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Abstract The Social Intelligence Hypothesis suggests that cognition might be key to enable
animals to live in social groups. Especially social cognition is important as it allows animals to
respond appropriately to conspecifics and ensure group cohesion. Social cognition is
extensively studied in mammals and birds but to gain a broad understanding of the benefits
of social cognitive processes in social interactions we need a broader phylogenetic approach.
In this opinion paper, | suggest squamates (lizards, snakes, and worm lizards) as promising
models due to their diverse but facultative sociality and reliance on semiochemical
communication in social contexts. Squamates possess a highly developed vomeronasal
system to detect semiochemicals for social recognition and discrimination. Similar to the well-
studied rodents, squamates detect a wide range of information within chemical cues but
research on the associated decision-making processes, individual differences and
development of these abilities is still scarce. Comparative approaches leveraging squamates'
semiochemical communication and sociobiological diversity could provide important new
insights into the evolution of social cognition. Future research should further focus on
individual abilities, their link to environmental and social demands, and consequences for

fitness, advancing our understanding of adaptive social cognitive skills across taxa.

Keywords chemical communication, chemical ecology, discrimination, lizard, recognition,

reptile, snake, social evolution, vomerolfaction, worm lizards
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1 Introduction

Social cognition involves all neural processes by which individuals collect, retain, process and
use information that are beneficial in a social context to avoid competition and conflict or aid
cooperation and group cohesion (Seyfarth & Cheney, 2015; Shettleworth, 2009). As such,
social cognition plays a crucial role in recognition and memory of specific individuals which
forms the basis of any social aggregation, may it be mate guarding, pair formation, parent-
offspring aggregation, and at its extreme, long-term group living (Rubenstein & Abbot, 2017;
Ward & Webster, 2016). The role that cognition plays in social group living was first highlighted
by Chance and Mead (1953), Humphrey (1976) and Jolly (1966) on the basis of observations
in primates which demonstrated that species living in social groups possess better cognitive
abilities which led to the formulation of the Social Intelligence Hypothesis (Byrne & Whiten,
1988; Chance & Mead, 1953; Humphrey, 1976; Jolly, 1966). It suggests that having to
discriminate, track and remember specific individuals and their relationships poses a
challenge that can be overcome by developing enhanced cognitive skills. Consequently,
individuals with better cognitive skill fare better in their social environment and produce more
offspring (Zuberbuhler & Byrne, 2006). The Social Intelligence Hypothesis has been tested
widely across mammal and bird species confirming the link between sociality and cognition
across taxa (Speechley et al., 2024). However, most studies have focused on more general
cognitive skills such as associative learning and flexibility (e.g. Ashton et al., 2018; Berhane
& Gazes, 2020; Borrego & Gaines, 2016). One might argue that a stronger focus on social
cognition is warranted as we would expect the largest effects of sociality to be found in the
social cognitive domain (e.g. MacLean et al., 2013).

Even though the link between sociality and cognition has received much attention,
most studies have been conducted in mammals and birds with investigations in other taxa
lacking, including reptiles (Speechley et al., 2024). This gap might be linked to the still
prevailing, but shown to be incorrect, view of reptiles being asocial and cognitively limited
(Font et al., 2023; Szabo et al. 2021). Social cognition involves not just widely studied

phenomena such as social learning or highly complex processes such as knowledge
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attribution (i.e. “theory of mind”), but more subtle phenomena such as recognising and
remembering specific individuals, detecting specific social information and responding
appropriately to the gathered information (Kavaliers & Choleris, 2017; Seyfarth & Cheney,
2015; Shettleworth, 2009). A growing body of literature has demonstrated that reptiles
possess good non-social cognitive abilities (Burghardt, 2013; Szabo et al., 2021) and even
(seemingly) “non-social” reptiles are capable of social learning (e.g. Damas-Moreira et al.,
2018; Wilkinson et al., 2010) one aspect of social cognition. Furthermore, especially
squamates (lizards, snakes and worm lizards) express a large diversity in social complexity
and even closely related species might express large variation from solitary living to long-term-
family group living (Doody et al., 2021; Whiting & While, 2017). Consequently, squamates
provide an exciting opportunity to study the evolution of social cognition in relation to social
complexity more generally but especially the early stages in the evolution of social cognition
using a comparative approach.

Squamates rely heavily on semiochemicals (one or more chemicals that inform the
behaviour of conspecifics) for intra-specific social communication (Martin & Lopez, 2024;
Mason & Parker, 2010) although some species can also use visual cues to recognise
individuals (e.g. Van Dyk & Evans, 2007). The use of semiochemicals for such communication
is beneficial because chemicals can be deposited without the receiver present, last for a long
time and can be detected without the sender present (Norris & Lopez, 2011). Furthermore,
semiochemicals can be well characterized by several analytical means to understand the
mechanistic basis of social cognitive abilities. Squamates have a highly developed
vomeronasal system with which they process both volatile and non-volatile compounds
collected with their tongue (Norris & Lopez, 2011). As such, recognition, discrimination and
interest in a chemical can be easily quantified by recording the frequency of sampling, also
called tongue-flicking (Cooper, 1994; 1998). This quantification method has been used widely
to gain insights into squamate intra-specific social chemical ecology. For example, self-other
discrimination based on chemicals has been demonstrated in a range of squamate species

(lizards: Aguilar et al., 2009; Szabo & Ringler, 2023; snakes: Burghardt et al, 2021; Chiszar et
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al., 1991; Freiburger et al., 2024; worm lizards: Martin et al., 2020). Furthermore, different
squamate species can discriminate familiar versus unfamiliar individuals in a territorial (e.g.
Aragén et al., 2001), and a mating context (e.g. Cooper, 1996; Martin et al., 2020; Verger et
al., 2024) as well as in the context of parental care (e.g. Bull et al., 1994; Martin et al., 2021).
Moreover, chemical secretions might carry information about sex (e.g. Cooper & Pérez-
Mellado, 2002; Martin et al., 2020), size (e.g. Labra, 2006; Martin et al., 2024; Shine et al.,
2003), age (e.g. Gabirot et al., 2012; Lopez et al., 2003), kinship (e.g. Bull et al., 2001; Lena
& de Fraipont, 1998; O'Connor & Shine, 2006; Pernetta et al., 2009), group membership (e.g.
Bull et al., 2000), reproductive status (e.g. Cooper & Pérez-Mellado, 2002), health (e.g. Martin
et al., 2024), dominance status (e.g. Martin et al., 2007) and even individual identity (e.g. Bull
etal., 1999; Carazo et al., 2008; Mangiacotti et al., 2019). Despite this large body of knowledge
accumulating in squamates, these recognition and discrimination abilities are not viewed from
a social cognitive perspective as part of the social cognitive repertoire of a tested species.
Furthermore, despite this wealth of knowledge on what information can be recognised, we
have little knowledge of when and in which social contexts this information might be used. A
recent phylogenetic analysis highlighted the potential important role of this social chemical
communication in lizard social evolution linking the presence of signalling glands to the
evolution of social aggregations (Baeckens & Whiting, 2021). Given the diversity in information
content within the chemical signals of squamates and their diverse social expression it is
surprising that chemical social communication has not yet been considered from a social
cognitive perspective.

Therefore, the aim of this paper is to highlight the potential benefits of utilising chemical
communication to better understand social cognitive skills and their relationship to social
expression in squamates, and hopefully, inspire future work into this fascinating topic. | first
performed a systematic literature search in order to highlight some studies which provide
excellent foundational work on which future investigation with a more social cognitive focus
can build upon. Then, | will shortly provide some knowledge gaps that need to be filled to

produce a complete picture of social cognition based on chemicals in squamates. And finally,
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| will provide some broader future directions that can produce novel insights into the evolution

of adaptive social cognitive skills to deal with social challenges.

2 A solid foundation - model studies in squamates

| performed a systematic literature search in August 2024 to evaluate the number of studies
in squamates that focus on intra-specific chemical communication (for details on the search
results see Szabo, 2024). In total | identified 152 studies focusing on 97 species (30 snakes,
65 lizards and 2 worm lizards; for more details on the search and a full list of the selected
literature see Szabo, 2024). Given the vast diversity of squamates which include about 12,386
extant species (as of January 2025; Uetz et al., 2025), our understanding of their use of
chemicals for social communication is still limited. Nonetheless, though small, the literature is
diverse. In the following sections, | present some selected studies that provide a solid

foundation from which to delve deeper into squamate chemical-based social cognition.

2.1 Selected studies on intra-specific chemical communication based on tongue-

flicks in squamates

211 Lizards

An interesting model species is the Tokay gecko (Gekko gecko), which | have used in my
research. This is a social lizard species that forms pairs, shows biparental care and family
group living (Grossmann, 2007), with natural variation in pair association (in the lab,
unpublished data) and family group size (Grossmann, 2007). In our research, we have
demonstrated that these lizards can discriminate their own chemicals from those of same-sex
unfamiliar conspecifics. They also show self-directed behaviour and increase the sampling
rate (tongue-flicks) of their own chemicals in response to the chemicals of same-sex unfamiliar
conspecifics. Importantly, Tokay geckos can use both skin derived and faecal chemicals to
make the discrimination (Fig. 1; Szabo & Ringler, 2023). Self-recognition is an important ability

especially in a social context to be able to recognize one’s own home range or territory as well
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144  as recognise chemicals left by conspecifics such as territory neighbours or intruders to make
145  appropriate decisions regarding territory defence (Freiburger et al., 2024).

146
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167  were taken and modified from Szabo and Ringler, 2023.

168

169  After establishing these lizards’ ability to discriminate different chemical stimuli, we proceeded
170 to investigate their ability to discriminate familiar from potential new mates and remember

171  familiar mates. Tokay geckos form pairs that perform biparental care in the form of protection
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of eggs and hatchlings from predators which might be unfamiliar conspecific individuals
(Grossmann, 2007). Therefore, recognizing a familiar mates’ chemicals to make appropriate
decisions regarding offspring protection is important in this species. We found that both male
and female geckos can discriminate between familiar and potential new mates but they
showed sex specific responses. Females showed more interest (higher tongue flick rate)
towards the chemical of an unfamiliar male, while males showed more interest in the chemical
of a familiar female. Interestingly, males also discriminated their own chemicals from that of
their familiar female, showing that they do not just simply label the female with their own
chemicals to make the discrimination. Finally, discrimination ability vanishes four to six weeks
after separation from the partner indicating that constant reinforcement is needed for geckos

to continue to recognize their mating partner (Verger et al., 2024; Fig. 2).



184
185

186

187

188

189

190

191

192

193

194

195

RUNNING HEAD: Chemical-based social cognition in squamates

Female

*
*
*

(]
<
*

*
309
* *

*

201
4 164
i
Paber Pep'per- Own Familiar Un- Paper Pepper- Own Familiar Un-

mint  smell mate familiar mint smell mate familiar
mate mate

n
2

Tongue flicks towards the stimulus
o

o

Session 1 (week 2-4) -> Session 2 (week 6-8)

* *

Male _ « *
* *
* *

* 60 *

o
<

40+

201

=

[
b

Tongue flicks towards the stimulus
3 3
*
"
*

Paber Pep'per- Own Familiar Un- F’aher Pebper- Own Familiar Un-
mint smell mate familiar mint  smell mate familiar
mate mate

Fig. 2 Boxplots of tongue flick responses towards different stimuli presented on a piece of
filter paper within a glass enclosure. Dots indicate individual responses. The bold line indicates
the median, the upper edge of the box represents the upper quartile, the lower edge the lower
quartile, the whisker the maximum and minimum, dots represent individual data. The top two
figures show females responses in the first and second session of the experiment, while the
bottom two figures show males responses. * p < 0.05. Figures were taken and modified from

Verger et al. (2024).

2.1.2 Snakes
The vast majority of studies in snakes focus on scent trailing behaviour in males which occurs

in the mating season and aims at finding mates (Ford, 1986). For example, in gartersnakes
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(Thamnophis sp.) females produce a sexual attractiveness pheromone that communicates
female receptivity and size and elicits male courtship (LeMaster & Mason, 2001; 2002;
O'Donnell et al., 2004; Shine et al., 2003; Uhrig et al., 2012). However, more recent studies
have started to link chemical recognition and discrimination to the sociobiology of different
species, especially focusing on differences in self-recognition. These studies show interesting
results. For example, social Eastern gartersnakes (T. sirtalis sirtalis) aggregate frequently
across the year with conspecifics (Skinner & Miller, 2020), while more solitary ball pythons
(Python regius) do not aggregate into groups (Gardner et al., 2016). While gartersnakes show
increased interest (tongue-flicks) in their marked own scent (a sample of their skin chemicals
mixed with olive oil) compared to their own scent, the mark alone (olive oil) and the marked
scent of a familiar conspecific (a sample of the skin chemicals of a conspecific mixed with olive
oil), ball pythons show no such discrimination (Freiburger et al., 2024). This difference could
be attributed to a range of differences in the species ecology, including their feeding ecology,
habitat and sociobiology. However, interestingly, both species, but especially ball pythons,
show great individual variation in their responses (Fig. 3). Furthermore, both gartersnakes and
ball pythons show large variation in responses in those conditions including the scent of a
familiar individual. Even though the authors state that snakes were familiar, only gartersnakes
were housed in groups, and memory of a familiar scent can be limited without constant
reinforcement (in geckos; Verger et al., 2024). Therefore, some individuals might have not

recognised the scent of familiar individuals as “familiar” which could have increased variation.

10
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conspecific + mark. Figure taken from Freiburger et al. (2024).

As a social species, gartersnakes have been the focus of a large number of studies on the
use of intra-specific chemicals (Szabo, 2024). A study in juvenile Eastern gartersnakes without
previous experience with conspecific chemicals revealed only weak evidence for self-
recognition. Females did not differentiate between their own and chemicals of conspecifics
but could differentiate individuals based on what diet they were fed. While males could
discriminate their own chemicals from those of a sibling on the same diet as well as
discriminate individuals based on diet (Burghardt et al., 2021). These results together with the
findings of Freiburger and colleagues (2024 ) suggest that experience with chemicals might be
important for the development of chemical recognition and discrimination, however, research
on the development of such skills is almost entirely missing from the literature (but see Léna

et al., 2000 in a lizard species).

11
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2.1.3 Worm lizards

Worm lizards are fossorial animals closely related to lacertids (lizard family; Nisi Cerioni et al.,
2024). Our knowledge about their social behaviour is limited due to the difficulty of studying
these animals under natural conditions. Nonetheless, two studies focus on social chemical
communication in Trogonophis wiegmanni, a species that is frequently observed in social
aggregations (Martin et al., 2011). More specifically, they are often found in pairs (more
frequently so in the breeding season) and juveniles are often found with adults, most often
with a female (Martin et al., 2011). Similar to Tokay geckos (Verger et al., 2024), male T.
wiegmanni respond stronger to the chemicals of a familiar compared to an unfamiliar female
mate, while females respond stronger to an unfamiliar male compared to their familiar mate
(Fig. 4). Martin and colleagues’ hypothesis that chemosensory discrimination of female scent
marks by males might facilitate pair bonding and mate guarding but might not be related to
parental care as another study showed that only females, but not males, discriminate between
familiar and unfamiliar juveniles (Martin et al., 2021). However, about 50% of males did show
an ability to discriminate between familiar and unfamiliar juveniles but what causes this
variation is unclear (Martin et al., 2021). Male T. wiegmanni also respond stronger to the
chemicals of an unfamiliar same-sex conspecific compared to their own odour while females
do not (Martin et al., 2020; Fig. 4). This finding is contrary to Tokay geckos (Szabo & Ringler,
2023) in which females showed the same responses as T. wiegmanni males. Female Tokay
geckos are aggressive towards other females while it is unclear if this is also the case for T.
wiegmanni females, which could potentially explain the difference in ability. Finally, juvenile T.
wiegmanni tongue flick more towards the chemicals of familiar adults (male and female)
compared to an unfamiliar male which points towards an influence of experience on
discrimination ability (Martin et al., 2021) similar to gartersnakes described above. However,
how genetic similarity (chemcials of the parents) as compared to familiarity affects responses

is unclear.

12
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Fig. 4. Average (+ SE) number of tongue flicks towards different chemical stimuli emitted by
male and female T. wiegmanni. A habituation-dishabituation method was used to quantify
discrimination ability across stimuli (habituation trials in light grey and dishabituation trials in
dark grey). Data for mate- as well as self-recognition are shown. Fam., familiar; unfam.,

unfamiliar. Figures were taken and modified from Martin et al. (2020).

All these examples take the sociobiology of the tested species into account to better
understand their chemical recognition and discrimination abilities. However, so far, individual
differences and their consequences or how decision making is related to recognition and
discrimination ability has not been well studied. In the next section, | will describe research
methods to study social cognition in very well-studied taxa that also rely heavily on chemicals
to communicate in a social context: rodents. This knowledge will help to delve deeper into

squamate social semiochemical cognition.

3 Linking well-established social cognitive research on rodents to squamates
Mate choice in rodents has been considered the outcome of a social cognitive process. It
involves decisions regarding who to mate with and when, a process in which the recognition
and discrimination of olfactory cues plays a crucial role (Beach, 1942; Kavaliers & Choleris,
2017). Similar to squamates (see above), rodents detect information regarding age, sex,
kinship, familiarity, dominance status, reproductive state and body condition as well as

individual identity based on chemicals (reviewed in Johnston, 2003). Mate choice is reliant on

13
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the detection and processing of this information leading to social decision making and
consequently appropriate social behaviour and mating (Kavaliers & Choleris, 2017).
Considering the parallels between rodent and squamate social recognition ability, researchers
can utilise similar techniques to better understand social cognition in squamates. The
habituation/dishabituation paradigm is one method used to understand social recognition in
rodents. First, an animal is repeatedly presented with a social stimulus (an animal or their
odour) to which it habituates (shown in a gradual decrease in responses). Thereafter, a new
social stimulus is presented. If the test animal can recognise the new stimulus as different
from the stimulus it was habituated to, then it will show increased responses. This paradigm
can be used to address a broad range of questions from category discrimination, to individual
recognition with the possibility to take different environmental context into account (Paletta et
al., 2023). For example, a recent study in male Psammodromus algirus lizards used the
habituation/dishabituation paradigm to link age dependent reproductive strategies (territorial,
dominant older males and younger sneaker males) to the ability to discriminate individuals.
Older males could discriminate between individual older males but not younger males, while
younger males could not discriminate individual males of any age class (Martin et al., 2024).
This makes sense as territory holders need to defend against all young sneaker males (no
discrimination required) but only against unfamiliar dominant males. Young males, however,
need to avoid any other male to be successful (Martin et al., 2024).

Another paradigm used in rodents is the social recognition test. Here, two social stimuli
are repeatedly presented at the same time. Test animals are allowed to investigate both
across trials. In the test phase, one stimulus is replaced with a new stimulus and if the new
stimulus is investigated more, then it shows the test animal can recognise the familiar stimulus
and discriminate it from the new stimulus (Paletta et al., 2023). Furthermore, the duration
between training and test can be varied to study recognition memory. A memory of familiar
individuals is important in the establishment of social hierarchies, mate choice decisions and

parental care (Jacobs et al.,, 2016). Together, the habituation/dishabituation and social

14
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recognition paradigm are excellent methods to answer questions regarding what information
animals can detect and discriminate.

For a comprehensive understanding, it is important to also consider the subsequent
use of the information gathered from recognition and discrimination in decision making, but
this is far less well studied in squamates (Mason & Parker, 2010). Nonetheless, social
information is used during mate choice (e.g. Bruinjé et al., 2022), settlement (e.g. Léna et al.,
2000), retreat site (e.g. Scott et al., 2013; Thompson et al., 2020), and foraging decisions (e.g.
Clark, 2007) as well as in agonistic encounters (e.g. Lopez & Martin, 2002). However, much
research still needs to be done to understand the chemically mediated social decisions in
these animals (e.g. utilising choice tests). For example, studies focus on group average ability
rather than individual differences even though results can show considerable individual
variation (e.g. Martin et al., 2021). Furthermore, the causes (e.g. genetic or environmental
based developmental plasticity) and consequences of this variation especially under natural
conditions in the wild (relationship between decision making and fitness; Thornton & Lukas,
2012) are poorly understood. For example, dispersal in juvenile common lizards (Zootoca
vivipara) is associated with attraction and aversion to maternal chemical cues. These
differences are already present at birth (common lizards are a viviparous species) and are not
influenced by early experience of being raised with or without their mother (Léna et al., 2000).
Unfortunately, this study did not link individual ability to choice and dispersal decisions. For
future research, it will be important to move beyond studies testing if a species can recognise
or discriminate conspecific chemicals or not, towards quantifying individual ability and the
source of individual variation such as past experiences, the demands of the social
environment, and importantly, if individual variation has consequences for social interactions,
decision making and consequently individual fitness under natural conditions. Only then will

we be able to grasp the full extent of social cognition in squamates.
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4 A bright future: semiochemical-based social cognition in squamates

Heritable individual phenotypic variation is the basis on which selections acts upon (Darwin,
1859; Thornton & Lukas, 2012). Therefore, understanding the full extent and variation of
chemical-based social cognitive abilities within species is of great interest to link species-
specific environmental and sociobiological characteristics to the information content of the
chemical signals, detection ability of this information and the decision outcomes and fitness
consequences based on the collected information. Such detailed information provides the
substrate for comparative studies that focus rather on broader questions regarding the
selective pressures driving the evolution of social cognitive abilities (Volter et al., 2018). |
believe that squamates are a powerful comparative model system in this regard, because (1)
a wide range of information is encoded reliably in the chemical signals of squamates, (2) the
detection of and preference for this information can be measured through a combination of
test on tongue-flick rates and choice tests across species (Szabo, 2024), and (3) squamates
express a large diversity in sociality including parthenogenetic species, parental care level (no
care to short-term care to long-term care until offspring reach sexual maturity) and facultative
sociality (from no group living to long-term stable family groups) (Doody et al., 2021; Gardner
etal., 2015; Rheubert et al., 2014; Somma, 2003; Whiting & While, 2017). Some lizard species
have already been successfully used to understand potential environmental factors driving the
evolution of cognition. For example, a study on 13 lacertid species showed a link between
behavioural flexibility (reversal learning) and environmental variability (De Meester et al.,
2022). Similarly, by testing semiochemical social cognition across species, we can answer
broad evolutionary questions about what information might be relevant, and therefore
detected, and how this information is used for decision making under different social
conditions. For example, depending on the mating system, species should express
appropriate social semiochemical cognitive abilities that will help them select the most
appropriate mating partner. If females choose, they need to be able to reliably detect male
quality and be able to discriminate across males. If females mate multiple times, they should

be able to discriminate and remember specific males to avoid remating. On the other hand, if
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female do not choose, then they would not need to discriminate and remember males. The
facultative social nature of squamates also provides a new perspective on the importance of
social cognition when species naturally experience variation in sociality that exceeds what is
possible in more obligate social species. For instance, even in species that show parental
care, not all offspring might receive care (e.g. some siblings disperse while others stay; While
et al., 2009) which can be related to semiochemical social cognitive abilities (e.g. Léna et al.,
2000). A broader phylogenetic approach to the study of the evolution of cognition in relation
to sociality (Social Intelligence Hypothesis), even beyond squamates (e.g. turtles and
tortoises; Ibanez et al., 2012 Ibafiez & Vogt, 2015), will provide a novel perspective on what

types of social aggregations exert selective pressure on which social cognitive abilities.

5 Conclusion

Social behaviour and cognition might not be what we readily associate with lizards, snakes
and worm lizards. Their social interactions can be inconspicuous, especially when strongly
relying on channels other than visual communication with its obvious colours and elaborate
display behaviour. However, those who dare to venture into the unknown with a keen eye and
an open mind, will discover a new world, not as flashy but surely as captivating. | believe that
there is much to learn about squamate sociality and the evolution of social behaviour through

the study of squamate semiochemical-based social cognition.
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