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Behavioral threat and appeasement signals take
precedence over static colors in lizard contests
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The interplay between morphological (structures) and behavioral (acts) signals in contest assessment is still poorly understood. During
contests, males of the common wall lizard (Podarcis muralis) display both morphological (i.e. static color patches) and behavioral (i.e.
raised-body display, foot shakes) traits. We set out to evaluate the role of these putative signals in determining the outcome and inten-
sity of contests by recording agonistic behavior in ten mesocosm enclosures. We nd that contests are typically won by males with rela-
tively more black coloration, which are also more aggressive. However, black coloration does not seem to play a role in rival assessment,
and behavioral traits are stronger predictors of contest outcome and winner aggression than prior experience, morphology, and color-
ation. Contest intensity is mainly driven by resource- and self-assessment, with males probably using behavioral threat (raised-body
displays) and de-escalation signals (foot shakes) to communicate their willingness to engage/persist in a ght. Our results agree with
the view that agonistic signals used during contests are not associated with mutual evaluation of developmentally- xed attributes, and
instead animals monitor each other to ensure that their motivation is matched by their rival. We emphasize the importance of testing
the effect of signals on receiver behavior and discuss that social recognition in territorial species may select receivers to neglect poten-
tial morphological signals conveying static information on sex, age, or intrinsic quality.
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Introduction Given the importance of these factors in contest resolution, se-
lection has favored the evolution of signals allowing opponents to
assess their mismatch for each of them (Setchell et al. 2008; Briffa
2015; Briffa and Lane 2017; Ligon and McGraw 2018).

Different agonistic signals may be better suited to convey dif-
ferent types of information depending on their honesty-ensuring
mechanisms and design. An important aspect of signal design is
whether the signal is morphological (a structure) or behavioral
(an act) (Bradbury and Vehrencamp 2011). Morphological signals
(e.g., weapon size, static color patches) become relatively xed
during early development, either because of physical or physio-
logical constraints (Andersson 1994; Taylor et al. 2014; Lindsay
et al. 2019). Morphological signals showing unimodal inter-
individual variation are well suited to convey information about
relatively static (developmentally- xed) aspects of RHP, such as
intrinsic quality (Senar et al. 2006; Stapley and Whiting 2006;
Mercadante and Hill 2014; Tibbetts et al. 2017). Many of the ag-
onistic signals described so far are color patches (either struc-
tural or pigmentary-based) that remain essentially unchanged
(static) after sexual maturity and correlate with aspects of in-
trinsic quality such as body size, age, weaponry, and hormone
levels (Hill and McGraw 2006; Ducrest et al. 2008; Svensson and
Wong 2011; Diep and Westneat 2013; Johnson and Fuller 2014;

Animal contests are frequently settled via ritualized agonistic dis-
plays without overt physical aggression (Lorenz 1963; Maynard-
Smith and Price 1973; Kokko et al. 2014), yet the interplay between
morphological (structures) and behavioral (acts) signals in con-
test assessment remains elusive (Fernandez et al. 2018; Ligon and
McGraw 2018; Bruinjé et al. 2019; Naretto and Chiaraviglio 2023;
see Supplementary Table S1 for a listof key conceptual de nitions).
Agonistic interactions are inherently characterized by a con ict
of interest between opponents, and therefore agonistic signals re-
quire mechanisms ensuring they make reliable functional infor-
mation available to receivers (Maynard-Smith and Harper 2003;
Carazo and Font 2010; Font and Carazo 2010; Hardy and Briffa
2013). The outcome of contests is usually determined by asym-
metries between opponents in resource-holding potential (RHP),
which depends on the interplay between intrinsic quality (i.e.
developmentally- xed factors such as body size, weaponry, and
baseline aggressiveness), performance (i.e. condition-dependent
factors such as stamina and ghting ability), motivation (i.e. the
individual’s willingness to engage/persist in a contest, a function
of subjective resource value), and experience (i.e. acquired status,
individual recognition, and feedback effects from previous inter-
actions) (Bradbury and Vehrencamp 2011; Hardy and Briffa 2013).
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Roulin 2016; Beltréo et al. 2021). In contrast, the expression and
intensity of behavioral signals (e.g. weapon- aring, raised pos-
tures, physiological color changes) may vary in adults over short
periods of time (Waas 1991, 2006; Hofmann and Schildberger
2001; Font and Carazo 2010; Heathcote et al. 2018; Ligon and
McGraw 2018; Naretto and Chiaraviglio 2023). Behavioral dis-
plays that may be produced once, repeatedly, or not at all during
interactions are better suited to convey information about more
dynamic aspects such as motivation, performance, and experi-
ence, which may vary according to context and current condition
(Searcy and Nowicki 2005; Briffa 2015; Irschick et al. 2015). An im-
portant difference between morphological and behavioral signals
is that honesty is enforced during development in the former
and within the timeframe of interactions (or immediately after)
for the latter (Briffa 2015). It is often the case that agonistic dis-
plays have both morphological and behavioral components (i.e.
multicomponent signals; Hebets and Papaj 2005). For instance,
during contests many crustaceans present their chelipeds to ri-
vals through stationary postures and waving displays, and use
them as weapons if contests escalate (Briffa 2013). Chelar size,
the morphological signal component, determines pinch strength
and other developmentally- xed aspects of RHP (Sneddon et al.
2000; Bywater et al. 2008). Stationary postures facilitate the as-
sessment of chelar size (and thus, intrinsic quality), but are also
energetically costly, targeted towards a rival, and correlate with
motivation (Smith and Taylor 1993; Rovero et al. 2000; Elwood et
al. 2006). Waving displays are even more exhausting than pos-
tural displays, and may add a third layer of informational content
on stamina (Briffa and Elwood 2000; Matsumasa and Murai 2005).
It is thus pertinent to differentiate between morphological and
behavioral (postural or dynamic) components of displays, as they
may convey partially non-redundant information (i.e. multiple
messages hypothesis; Hebets and Papaj 2005).

The agonistic behavioral repertoire of many species includes
two different types of motivation signals: offensive threat signals,
and de-escalation or appeasement signals. Offensive threat sig-
nals are intention-to-attack postures or movements (i.e. dynamic
displays) designed to deter rivals from ghting by conveying the
sender’s willingness to escalate (Bradbury and Vehrencamp 2011).
They often take the form of pre-attack postures performed at
close distance of a well-de ned target opponent (Szamadé 2003).
To qualify as a credible signal, threats need to be associated to
an increased probability of attack/escalation and demand a re-
sponse in the form of a retreat or counterattack on the part of
the receiver (nonresponses should be answered with escalation;
Szamadd6 2008; van Staaden et al. 2011). Much less attention has
been devoted to de-escalation signals, which are submission sig-
nals aimed at conveying the sender’s low valuation of the con-
tested resource and/or unwillingness to ght. De-escalation
signals often take a form that is antithetical to the threat signal
of the species and, in opposition to threats, should be accom-
panied by an increased probability of rapid retreat (Bradbury and
Vehrencamp 2011). Why opponents should signal motivation is
not straightforward (Briffa 2015). Nonetheless, researchers have
begun to characterize motivation signals and to investigate the
conditions favoring their evolution, often nding that they form
an important yet understudied aspect of animal contest behavior
(Szamadé 2000, 2003, 2008; Matsumura and Hayden 2006; Reddon
et al. 2021).

Contests end when one of the opponents decides to withdraw,
which it does based on information on themselves, its opponent,
and the contested resource. Game theoretic models on contest
assessment have largely focused on distinguishing between

self-assessment (SA) and mutual assessment (MA) (Hardy and
Briffa 2013; Chapin et al. 2019). Theoretical models of rival assess-
ment make testable predictions regarding the relationship be-
tween the opponents’ RHP (often equated with intrinsic quality)
and contest intensity (Taylor and Elwood 2003; Elwood and Arnott
2013). Under pure SA (e.g., energetic war-of-attrition), ghts will
continue until the weaker individual reaches its threshold and
therefore contest intensity should show a strong and positive
relationship with loser RHP (and a weaker positive relationship
with winner RHP) (Mesterton-Gibbons et al. 1996; Payne and Pagel
1996, 1997). The cumulative assessment model (CAM) is also a SA
model, but it assumes that animals in ict costs upon each other
(i.e. injuries). Under CAM, contest intensity is expected to show
a positive relationship with loser RHP and a negative relation-
ship with winner RHP (Payne 1998). This same pattern is expected
under the sequential assessment model (SAM), a MA model in
which contest intensity depends on the relative RHP of both op-
ponents (Enquist and Leimar 1983; Enquist et al. 1990; Arnott and
Elwood 2008). To draw the distinction between CAM and MA, Pinto
et al. (2019) suggested taking a closer look at (1) the relationship
between contest duration and RHP-linked traits for rivals showing
a high degree of similarity in these traits (RHP-matched rivals),
as well as at (2) the relationship between contest escalation and
RHP difference for randomly-paired rivals. Relative RHP remains
the same across the range of RHP variation in RHP-matched con-
tests, and therefore contest duration and the mean RHP of the
pair should be unrelated under MA (and positively related under
CAM) (Arnott and Elwood 2009). Under MA, contests should be
less likely to escalate with increasing difference between rivals
in RHP-linked traits (Enquist and Leimar 1983). No relationship
between contest escalation and RHP difference is expected under
CAM (Payne 1998). Due to its lower cognitive demands, SA is
thought to be the default strategy in animals (Elwood and Arnott
2012; Fawcett and Mowles 2013), and was found to be the most
common assessment rule in a recent metanalysis of empirical
contest studies (Pinto et al. 2019). Despite signi cant progress in
our understanding of contest assessment, the role of communi-
cation during contests remains elusive. While signaling is essen-
tial for MA, the use of agonistic signals in species that rely on SA
may seem paradoxical (Briffa 2015; Chapin et al. 2019). Empirical
studies testing the predictions of the main assessment models
in species showing a rich repertoire of multicomponent agonistic
signals are especially valuable to clarify how signaling may be in-
tegrated into contest assessment theory.

Male aggression often plays a central role in structuring lizard
social systems, especially in territorial species where males com-
pete to secure resources attractive to females within a patch of
suitable habitat, and female mate choice seems largely absent
(Baird 2013). Lizard agonistic behavior ranges from overt phys-
ical attacks (which entail a risk of injury) to more or less costly
signals, often in the form of stereotyped motor patterns, con-
spicuous coloration, and chemical signals (i.e. scent marks)
(Whiting and Miles 2019). Although traditionally considered
mainly chemosensory (Mason and Parker 2010), lacertid lizards
have a visual system as sophisticated as that of many diurnal
animals that rely heavily on vision, including four types of cones
in their retina extending their sensitivity to the ultraviolet (UV)
waveband (Pérez i de Lanuza and Font 2014; Martin et al. 2015a;
Fleishman and Font 2019). Among lacertid lizards, the genus
Podarcis is recently attracting attention in studies of the impact
of visual signals on contest behavior (Lopez et al. 2004; Sacchi
et al. 2009; Martin et al. 2015c; Abalos et al. 2016; Names et al.
2019) . Like other wall lizards, the common wall lizard (P. muralis)
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shows a resource-defense promiscuous mating system where
males try to secure fertilizations by investing signi cant time and
energy in the defense of territories offering resources valuable to
females (e.g. shelters, basking spots, egg-lying sites) against other
males (Edsman 1990; Font, Barbosa, et al. 2012). Females seem to
be attracted to high-quality territories rather than to males with
certain phenotypic traits and hence patterns of shared paternity
often re ect spatial and social dominance among males (Edsman
2001; Heathcote et al. 2016). During social interactions (including
contests between males), P. muralis show a suite of agonistic visual
signals, comprising exposure of normally hidden static color
patches and behavioral displays (Fig. 1). Males (and also some
females) of many Podarcis species—including P. muralis—pre-
sent a complex ventrolateral color pattern in their outer ventral
scales (OVS), with conspicuous ultraviolet (UV)-blue re ecting
patches that are often surrounded by more or less extensive black
melanin-based blotches (Pérez i de Lanuza and Font 2010; Pérez i
de Lanuza et al. 2014; Abalos et al. 2016; Badiane and Font 2021).
These color patches are absent in newborn lizards and believed to
remain largely static after their development (Pérez i de Lanuza et
al. 2014; Martin et al. 2015¢; Names et al. 2019). Although previous
studies suggest positive associations between these color patches
and RHP, their role as agonistic signals remains unclear (While et
al. 2015; Abalos et al. 2016; Names et al. 2019). Importantly, the
interplay between the morphological and behavioral components
of P. muralis agonistic signals has been largely overlooked. Males
approaching conspeci cs typically adopt a raised-body posture
extending the throat, arching the back with the head pointing
downwards, and laterally attening the body (Kitzler 1941; Weber
1957; Verbeek 1972). This raised-body display is thought to intimi-
date rivals by projecting a larger image onto their retina while
rendering the OVS color patches visible (Lopez and Martin 2001,
Font and Carazo 2010; Pérez i de Lanuza and Font 2010). Much
less attention have received the foot shake displays that are also
produced by both males and females during social interactions.
Foot shakes consist of one or more up and down, roughly circular
movements of the hand or the entire forelimb that may engage
one or both forelegs, either sequentially or simultaneously. In
common with other lacertid species, P. muralis show at least three
types of foot shake displays (named I, Il, and Ill; Font et al. 2012b;
de la Cruz et al. 2023) that differ in the structure and overall
body posture of the displaying lizard, as well as in the context in
which they are performed. Type | foot shakes are broadcast (non-
directed, spontaneous) displays similar to the assertion/adver-
tisement displays of iguanid lizards (e.g., Jenssen 1977; Martins
and Lacy 2004), and Type |ll foot shakes function as pursuit-
deterrent signals directed at potential predators (Font et al.
2012b). Type Il foot shakes, on the other hand, are social signals
used in interactions with conspeci cs of either sex (Steward 1965;
Verbeek 1972; Gomez et al. 1993; Font and Des lis 2002; Pérez i
de Lanuza et al., 2016; Abalos et al. 2020). Despite the appeal of a
potential dynamic signal with a social function, controlled obser-
vations and experiments to establish the communicative role of
Type Il foot shakes are lacking.

Here we set out to shed light on the uncertainties surrounding
the role of communication in contest assessment by investigating
the role of P. muralis morphology, coloration, and behavior (i.e. pos-
tures and dynamic displays) on male-male competition. To do so,
we recorded agonistic confrontations in ten mesocosm enclosures
designed to encourage resource-defense competition. Speci cally,
the aims of this study are: (i) to explore the relative importance
of morphological and behavioral traits on determining contest
outcome and escalation, (ii) to assess the informative content of
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these putative signals by examining their effects on receiver be-
havior, and (iii) to identify the assessment strategy used by males
during contests by testing predictions of theoretical models.

Materials and methods

Lizard capture

We captured 190 lizards (100 females and 90 males) from 12 lo-
calities across the Cerdanya plateau (Eastern Pyrenees). In each
of these localities, we captured 2-8 adult lizards of each sex
(snout-to-vent-length; SVL = 56 mm; see Supplementary Fig. S2
in Abalos et al. 2020). We spotted lizards by slowly walking across
suitable patches of habitat (e.g. paths lined with stone-walls in
rural areas) and captured them by noosing. Lizards were placed in
moistened individual cloth bags (which minimizes stress and en-
sures ventilation), and then transferred to the Station d’Ecologie
Théorique et Expérimentale (SETE, Moulis, France). To facilitate
paternity estimates (published elsewhere; Abalos et al. 2020),
we captured females at the end of the previous breeding season
(September 2017) and males at the start of the following breeding
season, in May 2018 (see Supplementary Appendix S1).

Morphometry and color measurements

Two days before the onset of the experiment, we measured SVL
(+ 0.1 mm) and mass (*+ 0.01 g) of each lizard with a ruler and a
spring balance (Pesola balance light line 10 g), and we quanti-

ed head length in males (HL) using a digital caliper (£ 0.01 mm;
Mitutoyo, Telford, UK) Olsson et al. (2002). We estimated an index
of body condition (BCI) for each sex as the residual from a least-
squares linear regression of log(body mass) against log(SVL)
(Green, 2001, Peig and Green, 2010).

We conducted color measurements in a single session at the
end of the experiment to minimize the stress induced by manipu-
lation prior to the introduction of the lizards into the experimental
enclosures. To quantify color patch size we obtained an image of
both sides for every lizard using a portable digital scanner (Lide
700F, Canon®, Tokyo, Japan), and then calculated the proportion
of blue and black-colored area out of the total left or right ventro-
lateral surface using Imagel 1.53e (Schneider et al. 2012; Abalos
etal. 2016). We de ned left and right ventrolateral surfaces as the
area covered by the OVS and the adjacent row of ventral scales,
between the insertions of the left/right fore and hind limbs (Fig. 1).
To obtain the OVS absolute area covered in black we adjusted
the color threshold tool implemented in Imagel to the following
values: hue = 0-255, saturation = 0-255, brightness = 1-75. Blue
absolute area was calculated by setting these parameters to:
hue =100-190, saturation = 0-255, brightness = 90-255. We de-
termined the proportion of colored area by dividing the blue or
black area by total ventrolateral surface; the same researcher (JA)
measured all areas following a blind protocol.

We recorded re ectance spectra of the UV-blue patches with
a portable USB-2000 spectrometer equipped with a PX-2 Xenon
strobe light (Ocean Optics, Dunedin, FL, USA,; for further details
see Font et al. 2009; Pérez i de Lanuza et al. 2014; Badiane et al.
2017). Measurements encompassed the 300-700 nm range to
cover the entire visual spectrum of P. muralis (Pérez i de Lanuza
and Font 2014; Martin et al. 2015a). In a single session, GPL re-
corded spectra from the second anteroposterior UV-blue patch
on both sides and averaged them to provide an individual mean
spectrum for each lizard. Spectral data were analyzed in R v.4.2.2
(R Development Core Team, 2022) using the package pavo 2 (Maia
et al. 2013). Spectra were smoothed (span = 0.2) and normalized
by making the re ectance at all wavelengths proportional to the
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(a) Male raised-body, female foot shake (b) Male foot shakes before eeing
0ms 0ms

34 ms 32 ms

68 ms 66 ms

133 ms 100 ms

(c) Male of Podarcis muralis (d) Ventrolateral colour pattern
Anterior Posterior
Visible light

ID1

UV light
1D 2

[O)VAS

Fig. 1. Agonistic visual signals in Podarcis muralis. (a and b) Representative frames of a social interactions involving a male approaching a co-perching
pair, extracted from the video sequence V1 available in the Supporting information of Abalos et al. (2020). a) The approaching male (blue) performs a
raised-body display and the female (orange) responds by performing Type Il foot shakes and tail waves. b) After the female moves, the approaching
male is faced with the resident male and performs Type Il foot shakes before eeing. Numbers shown in each frame are milliseconds from the
beginning of the foot shake bout. c) Pair of photographs of the same male P. muralis individual showing both UV-blue and black patches in its outer
ventral scales (OVS). Pictures were obtained with a full-spectrum camera and two lIters, each transmitting either in the visible (400-700 nm) or the
near-UV range (320-380 nm). Brighter areas in the UV image have higher UV re ectance (i.e. UV-blue patches). d) Photographs of two immobilized
male P. muralis showing variation in the OVS coloration pattern.
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