What happened to mirror neurons? Perspectives on Psychological Science 17(1), 153-
168. ttps://doi.org/10.1177/1745691621990638

Hockett, C.F. (1963). The problem of universals in language, In: Greenberg, J.H. (ed.) Universals of Language, pp.
1-22. The M.LT. Press, Cambridge, MA.
https://archive.org/stream/universalsoflang0Ounse/universalsoflang0Ounse djvu.txt

Hofkirchner, W. (2011). Four ways of thinking about information. triple C: Communication, Capitalism & Critique.
Open  Access Journal for a Global Sustainable Information  Society, 9, 322-331.
https://doi.org/10.31269/TRIPLEC.V912.281

Holmes, W. G., & Sherman, P.W. (1982). The ontogeny of kin recognition in two species of ground squirrels.
American Zoologist, 22(3), 491-517. https://doi.org/10.1093/icb/22.3.491

Jablonka, E. (2002). Information: Its interpretation, its inheritance, and its sharing. Philosophy of Science, 69(4),
578-605. https://doi.org/10.1086/344621

Kano, F., Krupenye, C., Hirata, S., Tomonaga, M., & Call, J. (2019). Great apes use self-experience to anticipate an
agent's action in a false-belief test. Proceedings of the National Academy of Science U.S.A., 116(42), 20904-
20909. https://doi.org/10.1073/pnas.1910095116

Keysers, C. (2009). Mirror neurons. Current Biology, 19(21), R971-R973. https://doi.org/10.1016/j.cub.2009.08.026

Leger, D.W., Berney-Key, S.D., & Sherman, P.W. (1984). Vocalizations of Belding's ground squirrels (Spermophilus
beldingi). Animal Behaviour, 32(3), 753-754. https://doi.org/10.1016/S0003-3472(84)80151-7



https://doi.org/10.1038/35106560
https://doi.org/10.1006/anbe.1994.1154
https://doi.org/10.7551/mitpress/9780262016636.003.0010
https://doi.org/10.1098/rspb.2010.1932
https://doi.org/10.1016/j.anbehav.2010.05.015
https://doi.org/10.1007/s12304-020-09400-0
https://doi.org/10.1159/000072786
https://doi.org/10.1086/677686
https://doi.org/10.1016/S0003-3472(66)80084-2
http://dx.doi.org/10.1098/rstb.2018.0403
https://doi.org/10.1016/S0003-3472(05)80600-1
https://doi.org/10.1006/anbe.1999.1377
https://doi.org/10.1007/s002650100414
https://doi.org/10.1098/rstb.2013.0180
ttps://doi.org/10.1177/1745691621990638
https://archive.org/stream/universalsoflang00unse/universalsoflang00unse_djvu.txt
https://doi.org/10.31269/TRIPLEC.V9I2.281
https://doi.org/10.1093/icb/22.3.491
https://doi.org/10.1086/344621
https://doi.org/10.1073/pnas.1910095116
https://doi.org/10.1016/j.cub.2009.08.026
https://doi.org/10.1016/S0003-3472(84)80151-7

Francescoli & Hare 438

Le Roux, A., Cherry, M.1., & Manser, M.B. (2008). The audience effect in a facultatively social mammal, the yellow
mongoose, Cynictis penicillata. Animal Behaviour, 75(3), 943-949.
https://doi.org/10.1016/j.anbehav.2007.07.014

Lloyd, J.E. (1975). Aggressive mimicry in Photuris fireflies: signal repertoires by femmes fatales. Science, 187(4175),
452-453. https://doi.org/10.1126/science.187.4175.452

Lurz, R., & Krachun, C. (2019). Experience-projection methods in theory-of-mind research: Their limits and strengths.
Current Directions in Psychological Science, 28(5), 456-462. https://doi.org/10.1177/0963721419850156

Lurz, R.W., Krachun, C., Mareno, M.C. & Hopkins, W.D. 2022. Do chimpanzees predict others’ behavior by
simulating their beliefs? Animal Behavior and Cognition, 9(2), 153-175.
https://doi.org/10.26451/abc.09.02.01.2022

Magrath, R.D., Haff, T.M., Fallow, P.M., & Radford, A.N. (2015). Eavesdropping on heterospecific alarm calls: from
mechanisms to consequences. Biological Reviews, 90(2), 560-586. https://doi.org/10.1111/brv.12122

Marler, P. (1961). The logical analysis of animal communication. Journal of Theoretical Biology, 1, 295-317.
https://doi.org/10.1016/0022-5193(61)90032-7

Menant, C. (2003). Information and meaning. Entropy, 5(2), 193-204. https://doi.org/10.3390/e5020193

Miller, C.T., & Bee, M.A. (2012). Receiver psychology turns 20: Is it time for a broader approach? Animal Behaviour,
83(2), 331-343. https://doi.org/10.1016/j.anbehav.2011.11.025

Miller, C.T., Eliades, S.J., & Wang, X. (2009). Motor planning for vocal production in common marmosets. 4Animal
Behaviour, 78(5), 1195-1203. https://doi.org/10.1016/j.anbehav.2009.07.038

Moller, A.P. (1988). False alarm calls as a means of resource usurpation in the great tit Parus major. Ethology, 79(1),
25-30. https://doi.org/10.1111/.1439-0310.1988.tb00697.x

Morton, E.S. (1977). On the occurrence and significance of motivation-structural rules in some bird and mammal
sounds. American Naturalist, 111(981), 855-869. https://doi.org/10.1086/283219

Neff, B.D., & Sherman, P.W. (2005). In vitro fertilization reveals offspring recognition via self-referencing in a fish
with paternal care and cuckoldry. Ethology, 111(4), 425-438. https://doi.org/10.1111/].1439-
0310.2005.01075.x

Nelson, D.A., & Marler, P. (1989). Categorical perception of a natural stimulus continuum: Birdsong. Science,
244(4907), 976-78. https://doi.org/10.1126/science.2727689

Ostojic, L., Shaw, R.C., Cheke, L.G., & Clayton, N.S. (2013). Evidence suggesting that desire-state attribution may
govern food sharing in Eurasian jays. Proceedings of the National Academy of Sciences USA, 110(10),
4123-4128. https://doi.org/10.1073/pnas.1209926110

Owren, M.J., Rendall, D., & Ryan, M.J. (2010). Redefining animal signaling: influence versus information in
communication. Biology and Philosophy, 25, 755-780. https://doi.org/10.1007/s10539-010-9224-4

Pavlov, 1. P. (1927). Conditioned Reflexes: An Investigation of the Physiological Activity of the Cerebral Cortex.
Translated and Edited by G. V. Anrep. Oxford University Press, London.

Penn, D.C., & Povinelli, D.J. (2007). On the lack of evidence that non-human animals possess anything remotely
resembling a 'theory of mind'. Philosophical Transactions of the Royal Society B: Biological Sciences,
362(1480), 731-744. https://doi.org/10.1098/rstb.2006.2023

Prather, J.F., Peters, S., Nowicki, S., & Mooney, R. (2008). Precise auditory-vocal mirroring in neurons for learned
vocal communication. Nature, 451, 305-310. https://doi.org/10.1038/nature06492

Prather, J.F., Nowicki, S., Anderson, R.C., Peters, S., & Mooney, R. (2009). Neural correlates of categorical perception
in learned vocal communication. Nature Neuroscience, 12, 221-228. https://doi.org/10.1038/nn.2246

Premack, D. & Woodruff, G. (1978). Does the chimpanzee have a theory of mind? Behavioral and Brain Sciences,
1(4), 515-526. https://doi.org/10.1017/S0140525X00076512

Price, T., & Fischer, J. 2014. Meaning attribution in the West African green monkey: influence of call type and context.
Animal Cognition, 17(2), 277-286.

https://doi.org/10.1007/s10071-013-0660-9

Rendall, D., Owren, M.J., & Ryan, M.J. (2009). What do animal signals mean? Animal Behaviour, 78(2), 233-240.
https://doi.org/10.1016/j.anbehav.2009.06.007

Reznikova, Z. (2007). Animal Intelligence: From Individual to Social Cognition. Cambridge University Press,
Cambridge, MA.

Royka, A., & Santos, L.R. (2022). Theory of Mind in the wild. Current Opinion in Behavioral Sciences, 45, 101137.
https://doi.org/10.1016/j.cobeha.2022.101137

Scarantino, A. (2010). Animal communication between information and influence. Animal Behaviour, 79(6), el-e5.
https://doi.org/10.1016/j.anbehav.2010.03.005



https://doi.org/10.1016/j.anbehav.2007.07.014
https://doi.org/10.1126/science.187.4175.452
https://doi.org/10.1177/0963721419850156
https://doi.org/10.26451/abc.09.02.01.2022%22
https://doi.org/10.1111/brv.12122
https://doi.org/10.1016/0022-5193(61)90032-7
https://doi.org/10.3390/e5020193
https://doi.org/10.1016/j.anbehav.2011.11.025
https://doi.org/10.1016/j.anbehav.2009.07.038
https://doi.org/10.1111/j.1439-0310.1988.tb00697.x
https://doi.org/10.1086/283219
https://doi.org/10.1111/j.1439-0310.2005.01075.x
https://doi.org/10.1111/j.1439-0310.2005.01075.x
https://doi.org/10.1126/science.2727689
https://doi.org/10.1073/pnas.1209926110
https://doi.org/10.1007/s10539-010-9224-4
https://doi.org/10.1098/rstb.2006.2023
https://doi.org/10.1038/nature06492
https://doi.org/10.1038/nn.2246
https://doi.org/10.1017/S0140525X00076512
https://doi.org/10.1007/s10071-013-0660-9
https://doi.org/10.1016/j.anbehav.2009.06.007
https://doi.org/10.1016/j.cobeha.2022.101137
https://doi.org/10.1016/j.anbehav.2010.03.005

Francescoli & Hare 439

Seyfarth, R.M., & Cheney, D.L. (2003). Signalers and receivers in animal communication. Annual Review of
Psychology, 54, 145-173. https://doi.org/10.1146/annurev.psych.54.101601.145121

Seyfarth, R.M., Cheney, D.L., Bergman, T., Fischer, J., Zuberbiihler, K., & Hammerschmidt, K. (2010). The central
importance of information in studies of animal communication. Animal Behaviour, 80(1), 3-8.
https://doi.org/10.1016/j.anbehav.2010.04.012

Sherman, P.W. (1985). Alarm calls of Belding’s ground squirrels to aerial predators: nepotism or self-preservation?
Behavioral Ecology and Sociobiology, 17(4), 313-323. https://doi.org/10.1007/BF00293209

Shriner, W.M. (1999). Antipredator responses to a previously neutral sound by free-living adult golden-mantled
ground squirrels, Spermophilus lateralis (Sciuridae). Ethology, 105(9), 747-757.
https://doi.org/10.1046/1.1439-0310.1999.00454 x

Skyrms, B. (2010). The flow of information in signaling games. Philosophical Studies, 147, 155-165.
https://doi.org/10.1007/s11098-009-9452-0

Smith, A.D.M. (2007). Language change and the inference of meaning. In: Lyon, C., Nehaniv, C.L., Cangelosi, A.
(eds.) Emergence of Communication and Language, pp. 323-36. Springer Verlag, Berlin, Germany.
https://doi.org/10.1007/978-1-84628-779-4 17

Snowdon, C.T. (1990). A naturalistic view of categorical perception. In: Harnad, S. (ed.) Categorical Perception. The
Groundwork of Cognition, pp. 332-354. Cambridge University Press, New York, NY.

Snowdon, C.T. (1998). Cognitive components of vocal communication: A case study. Animals, 8(7), 126.
https://doi.org/10.3390/ani8070126

Spear, N.E., Miller, J.S., & Jagielo, J.A. (1990). Animal memory and learning. Annual Review of Psychology, 41, 169-
211. https://doi.org/10.1146/annurev.ps.41.020190.001125

Stegmann, U.E. (ed.) (2013). Animal Communication Theory: Information and Influence. Cambridge University
Press, New York, NY.

Thom, J.M., & Clayton, N.S. (2013). Re-caching by western scrub-jays (4dphelocoma californica) cannot be attributed
to stress. PLoS ONE, 8(1), €52936. https://doi.org/10.1371/journal.pone.0052936

Thompson, R.K.R., & Oden, D.L. (2000). Categorical perception and conceptual judgments by nonhuman primates:
The paleological monkey and the analogical ape. Cognitive Science, 24(3), 363-396.
https://doi.org/10.1207/s15516709¢c0g2403_2

Thorndike, E. L. (1898). Animal intelligence: An experimental study of the associative processes in animals. The
Psychological Review, 11(4), 1-108. https://doi.org/10.5962/bhl.title.25848

Townsend, S., & Zuberbiihler, K. (2009). Audience effects in chimpanzee copulation calls. Communicative &
Integrative Biology, 2(3), 282-284. https://doi.org/10.4161/cib.2.3.6796

von Uexkiill, J. (1926). Theoretical Biology. Harcourt, Brace and Co., New York, NY.

Wasserman, E.A. (1995). The conceptual abilities of pigeons. American Scientist, 83(3), 246-255.
https://www.jstor.org/stable/29775443

Wasserman, E.A., Kain, A.G., & O’Donoghue, E.M. (2023). Resolving the associative learning paradox by category
learning in pigeons. Current Biology, 33(6), 1112-1116.e2. https://doi.org/10.1016/j.cub.2023.01.024

Wiley, R.H. (1983). The evolution of communication: Information and manipulation. In: Halliday, T.R., Slater, P.J.B.
(eds.) Animal Behaviour, Vol. 2, Communication, pp. 156-189. Blackwell Scientific Publications, Oxford,
UK.

Wheeler, B.C. (2009). Monkeys crying wolf? Tufted capuchin monkeys use anti-predator calls to usurp resources
from conspecifics. Proceedings of the Royal Society B: Biological Sciences, 276(1669), 3013-3018.
https://doi.org/10.1098/rspb.2009.0544

Zuberbiihler, K., Cheney, D.L., & Seyfarth, R.M. (1999). Conceptual semantics in a nonhuman primate. Journal of
Comparative Psychology, 113(1), 33-42. https://doi.org/10.1037/0735-7036.113.1.33

Zuberbiihler, K., & Gomez, J.-C. (2018). Primate intentional communication. In: Callan, H. (ed.) International
Encyclopedia of Anthropology, pp. 1-10. Wiley Blackwell, Hoboken, NJ.



https://doi.org/10.1146/annurev.psych.54.101601.145121
https://doi.org/10.1016/j.anbehav.2010.04.012
https://doi.org/10.1007/BF00293209
https://doi.org/10.1046/j.1439-0310.1999.00454.x
https://doi.org/10.1007/s11098-009-9452-0
https://doi.org/10.1007/978-1-84628-779-4_17
https://doi.org/10.3390/ani8070126
https://doi.org/10.1146/annurev.ps.41.020190.001125
https://doi.org/10.1371/journal.pone.0052936
https://doi.org/10.1207/s15516709cog2403_2
https://doi.org/10.5962/bhl.title.25848
https://doi.org/10.4161/cib.2.3.6796
https://www.jstor.org/stable/29775443
https://doi.org/10.1016/j.cub.2023.01.024
https://doi.org/10.1098/rspb.2009.0544
https://doi.org/10.1037/0735-7036.113.1.33

