
Behavioral Ecology, 2024, Vol. 35, No. 4, arae045

https://doi.org/10.1093/beheco/arae045
Advance access publication 5 June 2024

Original Article

Behavioral threat and appeasement signals take 
precedence over static colors in lizard contests
Javier Abalos1,2,*, , Guillem Pérez i de Lanuza1, Alicia Bartolomé1, Océane Liehrmann3, , Fabien Aubret4,5, Enrique Font1

1Ethology Lab, Instituto Cavanilles de Biodiversidad y Biología Evolutiva, Universitat de València, c/ Catedrático José Beltrán 2, 46980 València, Spain
2Department of Biology, Lund University Naturvetarvägen 6A, 22362 Lund, Sweden
3Department of Biology, University of Turku, Vesilinnantie 5, Natura Building, 20500, Finland
4SETE, Station d’Ecologie Théorique et Expérimentale, UMR5321, Centre National de la Recherche Scientifique, 2 Route du CNRS, 09200 Moulis, France
5Charles Sturt University, 7 Major Innes Rd, Port Macquarie Campus, 2444, NSW, Australia

*Corresponding author: Instituto Cavanilles de Biodiversidad y Biología Evolutiva, Universitat de València, c/ Catedràtic José Beltrán Martínez, 2, 46980 Paterna, 
València. Email: jal4@uv.es; ja6724ab@lu.se
Handling Editor: Mark Briffa

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 find 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 fight. Our results agree with 
the view that agonistic signals used during contests are not associated with mutual evaluation of developmentally-fixed 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
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 (Fernández et al. 2018; Ligon and 
McGraw 2018; Bruinjé et al. 2019; Naretto and Chiaraviglio 2023; 
see Supplementary Table S1 for a list of key conceptual definitions). 
Agonistic interactions are inherently characterized by a conflict 
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-fixed factors such as body size, weaponry, and 
baseline aggressiveness), performance (i.e. condition-dependent 
factors such as stamina and fighting 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).  

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 fixed 
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-fixed) 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; 
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Roulin 2016; Beltrão et al. 2021). In contrast, the expression and 
intensity of behavioral signals (e.g. weapon-flaring, 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-fixed 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 fighting 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-defined target opponent (Számadó 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; 
Számadó 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 fight. 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 finding that they form 
an important yet understudied aspect of animal contest behavior 
(Számadó 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), fights 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 inflict 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 significant 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 (López 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 significant 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 reflect 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 reflecting 
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. 2015c; 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 conspecifics typically adopt a raised-body posture 
extending the throat, arching the back with the head pointing 
downwards, and laterally flattening 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 (López and Martín 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, II, and III; 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 I 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 III foot shakes function as pursuit-
deterrent signals directed at potential predators (Font et al.  
2012b). Type II foot shakes, on the other hand, are social signals 
used in interactions with conspecifics of either sex (Steward 1965; 
Verbeek 1972; Gomez et al. 1993; Font and Desfilis 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 II 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. Specifically, 
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 

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-
fied 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 ImageJ 1.53e (Schneider et al. 2012; Abalos 
et al. 2016). We defined 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 ImageJ 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 reflectance 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 reflectance at all wavelengths proportional to the 
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(a) Male raised-body, female foot shake (b) Male foot shakes before fleeing

133 ms

68 ms

0 ms

34 ms

0 ms

32 ms

66 ms

100 ms

(c) Male of Podarcis muralis 

Visible light

UV light

(d) Ventrolateral colour pattern

Anterior Posterior

ID 1

ID 2

OVS

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 II foot shakes and tail waves. b) After the female moves, the approaching 
male is faced with the resident male and performs Type II foot shakes before fleeing. 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 filters, 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 reflectance (i.e. UV-blue patches). d) Photographs of two immobilized 
male P. muralis showing variation in the OVS coloration pattern.
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minimum reflectance. We then extracted three standard variables 
describing color: luminance (spectral intensity), chroma, and hue 
(Endler 1990; Maia et al. 2013; Renoult et al. 2017). We calculated 
luminance as the sum of reflectance across a range including the 
spectrum perceived by wall lizards (i.e. R300–700) and hue as the 
wavelength of peak reflectance (λmax). To study saturation of UV 
coloration we calculated UV chroma (CUV) as the area under the 
reflectance curve in the UV range divided by the area under the 
entire spectral curve (i.e. R300–400/R300–700) (Endler 1990; Molina-Borja 
et al. 2006; Pérez i de Lanuza et al. 2014; Badiane and Font 2021).

Mesocosm design
To study social behavior in P. muralis, we released a total of 180 
lizards into ten experimental enclosures (47 m2 each) in at the 
Metatron research facility (Caumont, France; Legrand et al. 2012). 
Within each of these enclosures, we created 2 types of sites that 
varied in structural complexity (HQ = high quality, LQ = low 
quality). Each site consisted of a wooden pallet (~1.2 m2) with 
differing number of bricks, cinderblocks, rocks, and logs piled 
above, which acted both as shelter and perching/basking sites 
(Supplementary Fig. S1).

On May 23 2018, we released nine males within each of the 
enclosures. We monitored male behavior (see below) for 7 days 
before releasing 9 females within each enclosure. Prior to release, 
we marked each lizard permanently on the ventral scales using 
a disposable medical cautery unit (Ekner et al. 2011) and drew 
a dorsal number with a toluene xylene-free permanent marker 
to facilitate individual recognition during behavioral observa-
tions (Ferner and Plummer, 2016; Abalos et al., 2021; see video 
V1 in Abalos et al., 2020). To minimize the noise introduced by 
size asymmetries and prior social interactions, we allowed a max-
imum SVL difference of 2 mm (within sexes) and only put lizards 
together in the same experimental enclosure if they had been 
captured at least 300 m apart. On June 22, we removed the males 
from the enclosures and released them at their capture location 
(previously determined using a GPS device), while we housed fe-
males individually in the laboratory until oviposition (Abalos et al.,  
2020).

Behavioral observations
From May 23 to June 22, we conducted observations of spatial and 
social behavior within the experimental enclosures during the 
natural activity hours for the lizards (9.00 –19.30; Supplementary 

Fig. S2), spacing consecutive visits to the same enclosure at least 
1 h. To ensure that observations were evenly distributed across dif-
ferent enclosures and time periods, we numbered the enclosures 
and systematically varied the visiting sequence (Supplementary 
Table S2). Each day, the starting enclosure for observation by each 
observer was rotated, and the sequence of visits was alternated 
between ascending and descending order. One observer (OL) per-
formed sequential rounds visiting all the enclosures every 2.5 h to 
collect data on the lizards’ spatial behavior (i.e. positional data). 
Using scan sampling, we determined the identity and location of 
every lizard in sight on a scale map of the enclosure that included 
the six wooden pallets. To balance sampling effort across enclos-
ures, scanning of a single enclosure was restricted to a maximum 
period of 15 min after the first lizard was spotted. Meanwhile, two 
researchers (JA, AB) recorded the identity, position and behaviors 
of the lizards participating in social interactions using a behavior 
sampling rule in recording sessions lasting 40 min. A social inter-
action was considered to occur whenever a marked lizard in our 
visual range directed any of the behaviors listed in Table 1 toward 
a conspecific. Consecutive interactions involving the same lizards 
were recorded as different events whenever the participants re-
mained further than 30 cm apart for longer than 2 min.. For fur-
ther details, see Abalos et al. (2020).

Behavior analyses
Behavioral observations were used to study male aggressive be-
havior and socio-spatial dominance. To account for habitat use 
within the enclosures, we estimated range areas by adjusting 
the smoothing factor in a fixed-kernel contour analysis on each 
male positional data until it matched the area of the 95% MCP 
(smoothing multiplier = 0.75, matrix cell number = 40); (Row 
and Blouin-Demers 2006; Kie 2013; MacGregor et al. 2017; Abalos 
et al. 2020). Lizards with fewer than nine sightings (N = 3) were 
excluded from the analysis (see Supplementary Appendix S1). 
Each lizard was assigned to a specific site (i.e. residency) based 
on the position where the 50% kernel estimate indicated peak 
density. For each male, we calculated range size and overlap 
with females at the 95% (home-range; k95) and 50% (core-range; 
k50) isopleth levels. When calculating home-range estimates, 
we excluded the positional data collected during the first six 
days of the experiment to allow for an acclimation period. All 
spatial analyses were conducted in Ranges 9 (Anatrack Ltd., UK; 
Kenward et al., 2014).

Table 1. Partial ethogram of P. muralis including social behaviors used to collect data on interactions during behavioral observations 
within the experimental enclosures.

Behavior Description

Approach* Movement toward a non-fleeing conspecific

Raised-body display Gular extension, back-arching, shoulders raised, head down, sagittal compression (any combination)

Bite One or more bites to another individual (excluding tail grab)

Retreat* Movement away from a non-chasing conspecific

Chase Rapidly following another FLEEING lizard

Flight Fast-paced movement to withdraw from a CHASING lizard

Type II foot shakes Rapid large amplitude vertical movements of forelimbs (belly down, head up posture), often accompanied 
by TAIL WAVE/SHAKE

Tail grab A male bites the tail or inguinal region of a female. Often followed by copulation

Tail wave/shake Vibrating entire tail (or its distal portion) swiftly from side to side

Mating Two lizards engage in copulation

Co-perching Two or more lizards lying together in close vicinity (< 15 cm; > 30 s)

*We classified the mode of locomotion used as either running (fast-paced) or any other mode of locomotion (slow-paced).
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We classified interactions according to their sociosexual con-
text into 4 types: intrasexual competitive and non-competitive, 
and male–female reproductive and nonreproductive (examined 
elsewhere; Abalos et al. 2020). Intrasexual interactions were 
deemed competitive whenever one lizard (i.e. the loser) used 
fast-paced locomotion to flee from another lizard (i.e. the winner) 
showing display behavior and/or physical aggression (i.e. display, 
bite, or chase). In males, where competitive interactions where 
numerous, we used the R package BradleyTerry2 to investigate 
the relative importance of color patches, behavioral displays, 
and other contest-specific traits in predicting the probability 
of winning a contest (Bradley and Terry 1952; Firth and Turner 
2012). Contest-specific traits are variables that, unlike individual-
specific traits (i.e. morphology, coloration), vary between con-
tests (i.e. behavior, residency, etc) and can interact with the two 
players’ probability of winning a contest. Bradley-Terry models 
are a type of logistic models for paired comparisons, and their 
standard equation can be expressed in a logit-linear form:

logit [ pr (ibeatsj)] = λi − λj

where i and j are the lizards in a contest and the probability of 
lizard i beating lizard j is a function of their difference in “fighting 
ability” (λ). Bradley-Terry models are especially suitable to study 
animal contests because they can accommodate an incomplete 
matrix of encounters, estimate a coefficient β for each of the 
predictors of contest outcome introduced, and calculate an in-
dividual index of fighting ability for every male (further details in 
Stuart-Fox et al. 2006; Firth and Turner 2012; McLean and Stuart-
Fox 2015; Abalos et al. 2016; Kar et al. 2016). Model coefficients 
and predicted fighting abilities are expressed in the logit scale (i.e. 
as the logarithm of odd ratios), so that probabilities can be calcu-
lated using the formula:

Probability of winning = (exp (k ∗ β)) /(1+ (exp (k ∗ β))

where k is the z-score for a given predictor variable in the focal 
lizard and β is the coefficient for that same predictor according to 
the Bradley–Terry model. We examined the intercorrelation be-
tween the individual-level predictors of fighting ability (i.e. mor-
phometric and color traits) using a Pearson correlation matrix 
provided by the “PerformanceAnalytics” package (Supplementary 
Fig. S2) (Peterson et al. 2018). To account for false discovery rate 
in multiple correlation tests we estimated q-values using the 
p.adjust function of the stats package in R (Benjamini and Yekutieli 
2001), and included only SVL and the residuals of head length 
on SVL (HL res) as morphometric predictors to avoid model over-
parameterization. Hence, we assessed the following male-specific 
traits on the probability of winning: SVL, HL res, proportion of 
UV-blue coloration, UV-blue luminance, UV-blue hue, UV-blue 
chroma (CUV), and proportion of black coloration. As contest-
specific traits we included (1) whether the male performed a 
raised-body display, Type II foot shake or bite (Table 1) during the 
interaction (binary 1/0), (2) prior contest history (i.e. 1 if the male 
won the most recent contest, 0 if it lost), and (3) residency (i.e. 1 
if the fight took place in the pallet where the male was attributed 
residency, 0 if the fight took place elsewhere; see below). The first 
fight of every male was given a score of 0 for prior contest history, 
as contestants did not have any prior wins yet (Stuart-Fox et al. 
2006; Kar et al. 2016).

We examined the association among the binary behav-
ioral variables Raised-body display, Bite, Foot shake, Chase, and 
Flight across all contests using two Pearson correlation matrices 
(equivalent to phi coefficients): one at the within-individual 
level and another one confronting loser and winner behavior. To 

examine predictors of winner aggression, we fitted two logistic 
mixed models on the full dataset of contests observed: one on 
the probability of the winner biting the loser, and another on 
the probability that the winner chased the fleeing rival. To avoid 
model over-parameterization, predictors were selected among 
the factors found to be determinant for contest outcome in the 
BT models. Therefore, in these two models we included the binary 
variables describing the occurrence of raised-body displays and 
foot shakes by each rival as well as residency and the interaction 
between winner and loser black area as fixed factors. In the model 
on chases, we also included bites from both opponents among 
the predictors. To control for pseudo-replication in our dataset, 
in both models we included the identity of each rival and the en-
closure as random factors.

Models of rival assessment
As intra-sexual confrontations rarely lasted longer than 1s, we 
operationally defined the number of interactions observed be-
tween any two pair of potential rivals (i.e. males released within 
the same enclosure) as a proxy for contest duration. We then es-
timated escalation for each resolved contest by summing up the 
binary occurrence of displays, bites and chases performed by both 
opponents. To obtain an individual score of RHP exclusively based 
on contest outcomes, we fitted a Bradley–Terry model without 
specifying any explanatory variables to the observed matrix of 
contest outcomes within each enclosure. We then used the func-
tion “BTabilities” to calculate the “direct estimates of ability” (here-
after, RHP) provided by the standard Bradley-Terry model (Firth 
and Turner 2012).

Following the Taylor-Elwood method (Taylor and Elwood 2003), 
we first tested for contrasting predictions of contest assessment 
models by fitting separate mixed models of contest duration and 
escalation against RHP and individual-specific morphological 
traits (i.e. SVL, HL res, Blue area, UV-blue luminance, UV-blue hue, 
UV-blue CUV, and Black area). For each predictor we fitted two 
negative binomial models. In models on contest duration, we cor-
rected for zero-inflation and used either the data corresponding 
to the male showing a higher value for said predictor in each pair 
of possible rivals (i.e. high-value male), or the data corresponding 
to the males showing a lower value (e.g. low-value male). For con-
test escalation we fitted one model on the winner’s data and an-
other on the loser’s data.

We then followed Pinto et al. (2019) to discern between self- 
(CAM) and mutual assessment models in order to evaluate the 
possible signaling role of morphological traits during contest as-
sessment. For each predictor included in the previous models, we 
obtained a different subset of our dataset on contests duration 
excluding contests between rivals showing a difference in the 
focal trait larger than 1 SD. We then examined the relationship 
between contest duration and mean predictor value in this subset 
of matched contests by fitting separate GLMMs with a negative 
binomial distribution for each predictor. In addition, we exam-
ined patterns of contest escalation by fitting a separate GLMM 
with a negative binomial distribution for each predictor variable, 
including the difference between winner and loser values as the 
only fixed factor.

Lastly, we examined the importance of resource value in con-
test assessment by recording site combination (i.e. LQ–LQ, HQ–
LQ, HQ–HQ, according to the quality of the site assigned to each 
opponent) both in the dataset with all possible pair combinations 
and in the dataset of resolved contests. We then fitted one GLMM 
on contest duration and another on contest escalation, both with 
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a negative binomial distribution and including site combination 
as a fixed factor. The identity of both opponents and enclosure 
were included as random factors in all models. Fitting separate 
models including a single predictor instead of using composite 
measures is recommended to independently evaluate the poten-
tial effect of the individual traits of each opponent (Taylor and 
Elwood 2003; Arnott and Elwood 2009; Elwood and Arnott 2012)

Statistical analyses
To explore phenotypic correlates of male space use and social be-
havior we ran generalized linear mixed models (GLMMs) using 
the lme4 and the glmTMB packages (Bates et al. 2015; Brooks et al.  
2017) in R (R Core Team 2022). For non-binary response variables, we 
chose model distribution (i.e. among Gaussian, Poisson, negative 
binomial and Gamma) based on AIC reduction and by comparing 
the homoscedasticity and normality of the residuals (simulated 
using the package DHARMa; Hartig 2017). All numerical variables 
were centered and scaled before running the models (Schielzeth, 
2010). Model selection was conducted using backwards single 
term deletions (P < 0.05) of the saturated model followed by 
model comparisons via likelihood ratio tests (at α = 0.05). We 
then calculated marginal pseudo-r2 on the final model following 
(Nakagawa et al. 2017), checked the absence of multicollinearity 
among predictors, influential data points, and graphically ex-
plored that residuals conformed to homoscedasticity and nor-
mality assumptions (when pertinent) using the performance 
package in R (Lüdecke et al. 2020). For logistic models, we checked 
that there was a linear relationship between the logit of the out-
come and each of the predictor variables. We also checked for 
overdispersion using the PsychHelperFunctions package (Huff 2020). 
For further details on the statistical analyses see Supplementary 
Appendix S1.

Results
Correlations among morphological and color 
variables in males
We detected several significant correlations among pairs of mor-
phological and color variables in males (Supplementary Fig. S3). 
Variation in relative black area was independent from variation 
in relative blue area, but the latter was positively related with 
CUV (Pearson R = 0.36, q-value = 0.004). Luminance was found to 
correlate positively with Hue (Pearson R = 0.57, q-value < 0.001) 
and negatively with CUV (Pearson R = -0.28, q-value < 0.01), while 
CUV showed a negative correlation with hue (Pearson R = -0.44, 
q-value < 0.001). Weight showed a weak negative correlation with 
CUV (Pearson R = -0.25, q-value < 0.092). SVL and HLres showed 
the weakest correlation among morphometric variables (Pearson 
R < 0.001).

Predictors of contest outcome and winner 
aggression
We recorded 927 intrasexual interactions (614 in males and 384 
in females) in 156 observation sessions. Competitive interactions 
were more common among males (N = 544; 89% of total male–
male interactions) than among females (N = 25; 7%), which were 
often observed co-perching in groups (N = 338. 88%). In males, 
raised-body displays and/or Type II foot shakes (Table 1 and 
Supplementary Table S3) were observed in 60% of these competi-
tive encounters, a third of them (36%) ended with a rapid chase/
flight, and 16% involved physical aggression (i.e. bites). At the in-
dividual level, Raised-body display was positively correlated with 

Bite and Chase and negatively correlated with Foot shake and 
Flight (Fig. 2a). Bite correlated positively with Chase and nega-
tively with Foot shake, while Foot shake correlated negatively 
with Chase. Correlations between winner and loser behavior 
show that loser Raised-body display correlated positively with 
winner Raised-body display, Bite, and Foot shake (Fig. 2b). Loser 
Bite correlated positively with winner Bite and Chase, while Loser 
Foot shake correlated positively with winner Raised-body display 
and negatively with winner Chase. Over half of the confronta-
tions (62%) took place in a location were neither of the rivals was 
considered resident. Winner lizards were residents in 22% of the 
contests and loser lizards in 11%. Lastly, 5% of the contests took 
place in locations were both rivals were residents. When only one 
of the males was resident at the contest location, the resident 
lizard won in 66% of the occasions (N = 183 fights).

Using a B–T model on the full dataset of fights (M1, 544 fights) 
we found that black coloration and the occurrence of raised-body 
displays (scored as 1/0) during the fight were positively related 
with winning confrontations, while foot shaking lizards tended 
to lose. Significant predictors in first fights (in which no lizard 
had previous contest history, M3, 66 fights) included HLres, black 
coloration, and raised-body displays (Table 2). When these first 
fights were excluded from the B-T model (M2, 478 encounters), 
we found evidence of an effect for the same predictors as when 
running the full dataset plus a positive effect of prior contest his-
tory (Fig. 3a). This B–T model successfully predicted the outcome 
in 85.7% of the contests when considering predicted probabilities 
greater or equal to 0.75 as sufficient to assign the winner of a con-
test. Males multiply their odds of winning contests by a factor of 
2.32 for each 1 SD advantage in black area over their rival (Fig. 3b).  
This effect is similar in magnitude to the positive effect we found 
for prior contest history (2.69 more likely to win after a victory), 
but smaller than the effect of behavioral displays. Males that per-
formed raised-body displays had 7.32 higher odds of winning con-
tests (probability of 0.88) and males that performed Type II foot 
shakes had 16.67 higher odds of losing contests (probability of 
0.94). We also found weak evidence for a positive effect of resi-
dency (Table 2; Fig. 3b). The strongest predictor of RHP (i.e. BT 
estimates of ability exclusively based on contest outcome) was 
black coloration (Supplementary Table S4; Fig. 3c).

A similar prevalence of behavioral displays over morphological 
traits was found when examining the factors influencing winner 
aggression. The occurrence of raised-body displays by the winner 
and foot shakes by the loser were found to be significant pre-
dictors of winner aggression (P < 0.01, overdispersion test: P = 0.86, 
Nakagawa’s pseudo-r2 = 0.09; Supplementary Table S5). Winners 
were 3.39 times more likely to bite the loser when the former per-
formed raised-body displays, but 3.33 times less likely if the loser 
performed foot shakes (Fig. 2c). Visual signals were also found to 
play a role regulating whether the contest ended up in a chase 
(P < 0.01, overdispersion test: P = 0.128, Nakagawa’s pseudo-r2 = 
0.20; Supplementary Table S6). Winners were 7.26 times more 
likely to chase the fleeing rival after biting it or if showing a higher 
proportion of black coloration (odds multiplied by 1.87 with each 
1 SD increase), while loser foot shakes decreased the probability 
of a chase taking place by a factor of 3.23 (Fig. 2d).

Predictors of contest intensity
We recorded contests between 60% of all potential rivals. The 
number of interactions between pairs of potential rivals (i.e. con-
test duration; range = 0–15) was positively related with the RHP 
and black area of both opponents (although the effect was not 
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significant for the low-value male’s black area; Fig. 4a). Contest 
duration was also weakly related with the blue area of both op-
ponents (positive for high-value males, negative for low-value 
males; Supplementary Table S7; Fig. 4a). Mean RHP and mean 
black area showed a positive relationship with contest duration 
in the models fitted on matched pair combinations, although the 
relationship was only significant for RHP (Supplementary Table 
S8, Fig. 4b).

Contest escalation (range = 0–5) showed a positive and signifi-
cant relationship with the RHP and black area of both oppon-
ents. The relationship was positive for the loser and negative for 
the winner in models fitted on HL res (loser: P < 0.05), SVL, CUV, 
and blue area (Supplementary Table S7; Fig. 4d). Contest escal-
ation showed a negative relationship with the asymmetry be-
tween contestants in HL res (P < 0.05), SVL, CUV, and blue area 
(Supplementary Table S9, Fig. 4e).

Site combination was strongly related with contest intensity. 
Contest duration between males settled in LQ sites was 3.1 times 

shorter than between males settled in HQ sites, and 2.1 times 
shorter than between males settled in sites of different quality. 
Contest escalation was 1.3 times higher in HQ-LQ pairs with re-
spect to LQ-LQ pairs (Supplementary Table S7, Fig. 4c and 4f). More 
than half of the observed fights corresponded to HQ-LQ pairs, and 
75% of the fights that took place in HQ sites confronted males set-
tled in sites of different quality (Supplementary Table S10).

Socio-spatial behavior
Overall, we accumulated 7,190 re-sightings of the marked lizards 
in 614 scan samplings. We found a strong sex bias in the ten-
dency to occupy high- or low-quality sites (Supplementary Table 
S11). In fact, even though lizards were evenly distributed among 
sites (HQ: N = 91, LQ: N = 89), females had 3.5 times higher odds 
of settling in HQ sites. Lizards settled in HQ sites were resighted 
more often than lizards in LQ sites, and males were resighted 
more often than females (Supplementary Table S11). As expected, 
males had larger home- and core ranges than females, and  
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lizards settling in HQ sites occupied smaller areas than lizards in 
LQ sites (Supplementary Table S11).

In males, only a subset of highly dominant individual man-
aged to settle in HQ sites (HQ: N = 21, LQ: N = 69), with each 1 SD 
increase in RHP increasing the odds of occupying a HQ pallet by 
a factor of 4.5 (Supplementary Table S12; see Fig. 3d for effect on 
probability). Males settled in HQ sites did not differ in body size, 
weight, or head length from males settled in LQ sites (LMM: χ2 < 1, 
P > 0.2). Males in HQ sites were sighted significantly more often 

than males in LQ pallets (Supplementary Table S12). Variation 
in home- and core-range size was explained by RHP, with more 
socially dominant males (i.e. more RHP) presenting significantly 
smaller ranges (Supplementary Table S12). Spatial overlap with 
females was significantly predicted by site quality and core-range 
size (i.e. males in HQ pallets overlapped with 2.2 ± 0.3 more fe-
males; Supplementary Table S12). For further details on the posi-
tive correlation between access to HQ sites and male fitness in 
this experiment see Abalos et al. (2020).

Table 2. Results from Bradley–Terry (B–T) model examining the effects of morphometry, color patches, behavioral displays, prior 
contest history and residency on the log odds of winning a contest. M1 was fitted on the full dataset of contests (i.e. including all 
contestants’ first fights). M2 excluded every contestant first contest so that every male had prior experience. M3 included only contests 
where both rivals had no prior experience. Significant predictors are highlighted in bold (α = 0.95, P < 0.05). Statistics for non-significant 
factors are included at the point of their deletion from the model.

Model Predicted Variable β SEM df Z P

M1
544 fights

77.6% SVL 0.00 0.55 1 0.00 0.999

HL res −0.26 0.39 1 −0.67 0.504

Blue area 0.38 0.38 1 0.99 0.324

UV-blue Luminance −0.42 0.37 1 −1.14 0.255

UV-blue Hue 0.52 0.50 1 1.05 0.294

UV-blue CUV −0.04 0.44 1 −0.09 0.926

Black area 0.94 0.35 1 2.69 0.007

Raised-body display 1.75 0.30 1 5.77 <0.001

Foot shake −2.54 0.88 1 −2.87 0.004

Bite 0.42 0.45 1 0.92 0.357

Prior contest history 0.53 0.28 1 1.93 0.053

Resident 0.45 0.34 1 1.35 0.179

ID (Std. dev) 2.34 [0.61; 4.07] 66 7.54 <0.001

M2
478 fights

85.7% SVL 0.20 0.57 1 0.35 0.727

HL res −0.53 0.35 1 −1.52 0.129

Blue area 0.42 0.45 1 0.94 0.350

UV-blue Luminance −0.72 0.42 1 −1.73 0.083

UV-blue Hue −0.07 0.60 1 −0.12 0.908

UV-blue CUV −0.21 0.38 1 −0.60 0.552

Black area 0.84 0.35 1 2.38 0.018

Raised-body display 1.99 0.34 1 5.78 <0.001

Foot shake −2.83 1.07 1 −2.64 0.008

Bite 0.58 0.56 1 1.04 0.297

Prior contest history 1.00 0.32 1 3.13 0.002

Resident 0.56 0.39 1 1.45 0.147

ID (Std. dev) 2.11 [1.49; 2.73] 66 6.75 <0.001

M3
66 fights

65.2% SVL 0.36 0.56 1 0.64 0.519

HL res 0.81 0.34 1 2.39 0.017

Blue area −0.17 0.29 1 −0.61 0.545

UV-blue Luminance −0.05 0.35 1 −0.16 0.875

UV-blue Hue −0.51 0.32 1 −1.56 0.116

UV-blue CUV −0.35 0.33 1 −1.05 0.295

Black area 0.89 0.36 1 2.44 0.015

Raised-body display 3.48 0.89 1 3.88 <0.001

Foot shake 0.49 1.29 1 0.38 0.707

Bite 0.26 0.00 1 0.00 0.999

Null deviance 91.49 – 66 – –

Residual deviance 49.15 – 63 – –
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Discussion
What limits aggression in animal contests remains a key ques-
tion in ethology. Here we investigate the role of P. muralis mor-
phological and behavioral traits on male-male competition. Our 
results suggest that visual displays play a more important role 
than morphology (including coloration) in male-male competi-
tion by influencing contest outcome and overall aggression.

Predictors of contest outcome and informational 
content of agonistic visual signals
Among the morphological traits examined, only melanin-based 
black coloration was found to correlate with contest outcome. 
The effect of black coloration was similar in magnitude to the 
positive effect we found for prior contest history (a proxy for 
experience), but smaller than the effect of behavioral displays  

(Fig. 3). A similar prevalence of behavior over color patches was 
found when examining the factors influencing winner aggression 
(Fig. 2).

Black coloration has been found to correlate with RHP in 
a previous study on P. muralis from Eastern Pyrenees (Abalos  
et al. 2016), and in studies of two different P. muralis lineages from 
the Italian peninsula (While et al. 2015; MacGregor et al. 2017). 
However, covariation between melanin-based coloration and RHP 
is not restricted to wall lizards. Many studies in vertebrates and 
invertebrates show a positive association between melanin-based 
coloration and baseline aggressiveness or other behaviors that 
provide a high RHP and social dominance (Ducrest et al. 2008; 
Roulin 2016; Carranza et al. 2020). Shared genetic architecture and 
developmental pathways may explain why covariations between 
darker coloration and RHP-related traits have evolved so often, 
especially in vertebrates (Morgan et al. 2004; Ducrest et al. 2008; 
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San-Jose and Roulin 2018, 2020; de la Peña et al. 2020a, 2020b). 
Some melanin-based patches have been hypothesized to function 
as conventional quality signals subject to socially-enforced costs 
(i.e. badges of status), or unfakeable indices of quality (Rohwer 
1975; Tibbetts and Dale 2004; Chaine et al. 2011; de la Peña et al. 
2021). However, the signaling role of melanin-based coloration is 
debated and empirical evidence is inconclusive (Nakagawa et al. 
2007; Roulin 2016; Sánchez-Tójar et al. 2018). Despite their fre-
quent association with RHP, black melanin-based patches may 
not be assessed during fights, in which case they should be best 
regarded as by-products or pleiotropic consequences of selection 

on other traits rather than agonistic signals (Kemp and Grether 
2015; San-Jose and Roulin 2018).

In contrast to black, we did not find evidence for an effect of 
UV-blue patches on contest outcome, and several empirical studies 
aimed at examining the signaling role of UV-blue patches during 
contests have likewise produced inconclusive results (Martin 
et al. 2015c; Abalos et al. 2016; Names et al. 2019). Bohórquez-
Alonso et al. (2018) failed to replicate earlier findings by Huyghe 
et al. (2005) in the Tenerife lizard (Gallotia galloti) suggesting that 
winner males tended to show larger UV-blue lateral patches, and 
instead found that reducing patch reflectance in the UV range 
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significantly increased fighting success. In P. muralis, reducing 
UV reflectance was apparently irrelevant to fighting success, 
and Martin et al. (2015c) concluded that the function of UV-blue 
patches may be related to spatial dominance. These negative re-
sults may seem surprising, since there are compelling reasons to 
believe that lacertid UV-blue patches play a role in male–male 
competition. First, UV-blue patches are often sexually-dimorphic, 
being larger, more numerous, and conspicuous in males than fe-
males (Pérez i de Lanuza and Font 2015; de la Cruz et al. 2023). 
Second, unlike melanin-based coloration (which occurs all over 
the body) UV-blue patches are restricted to the OVS and some 
of the surrounding scales, allowing males to control their visi-
bility through postural changes. In fact, any potential impact of 
UV-blue patches on contest outcome may be nested within the 
effect of raised-body displays, as they may only be visible to con-
specifics during such displays. Third, their spectral properties are 
tuned to the visual system of conspecifics (Marshall and Stevens 
2014; Pérez i de Lanuza and Font 2014). Fourth, lower UV chroma 
and UV-biased hues have been found to correlate with better 
body condition and stronger bite force, respectively (Pérez i de 
Lanuza et al. 2014; Badiane and Font 2021). Encounters within 
our enclosures occurred in a much more natural context that in 
previous studies, allowing us to refute the often-raised concern 
that negative results could be due to the artificiality of the short-
range encounters enforced in the lab. However, there are several 
potential explanations for why the UV-blue patches emerge as 
poor predictors of contest outcome in our analyses. First, the 
UV-blue patches could convey categorical information on the 
bearer’s sexual maturity and play a role on sexual maturity and 
play a role influencing the receiver decision to confront a poten-
tial competitor, but fail to predict outcome if a contest takes place 
(Arnott and Elwood 2008; Elwood and Arnott 2012; Martin et al. 
2015b; Abalos et al. 2016; Pinto et al. 2019). Another possibility is 
that our analysis of the OVS pattern as separate blue and black 
color patches neglects important aspects of the integration be-
tween these adjoining color patches (Pérez i de Lanuza & Font, 
2016). For instance, brokenness and light-and-dark spacing have 
sometimes been found to be aspects of color signals relevant to 
receivers (Bulatov et al. 1997; Tibbetts and Sheehan 2011; Feng 
et al. 2017). Finally, an important shortcoming of this and other 
recent studies is that quantification of the UV-blue color surface 
is based on the analysis of images tuned to human color vision. 
Applying recently developed methods based on UV photography 
to study P. muralis color patches according to lacertid acuity and 
color vision will improve our understanding on their function 
and design (Stevens et al. 2007; Font et al. 2009; Troscianko and 
Stevens 2015).

Behavioral displays were found to influence contest outcome 
and intensity in a way that suggests their role as motivation 
signals. Raised-body displays increased the odds of prevailing 
in male-male encounters and were also associated with biting 
and chasing the opponent. Stationary postural displays such as 
the cheliped presentation in crustaceans or the broadside dis-
plays observed in many taxa have generally been interpreted as 
index signals revealing the sender’s morphological correlates of 
intrinsic quality (weaponry/body size), with their potential add-
itional role as motivation signals having been often overlooked 
(Elwood et al. 2006; Font and Carazo 2010; Briffa 2015). Lacertid 
raised-body displays are similar to these stationary postural dis-
plays in that they reveal the sender’s body size while rendering 
the OVS pattern visible. In addition, lateral compression of the 
thorax may interfere with respiration and thus convey condition-
dependent information on stamina (Brandt 2003; Bradbury and 

Vehrencamp 2011). However, raised-body displays include a 
pointing component (males look straight to their opponent while 
approaching using a characteristic lateral walk) and are asso-
ciated to increased odds of physical attack (Noble and Bradley 
1933; Kitzler 1941; Molina-Borja et al. 1998). Thus, we deem rea-
sonable to suggest their dual role as offensive threat and intrinsic 
quality signals (Andersson 1980; Adams and Mesterton-Gibbons 
1995; Hurd and Enquist 2001; Számadó 2003, 2008; Bradbury and 
Vehrencamp 2011; van Staaden et al. 2011). While the costs of 
producing the OVS color pattern (i.e. the morphological signal 
component) are paid during development, honesty for the behav-
ioral signal component is enforced during interactions. Animal 
communication theory is abandoning the idea that only costly 
signals can be honest (i.e. handicaps; Zahavi and Zahavi 1999), for 
a framework in which honesty is enforced by signaling trade-offs 
(Számadó 2011; Penn and Számadó 2020; Számadó et al. 2022). 
In agreement with Számadó (2003), lacertid raised-body displays 
are not handicaps making the sender especially vulnerable to at-
tack, but pre-attack postures by which males often point their 
gaped mouth towards the opponent. However, winners tended to 
bite more often opponents that performed a raised-body display 
(Fig. 3), suggesting that the honesty of lacertid raised-body dis-
plays may result from a signaling trade-off between the benefits 
gained from adopting a pre-attack posture, the inherent prox-
imity risks of being close to the rival (which are a necessity for 
credible threat signals), and the socially enforced costs of bluffing 
(Számadó 2008; van Staaden et al. 2011).

Foot shakes were strongly associated with losing contests and 
had a tempering effect on winner aggression, which confirms 
their role as appeasement displays. Notably, foot shakes have 
also been found to act as de-escalation signals in other lizards 
(Carpenter et al. 1970; Martins and Lacy 2004; Van Dyk and Evans 
2008; Woo and Rieucau 2012). De-escalation signals are expected 
to take a form that is antithetical to the threat signal of the spe-
cies (e.g. defeated chameleons darken their body, in contrast with 
the bright colors exhibited by winners; Ligon and McGraw 2013, 
2016; Ligon 2014). In P. muralis, Type II foot shakes are often pro-
duced while pressing the belly against the substrate (thus making 
the adoption of the raised-body display posture impossible), how-
ever this is not always the case (Fig. 1) and other components 
of display behavior can be simultaneously produced (e.g. gular 
extension). Limited gestures of submission may not satisfy an ag-
gressor, so de-escalation signals are generally not graded (Reddon 
et al. 2021). Here we recorded Type II foot shakes as a binary vari-
able per individual and contest, though the number, duration, 
and amplitude of Type II foot shakes may vary among bouts, sug-
gesting they could function as graded signals. Future research on 
lacertid de-escalation should detail how signal forms vary with 
context and evaluate whether differences among foot-shake 
bouts ensure signal perception amidst environmental noise and/
or reflect varying levels of submission (Stevens 2013; Fleishman 
and Font 2019).

Prior contest history (a proxy for experience) was also found to 
affect contest outcome, with lizards that won their last fight being 
more likely to come out as winners in subsequent confrontations. 
Winner-loser effects, by which individuals gather information on 
their relative RHP through the experience of fighting, are a cogni-
tively undemanding rule-of-thumb that many animals use to ad-
just their effort in costly contests (Chase 1986; Chase et al. 1994; 
Hsu and Wolf 1999; Dugatkin and Earley 2004; Reichert and Quinn 
2017). The experience effect detected may be also due to social rec-
ognition and the establishment of dominance relationships. Many 
territorial lizards show a “dear enemy” effect by which competing 
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neighbors (after some initial confrontations to establish territories) 
direct low-intensity aggressive behavior toward familiar males, but 
fiercely attack unfamiliar males (Qualls and Jaeger 1991; Olsson 
1994; Whiting 1999; López and Martín 2002; Husak and Fox 2003). 
Moreover, research on wall lizards has shown that males are able 
to discriminate even between familiar individuals based solely 
on their scent marks, remembering the spatial location of scent 
marks and behaving more aggressively toward males that consist-
ently marked in the middle, rather than along the periphery, of 
their experimental terrarium (Carazo et al. 2008; Font, Barbosa, et 
al. 2012). Disentangling these different processes falls beyond the 
scope of this study and should be tackled in future experiments 
altering rival distinctiveness and threat level.

Predictors of contest intensity and models of 
assessment
Contest intensity increased with both opponents’ RHP and in 
contests involving lizards from HQ sites, while morphology was 
a weaker predictor of the number of interactions and aggression 
levels (Fig. 4). Black coloration stands out as the only morpho-
logical trait showing a strong and nearly significant relationship 
with contest duration in both randomly-paired and matched con-
tests. However, no significant relationship exists between contest 
escalation and rival asymmetry in black coloration. These results 
follow the pattern expected for non-signaling traits under SA, sug-
gesting that—despite their association with RHP—black patches 
do not play a communicative role in rival assessment. In contrast, 
model coefficients for SVL, HL res, and blue area (though generally 
non-significant) follow the pattern expected for intrinsic quality 
signals involved in MA: positive for low-value and loser males, 
negative for high-value and winner males, no relationship with 
contest duration in matched pairs, and a negative relationship be-
tween winner-loser asymmetry and contest escalation (Taylor and 
Elwood 2003; Elwood and Arnott 2012; Pinto et al. 2019). Overall, 
these results are compatible with the existence of a plastic 
strategy in P. muralis by which males rely mainly on resource value 
and SA to decide when to withdraw from a fight, but occasionally 
incorporate information about the opponent’s intrinsic quality 
(through MA of HL res, SVL, or blue area) (Arnott and Elwood 2009; 
Elwood and Arnott 2012; Chapin et al. 2019). This is in agreement 
with growing theoretical and empirical evidence suggesting that 
assessment mode is not fixed at the species or individual level 
(Mesterton-Gibbons and Heap 2014; Reichert 2019). For instance, 
opponents are expected to shift from MA strategies to SA with 
increasing costs of escalation (Hsu et al. 2008), resource value 
(Chapin and Hill-Lindsay 2016), and decreasing cost-effectiveness 
of mutual assessment (Prenter et al. 2006; Mesterton-Gibbons and 
Heap 2014). Our finding of a higher prevalence of physical fights 
in HQ-LQ pairs shows that P. muralis males can escalate conflicts 
in response to changes in subjective resource value, which is in 
agreement with previous lab-staged studies (Sacchi et al. 2009, 
2021). Elsewhere we showed that the outcome of confrontations 
over access to HQ sites was the main factor driving male fitness 
in our experiment (Abalos et al. 2020). Evidence from field studies 
also attests to the high resource value of territories in lacertid liz-
ards, where the outcome of agonistic confrontations often tracks 
patterns of shared paternity (Edsman 1990; Uller and Olsson 2008; 
Font, Barbosa, et al. 2012; Olsson et al. 2019). A heavier reliance of 
P. muralis on self and contested-resource information is thus con-
sistent with theoretical predictions.

Empirical support for SA in species showing a broad repertoire 
of agonistic signals may seem paradoxical. However, signaling 

can coexist with SA (despite the nomenclature suggesting other-
wise) if agonistic signals involve mutual evaluations of RHP com-
ponents other than intrinsic quality (Pinto et al. 2019). Intrinsic 
quality signals may be assessed mainly prior to interacting 
(Morrell et al. 2005), with contests then proceeding based on SA 
(Mesterton-Gibbons and Heap 2014) where individuals use other 
agonistic signals in their repertoire to assess each other and en-
sure their energetic investments matches their rival’s (Briffa 
2015). Our analyses considering all pairs of potential rivals sug-
gest no effect of morphological traits on pre-contest MA, likely 
because of the obscuring effect of other contingent factors (e.g. 
motivation, experience, social recognition). However, we found 
evidence that visual displays (likely conveying information on 
motivation) are better predictors of contest outcome and overall 
aggression levels than morphological traits, including color 
patches putatively related with developmentally-fixed aspects of 
RHP. This lends support to the ideas put forward by Pinto et al. 
(2019) and is in agreement with previous findings in the lacertid 
lizard Gallotia galloti (Bohórquez-Alonso et al. 2018), where behav-
ioral traits also outperformed morphological traits in predicting 
contest outcome. To further establish the association of behav-
ioral displays with motivation, future studies should measure the 
correlation between signaling intensity and latency to resume 
contest behavior after an experimentally-induced startle (Elwood 
et al. 2006; Briffa 2013).

Interestingly, the conditions favoring the adoption of SA 
partly match those favoring the evolution of motivation sig-
nals (Adams and Mesterton-Gibbons 1995; Számadó 2003, 2008; 
Mesterton-Gibbons and Heap 2014; Reddon et al. 2021). Stable 
submission-signaling systems are expected to evolve (i) when 
the value of the contested resource is not too high relative to 
the cost of injury, (ii) when winners do not gain additional bene-
fits from winning escalated conflicts instead of abbreviated, (iii) 
when ecological or morphological constraints limit the loser’s 
ability to safely retreat, and (iv) when the ability of rivals to as-
sess the opponent’s intrinsic quality is accurate, but not perfect 
(Matsumura and Hayden 2006). These conditions apply to terri-
torial species in which fights can get physical (i) and males meet 
regularly at territory boundaries (Temeles 1994; Tumulty 2018; 
Pinto et al. 2019). Males that are unable to usurp its neighbors’ 
territory will not gain additional benefits from winning escal-
ated conflicts (ii). Likewise, their ability to safely retreat is con-
strained by the costs of abandoning their own territory (iii) (Waltz 
1982). Past experiences (e.g. winner effect) or social recognition 
may significantly affect an individual’s performance in agonistic 
contests without being reflected in intrinsic quality signals, thus 
limiting the ability of rivals to accurately assess each other (iv) 
(Stuart-Fox and Johnston 2005; Stuart-Fox et al. 2006; Briffa 2015; 
Irschick et al. 2015; Kar et al. 2016). As territory-owners alternate 
between resident and intruder roles, motivational signals con-
veying contextual changes in subjective resource value become 
more informative to receivers than intrinsic quality signals. In 
turn, the existence of an evolutionary trade-off favoring SA and 
motivation signals over MA in territorial species may prevent the 
stabilization of candidate traits as intrinsic quality signals—or 
lead to a loss of function in established signals—(Sheehan and 
Bergman 2016), a possibility that could underlie our results on 
color patches. Altogether, these different lines of evidence sug-
gest the positive payoff of limited war strategies such as dear 
enemy effects or individual recognition in territorial species, with 
de-escalation signals offering a mechanism to limit aggression 
compatible with SA (Pinto et al. 2019).
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Supplementary material
Supplementary material is available at Behavioral Ecology online.

Acknowledgements
We are grateful to M. Avilés, P. Rodríguez-Gómez, F. de la Cruz, 
L. Martínez, and the staff at COPYR St. Lizier for their help 
during enclosure conditioning and/or fieldwork. We are also 
grateful to P. Carazo and members of the Feiner-Uller lab for 
scientific discussions on the contents of this study. The manu-
script also benefitted greatly from the constructive criticisms 
of the two anonymous reviewers. Lizards were captured under 
research permit number 2013095-0001 from the Préfecture 
des Pyrénées- Orientales, and permit number 2016-s-09 and 
2017-s-02 from the Préfecture des Pyrénées-Orientales and the 
Préfecture de l’Ariège (Direction Régionale de l’Environnement, 
de l’Aménagement, et du Logement, Occitanie). This research 
complied with the ASAB/ABS Guidelines for the Use of Animals 
in Research and all applicable local, national, and European le-
gislation.

Author contributions
Javier Abalos (Conceptualization [Lead], Data curation [Lead], 
Formal analysis [Lead], Investigation [Lead], Methodology [Lead], 
Visualization [Lead], Writing—original draft [Lead], Writing—re-
view & editing [Lead]), Guillem Pérez i de Lanuza (Conceptualization 
[Equal], Funding acquisition [Equal], Investigation [Equal], 
Methodology [Equal], Project administration [Equal], Resources 
[Equal], Supervision [Lead], Validation [Lead], Writing—review & 
editing [Equal]), Alicia Bartolomé (Conceptualization [Supporting], 
Investigation [Lead], Methodology [Lead], Writing—review & editing 
[Supporting]), Océane Liehrmann (Investigation [Equal], Writing—
review & editing [Supporting]), Fabien AUBRET (Methodology 
[Equal], Project administration [Equal], Resources [Equal], 
Supervision [Supporting], Writing—review & editing [Supporting]), 
and Enrique Font (Conceptualization [Equal], Funding acquisition 
[Lead], Investigation [Equal], Methodology [Equal], Project admin-
istration [Lead], Resources [Lead], Supervision [Lead], Validation 
[Lead], Writing—review & editing [Equal])

Funding
This work was supported by grants from the Spanish Ministerio 
de Ciencia e Innovación (grants numbers FPU FPU15/01388 and 
Margarita Salas MS21-053 to J.A., FPU18/04021 to A.B., Juan de 
la Cierva-Incorporación IJC2018-035319-I to G.P.L., and PID2019-
104721GB-I00 to G.P.L. and E.F.), the Generalitat Valenciana 
(AICO/2021/113 to E.F. and G.P.L.), FEDER through the COMPETE 
program (ref. 008929), and Portuguese National Funds (FCT pro-
ject PTDC/BIA-EVL/30288/2017-NORTE-01-0145-FEDER-30288 
to GPL), the Laboratoire d’Excellence (LABEX) TULIP (ANR-
10-LABX-41), and the INTERREG POCTEFA project ECTOPYR 
(EFA031/15). This work has also benefitted from state aid man-
aged by the French national research agency under the Future 
Investments Programme bearing the reference ANR-11- INBS-
0001AnaEE-Services.

Conflict of interest
The authors declare no conflicts of interest.

Data availability
Analyses reported in this article can be reproduced using the data 
provided by Abalos (2024).

References
Abalos J. 2024. Data from: Behavioral threat and appeasement 

signals take precedence over static colors in lizard contests. 
Behav Ecol. Dataset in Dryad. https://doi.org/10.5061/dryad.
dv41ns26b

Abalos J, Pérez i de Lanuza G, Bartolomé A, Liehrmann O, Laakkonen 
H, Aubret F, Uller T, Carazo P, Font E. 2020. No evidence for differ-
ential sociosexual behavior and space use in the color morphs 
of the European common wall lizard (Podarcis muralis). Ecol Evol. 
10(20):10986–11005. https://doi.org/10.1002/ece3.6659

Abalos J, Pérez i de Lanuza G, Carazo P, Font E. 2016. The role of male 
coloration in the outcome of staged contests in the European 
common wall lizard (Podarcis muralis). Behaviour 153(5):607–631. 
https://doi.org/10.1163/1568539X-00003366

Abalos J, Pérez i de Lanuza G, Bartolomé A, Aubret F, Uller T, Font 
E. 2021. Viability, behavior, and color expression in the off-
spring of matings between common wall lizard Podarcis muralis 
color morphs. Curr Zoo. 68(1):41–55. https://doi.org/10.1093/cz/
zoab039

Adams ES, Mesterton-Gibbons M. 1995. The cost of threat displays 
and the stability of deceptive communication. J Theor Biol. 
175(4):405–421. https://doi.org/10.1006/jtbi.1995.0151

Andersson M. 1980. Why are there so many threat displays? J Theor 
Biol. 86(4):773–781. https://doi.org/10.1016/0022-5193(80)90310-0

Andersson M. 1994. Sexual selection. New Jersey: Princeton 
University Press.

Arnott G, Elwood RW. 2008. Information gathering and decision 
making about resource value in animal contests. Anim Behav. 
76(3):529–542. https://doi.org/10.1016/j.anbehav.2008.04.019

Arnott G, Elwood RW. 2009. Assessment of fighting ability in animal 
contests. Anim Behav. 77(5):991–1004. https://doi.org/10.1016/j.
anbehav.2009.02.010

Badiane A, Font E. 2021. Information content of ultraviolet - re-
flecting colour patches and visual perception of body coloration 
in the Tyrrhenian wall lizard Podarcis tiliguerta. Behav Ecol 
Sociobiol. 75(6):1–15. https://doi.org/10.1007/s00265-021-03023-2

Badiane A, Pérez i de Lanuza G, García-Custodio MC, Carazo P, Font 
E.. 2017. Colour patch size and measurement error using reflect-
ance spectrophotometry. Methods Ecol Evol. 8(11):1585–1593. 
https://doi.org/10.1111/2041-210X.12801

Baird TA. 2013. Lizards and other reptiles as model systems for 
the study of contest behaviour. In: Hardy ICW, Briffa M, editors. 
Animal Contests. Cambridge: Cambridge University Press. p. 
258–286.

Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-
effects models usinglme4. J Stat Softw. 67(1). https://doi.
org/10.18637/jss.v067.i01

Beltrão P, Marques CI, Cardoso GC, Gomes ACR. 2021. Plumage colour 
saturation predicts long-term, cross-seasonal social dominance 
in a mutually ornamented bird. Anim Behav. 182:239–250. https://
doi.org/10.1016/j.anbehav.2021.09.011

Benjamini Y, Yekutieli D.  2001. The control of the false discovery rate 
in multiple testing under dependency. Ann Stat. 29(4):1165–1188. 
https://www.jstor.org/stable/2674075

Bohórquez-Alonso ML, Mesa-Avila G, Suárez-Rancel M, Font E, 
Molina-Borja M. 2018. Predictors of contest outcome in males 
of two subspecies of Gallotia galloti (Squamata: Lacertidae). 

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/35/4/arae045/7688221 by guest on 14 August 2024

http://academic.oup.com/beheco/article-lookup/doi/10.1093/beheco/arae045#supplementary-data
http://academic.oup.com/beheco/article-lookup/doi/10.1093/beheco/arae045#supplementary-data
https://doi.org/10.5061/dryad.dv41ns26b
https://doi.org/10.5061/dryad.dv41ns26b
https://doi.org/10.1002/ece3.6659
https://doi.org/10.1163/1568539X-00003366
https://doi.org/10.1093/cz/zoab039
https://doi.org/10.1093/cz/zoab039
https://doi.org/10.1006/jtbi.1995.0151
https://doi.org/10.1016/0022-5193(80)90310-0
https://doi.org/10.1016/j.anbehav.2008.04.019
https://doi.org/10.1016/j.anbehav.2009.02.010
https://doi.org/10.1016/j.anbehav.2009.02.010
https://doi.org/10.1007/s00265-021-03023-2
https://doi.org/10.1111/2041-210X.12801
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.anbehav.2021.09.011
https://doi.org/10.1016/j.anbehav.2021.09.011
https://www.jstor.org/stable/2674075


Behavioral Ecology, 2024, Vol. 35, No. 4 | 15

Behav Ecol Sociobiol. 72(3):1–11. https://doi.org/10.1007/
s00265-018-2480-z

Bradbury JW, Vehrencamp SL. 2011. Principles of Animal 
Communication. 2nd ed. In: Bradbury JW, Vehrencamp SL, edi-
tors. Sunderland (MA): Sinauer Associates.

Bradley RA, Terry ME. 1952. Rank analysis of incomplete block 
designs: I. The method of paired comparisons. Biometrika. 
39(3/4):324. https://doi.org/10.2307/2334029

Brandt Y. 2003. Lizard threat display handicaps endurance. Proc Biol 
Sci. 270(1519):1061–1068. https://doi.org/10.1098/rspb.2003.2343

Briffa M. 2013. Contests in crustaceans: assessments, decisions and 
their underlying mechanisms. In: Hardy ICW, Ian CW, Briffa M, 
editors. Animal contests. Cambridge: Cambridge University Press. 
p. 86–112.

Briffa M. 2015. Agonistic signals: integrating analysis of functions 
and mechanisms. In: Irschick D, Briffa M, Podos J, editors. Animal 
signaling and function, an integrative approach. Hoboken (NY): 
Wiley, p. 141–173.

Briffa M, Elwood RW. 2000. Analysis of the finescale timing of repeated 
signals: does shell rapping in hermit crabs signal stamina? Anim 
Behav. 59(1):159–165. https://doi.org/10.1006/anbe.1999.1273

Briffa M, Lane SM. 2017. The role of skill in animal contests: a 
neglected component of fighting ability. Proc R Soc B Biol Sci. 
284(1863):20171596. https://doi.org/10.1098/rspb.2017.1596

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, 
Nielsen A, Skaug HJ, Mächler M, Bolker BM. 2017. glmmTMB 
balances speed and flexibility among packages for zero-inflated 
generalized linear mixed modeling. R J. 9(2):378–400. https://doi.
org/10.3929/ethz-b-000240890

Bruinjé AC, Coelho FEA, Paiva TMA, Costa GC. 2019. Aggression, 
color signaling, and performance of the male color morphs of a 
Brazilian lizard (Tropidurus semitaeniatus). Behav Ecol Sociobiol. 
73(6):72. https://doi.org/10.1007/s00265-019-2673-0

Bulatov A, Bertulis A, Mickiene L. 1997. Geometrical illusions: 
study and modelling. Biol Cybern. 77(6):395–406. https://doi.
org/10.1007/s004220050399

Bywater CL, Angilletta MJ, Wilson RS. 2008. Weapon size is a reliable 
indicator of strength and social dominance in female slender 
crayfish (Cherax dispar). Funct Ecol. 22(2):311–316. https://doi.
org/10.1111/j.1365-2435.2008.01379.x

Carazo P, Font E, Desfilis E. 2008. Beyond “nasty neighbours” and 
“dear enemies?” Individual recognition by scent marks in a lizard 
(Podarcis hispanica). Anim Behav. 76(6):1953–1963. https://doi.
org/10.1016/j.anbehav.2008.08.018

Carpenter CC, Badham JA, Kimble B. 1970. Behavior patterns of three 
species of Amphibolurus (Agamidae) published by: American 
Society of Ichthyologists and Herpetologists (ASIH) Stable URL: 
http://www.jstor.org/stable/1442277 Linked references are avail-
able on JSTOR for this art. Copeia. 1970(3):497–505. https://doi.
org/10.2307/1442277

Carranza J, de la Peña E, Mateos C, Pérez-González J, Alarcos S, Torres-
Porras J, Valencia J, Sánchez-Prieto C, Castillo L. 2020. The dark 
ventral patch: a bimodal flexible trait related to male competition 
in red deer. PLoS One. 15(11):e0241374. https://doi.org/10.1371/
journal.pone.0241374

Chaine AS, Tjernell KA, Shizuka D, Lyon BE. 2011. Sparrows use mul-
tiple status signals in winter social flocks. Anim Behav. 81(2):447–
453. https://doi.org/10.1016/j.anbehav.2010.11.016

Chapin KJ, Hill-Lindsay S. 2016. Territoriality evidenced by asymmetric 
intruder-holder motivation in an amblypygid. Behav Processes 
122:110–115. https://doi.org/10.1016/j.beproc.2015.11.014

Chapin KJ, Peixoto PEC, Briffa M. 2019. Further mismeasures of 
animal contests: a new framework for assessment strategies. 

Behav Ecol. 30(5):1177–1185. https://doi.org/10.1093/beheco/
arz081

Chase ID. 1986. Explanations of hierarchy structure. Anim Behav. 
34(4):1265–1267. https://doi.org/10.1016/s0003-3472(86)80188-9

Chase ID, Bartolomeo C, Dugatkin LA. 1994. Aggressive inter-
actions and inter-contest interval: how long do winners keep 
winning? Anim Behav. 48(2):393–400. https://doi.org/10.1006/
anbe.1994.1253

de la Cruz F, Pérez i de Lanuza G, Font E. 2023. Signalling on is-
lands: the case of Lilford ’ s wall lizard (Podarcis lilfordi gigliolii) 
from Dragonera. Biol J Linn Soc. 138(4):372–391. https://doi.
org/10.1093/biolinnean/blac152

de la Peña E, Martín J, Barja I, Carranza J. 2020a. Testosterone and 
the dark ventral patch of male red deer: the role of the social 
environment. Sci Nat. 107(3):1–11. https://doi.org/10.1007/
s00114-020-01674-1

de la Peña E, Martín J, Barja I, Pérez‐Caballero R, Acosta I, 
Carranza J. 2020b. The immune challenge of mating ef-
fort: steroid hormone profile, dark ventral patch and para-
site burden in relation to intrasexual competition in male 
Iberian red deer. Integr Zool. 15(4):262–275. https://doi.
org/10.1111/1749-4877.12427

de la Peña E, Pérez-González J, Martín J, Vedel G, Carranza J. 2021. The 
dark-ventral-patch of male red deer, a sexual signal that conveys 
the degree of involvement in rutting behavior. BMC Zool. 6(1):1–
13. https://doi.org/10.1186/s40850-021-00083-9

Diep SK, Westneat DF. 2013. The integration of function and ontogeny 
in the evolution of status signals. Behaviour. 150(9–10):1015–1044. 
https://doi.org/10.1163/1568539X-00003066

Ducrest AL, Keller L, Roulin A. 2008. Pleiotropy in the melanocortin 
system, coloration and behavioural syndromes. Trends Ecol Evol. 
23(9):502–510. https://doi.org/10.1016/j.tree.2008.06.001

Dugatkin AL, Earley RL. 2004. Individual recognition, domin-
ance hierarchies and winner and loser effects. Proc R Soc B. 
271(1547):1537–1540. https://doi.org/10.1098/rspb.2004.2777

Edsman L. 1990. Territoriality and competition in wall lizards. 
Stockholm (Sweden): Dept. of Zool., Univ. of Stockholm.

Edsman L. 2001. Female mate choice of male characteristics and 
resources in the wall lizard. In: Vicente L, Crespo EG, editors. 
Mediterranean basin lizards: a biological approach. Lisboa: 
Instituto de Conservaçao da Natureza. p. 133–134.

Ekner A, Sajkowska Z, Dudek K, Tryjanowsky P. 2011. Medical cautery 
units as a permanent and non-invasive method of marking lizards. 
Acta Herpetol 6(2):229–236.  https://www.proquest.com/scholarly-
journals/medical-cautery-units-as-permanent-non-invasive/
docview/1009044310/se-2?accountid=14777

Elwood RW, Arnott G. 2012. Understanding how animals fight with 
Lloyd Morgan’s canon. Anim Behav. 84(5):1095–1102. https://doi.
org/10.1016/j.anbehav.2012.08.035

Elwood RW, Arnott G. 2013. Assessments in contests are fre-
quently assumed to be complex when simple explanations 
will suffice. Anim Behav. 86(5):e8–e12. https://doi.org/10.1016/j.
anbehav.2013.09.006

Elwood RW, Pothanikat RME, Briffa M. 2006. Honest and dishonest 
displays, motivational state and subsequent decisions in 
hermit crab shell fights. Anim Behav. 72(4):853–859. https://doi.
org/10.1016/j.anbehav.2006.01.025

Endler JA. 1990. On the measurement and classification of colour in 
studies of animal colour patterns. Biol J Linn Soc. 41(4):315–352. 
https://doi.org/10.1111/j.1095-8312.1990.tb00839.x

Enquist M, Leimar O. 1983. Evolution of fighting behaviour: decision 
rules and assessment of relative strength. J Theor Biol. 102(3):387–
410. https://doi.org/10.1016/0022-5193(83)90376-4

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/35/4/arae045/7688221 by guest on 14 August 2024

https://doi.org/10.1007/s00265-018-2480-z
https://doi.org/10.1007/s00265-018-2480-z
https://doi.org/10.2307/2334029
https://doi.org/10.1098/rspb.2003.2343
https://doi.org/10.1006/anbe.1999.1273
https://doi.org/10.1098/rspb.2017.1596
https://doi.org/10.3929/ethz-b-000240890
https://doi.org/10.3929/ethz-b-000240890
https://doi.org/10.1007/s00265-019-2673-0
https://doi.org/10.1007/s004220050399
https://doi.org/10.1007/s004220050399
https://doi.org/10.1111/j.1365-2435.2008.01379.x
https://doi.org/10.1111/j.1365-2435.2008.01379.x
https://doi.org/10.1016/j.anbehav.2008.08.018
https://doi.org/10.1016/j.anbehav.2008.08.018
https://doi.org/10.2307/1442277
https://doi.org/10.2307/1442277
https://doi.org/10.1371/journal.pone.0241374
https://doi.org/10.1371/journal.pone.0241374
https://doi.org/10.1016/j.anbehav.2010.11.016
https://doi.org/10.1016/j.beproc.2015.11.014
https://doi.org/10.1093/beheco/arz081
https://doi.org/10.1093/beheco/arz081
https://doi.org/10.1016/s0003-3472(86)80188-9
https://doi.org/10.1006/anbe.1994.1253
https://doi.org/10.1006/anbe.1994.1253
https://doi.org/10.1093/biolinnean/blac152
https://doi.org/10.1093/biolinnean/blac152
https://doi.org/10.1007/s00114-020-01674-1
https://doi.org/10.1007/s00114-020-01674-1
https://doi.org/10.1111/1749-4877.12427
https://doi.org/10.1111/1749-4877.12427
https://doi.org/10.1186/s40850-021-00083-9
https://doi.org/10.1163/1568539X-00003066
https://doi.org/10.1016/j.tree.2008.06.001
https://doi.org/10.1098/rspb.2004.2777
https://www.proquest.com/scholarly-journals/medical-cautery-units-as-permanent-non-invasive/docview/1009044310/se-2?accountid=14777
https://www.proquest.com/scholarly-journals/medical-cautery-units-as-permanent-non-invasive/docview/1009044310/se-2?accountid=14777
https://www.proquest.com/scholarly-journals/medical-cautery-units-as-permanent-non-invasive/docview/1009044310/se-2?accountid=14777
https://doi.org/10.1016/j.anbehav.2012.08.035
https://doi.org/10.1016/j.anbehav.2012.08.035
https://doi.org/10.1016/j.anbehav.2013.09.006
https://doi.org/10.1016/j.anbehav.2013.09.006
https://doi.org/10.1016/j.anbehav.2006.01.025
https://doi.org/10.1016/j.anbehav.2006.01.025
https://doi.org/10.1111/j.1095-8312.1990.tb00839.x
https://doi.org/10.1016/0022-5193(83)90376-4


16 | Abalos et al.

Enquist M, Leimar O, Ljungberg T, Mallner Y, Segerdahl N. 1990. A 
test of the sequential assessment game: fighting in the cichlid 
fish Nannacara anomala. Anim Behav. 40(1):1–14. https://doi.
org/10.1016/s0003-3472(05)80660-8

Fawcett TW, Mowles SL. 2013. Assessments of fighting ability need 
not be cognitively complex. Anim Behav. 86(5):e1–e7. https://doi.
org/10.1016/j.anbehav.2013.05.033

Feng LC, Chouinard PA, Howell TJ, Bennett PC. 2017. Why do animals 
differ in their susceptibility to geometrical illusions? Psychon Bull 
Rev. 24(2):262–276. https://doi.org/10.3758/s13423-016-1133-3

Fernández JB, Bastiaans E, Medina M, Méndez De la Cruz FR, Sinervo 
BR, Ibargüengoytía NR. 2018. Behavioral and physiological poly-
morphism in males of the austral lizard Liolaemus sarmientoi. 
J Comp Physiol A Neuroethol Sens Neural Behav Physiol. 
204(2):219–230. https://doi.org/10.1007/s00359-017-1233-1

Ferner JW, Plummer M V. 2016. Marking and measuring reptiles. In: 
Reptile ecology and conservation: a handbook of techniques. 
Oxford, England: Oxford University Press. p. 45–58.

Firth D, Turner HL. 2012. Bradley–Terry models in R: the BradleyTerry2 
package. J Stat Softw 48(9):1–21. https://doi.org/10.18637/jss.v048.
i09

Fleishman LJ, Font E. 2019. Sensory Processing in Relation to 
Signaling Behavior. In: Bels V, Russell A, editors. Behavior of lizards: 
evolutionary and mechanistic perspectives. Boca Raton: CRC Press. 
p. 207–258.

Font E, Barbosa D, Sampedro C, Carazo P. 2012a. Social behavior, chem-
ical communication, and adult neurogenesis: studies of scent 
mark function in Podarcis wall lizards. Gen Comp Endocrinol. 
177(1):9–17. https://doi.org/10.1016/j.ygcen.2012.02.015

Font E, Carazo P. 2010. Animals in translation: why there is meaning 
(but probably no message) in animal communication. Anim 
Behav. 80(2):e1–e6. https://doi.org/10.1016/j.anbehav.2010.05.015

Font E, Carazo P, Pérez i de Lanuza G, Kramer M. 2012b. Predator-
elicited foot shakes in wall lizards (Podarcis muralis): evidence for a 
pursuit–deterrent function. J Comp Psychol. 126(1):87–96. https://
doi.org/10.1037/a0025446

Font E, Desfilis E. 2002. Chemosensory recognition of familiar 
and unfamiliar conspecifics by juveniles of the Iberian wall 
lizard Podarcis hispanica. Ethology. 108(4):319–330. https://doi.
org/10.1046/j.1439-0310.2002.00782.x

Font E, Pérez i de Lanuza G, Sampedro C. 2009. Ultraviolet reflectance 
and cryptic sexual dichromatism in the ocellated lizard, Lacerta 
(Timon) lepida (Squamata: Lacertidae). Biol J Linn Soc. 97(4):766–
780. https://doi.org/10.1111/j.1095-8312.2009.01251.x

Gomez A, Font E, Desfilis E. 1993. Chemoreception in the Lacertidae: 
Exploration and conspecific discrimination in the Spanish wall 
lizard, Podarcis hispanica. In: Valakos ED, Bohme W, Perez-Mellado 
V, Maragou P, editors. Lacertids of the Mediterranean Region: A 
Biological Approach. Athens, Bonn, Alicante: Hellenic Zoological 
Society. p. 213–230.

Green AJ. 2001. Mass/length residuals: measures of body condi-
tion or generators of spurious results? Ecology. 82(5):1473–1483. 
https://doi.org/10.2307/2680003

Hardy ICW, Briffa M. 2013. Animal contests. Cambridge: Cambridge 
University Press.

Hartig F. 2017. Package “DHARMa.” Vienna (Austria): R Dev Core 
Team. https://florianhartig.github.io/DHARMa/

Heathcote RJP, Darden SK, Troscianko J, Lawson MRM, Brown AM, 
Laker PR, Naisbett-Jones LC, MacGregor HEA, Ramnarine I, 
Croft DP. 2018. Dynamic eye colour as an honest signal of ag-
gression. Curr Biol. 28(11):R652–R653. https://doi.org/10.1016/j.
cub.2018.04.078

Heathcote RJP, While GM, MacGregor HEA, Sciberras J, Leroy C, 
D'Ettorre P, Uller T. 2016. Male behaviour drives assortative repro-
duction during the initial stage of secondary contact. J Evol Biol. 
29(5):1003–1015. https://doi.org/10.1111/jeb.12840

Hebets EA, Papaj DR. 2005. Complex signal function: developing 
a framework of testable hypotheses. Behav Ecol Sociobiol. 
57(3):197–214. https://doi.org/10.1007/s00265-004-0865-7

Hill GE, McGraw KJ. 2006. Bird coloration: function and evolution. 
Cambridge (MA): Harvard University Press.

Hofmann HA, Schildberger K. 2001. Assessment of strength and will-
ingness to fight during aggressive encounters in crickets. Anim 
Behav. 62(2):337–348. https://doi.org/10.1006/anbe.2001.1746

Hsu Y, Lee S-P, Chen M-H, Yang S-Y, Cheng K-C. 2008. Switching 
assessment strategy during a contest: fighting in killifish 
Kryptolebias marmoratus. Anim Behav. 75(5):1641–1649. https://doi.
org/10.1016/j.anbehav.2007.10.017

Hsu Y, Wolf LL. 1999. The winner and loser effect: integrating 
multiple experiences. Anim Behav. 57(4):903–910. https://doi.
org/10.1006/anbe.1998.1049

Huff M. 2020. PsychHelperFunctions: common helper functions for 
psychological data analysis. https://github.com/markushuff/
PsychHelperFunctions/. Accessed September 2022.

Hurd PL, Enquist M. 2001. Threat display in birds. Can J Zool. 
79(6):931–942. https://doi.org/10.1139/z01-062

Husak JF, Fox SF. 2003. Adult male collared lizards, Crotaphytus 
collaris, increase aggression towards displaced neighbours. Anim 
Behav. 65(2):391–396. https://doi.org/10.1006/anbe.2003.2058

Huyghe K, Vanhooydonck B, Scheers H, Molina-Borja M, Van Damme 
R. 2005. Morphology, performance and fighting capacity in male 
lizards, Gallotia galloti. Funct Ecol. 19(5):800–807. https://doi.
org/10.1111/j.1365-2435.2005.01038.x

Irschick DJ, Briffa M, Podos J. 2015. Animal signaling and function: 
an integrative approach. In: Irschick DJ, Briffa M, Podos J, editors. 
Hoboken, New Jersey: Jon Wiley & Sons.

Jenssen TA. 1977. Evolution of anoline lizard display behavior. Am 
Zool. 17(1):203–215. https://doi.org/10.1093/icb/17.1.203

Johnson AM, Fuller RC. 2014. The meaning of melanin, carotenoid, 
and pterin pigments in the bluefin killifish, Lucania goodei. Behav 
Ecol. 26(1):158–167. https://doi.org/10.1093/beheco/aru164

Kar F, Whiting MJ, Noble DWA. 2016. Influence of prior contest ex-
perience and level of escalation on contest outcome. Behav 
Ecol Sociobiol. 70(10):1679–1687. https://doi.org/10.1007/
s00265-016-2173-4

Kemp DJ, Grether GF. 2015. Integrating functional and evolutionary 
approaches to the study of color-based animal signals. In: Irschick 
DJ, Briffa M, Podos J, editors. Animal signaling and function: an 
integrative approach. Hoboken (NY): Wiley-Blackwell, Wiley. p. 
111–140.

Kenward RE, Casey NM, Walls SS, South AB. 2014. Ranges 9: For the 
analysis of tracking and location data. Online manual. Wareham, 
UK: Anatrack Ltd.

Kie JG. 2013. A rule-based ad hoc method for selecting a bandwidth 
in kernel home-range analyses. Anim Biotelemetry. 1(1):13–13. 
https://doi.org/10.1186/2050-3385-1-13

Kitzler G. 1941. Die Paarungsbiologie einiger Eidechsen. Z Tierpsychol. 
4(3):353–402. https://doi.org/10.1111/j.1439-0310.1941.tb00642.x

Kokko H, Griffith SC, Pryke SR. 2014. The hawk–dove game in a sexu-
ally reproducing species explains a colourful polymorphism of 
an endangered bird. Proc R Soc B Biol Sci. 281(1793):20141794. 
https://doi.org/10.1098/rspb.2014.1794

Legrand D, Guillaume O, Baguette M, Cote J, Trochet A, Calvez O, 
Zajitschek S, Zajitschek F, Lecomte J, Bénard Q, et al. 2012. The 

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/35/4/arae045/7688221 by guest on 14 August 2024

https://doi.org/10.1016/s0003-3472(05)80660-8
https://doi.org/10.1016/s0003-3472(05)80660-8
https://doi.org/10.1016/j.anbehav.2013.05.033
https://doi.org/10.1016/j.anbehav.2013.05.033
https://doi.org/10.3758/s13423-016-1133-3
https://doi.org/10.1007/s00359-017-1233-1
https://doi.org/10.18637/jss.v048.i09
https://doi.org/10.18637/jss.v048.i09
https://doi.org/10.1016/j.ygcen.2012.02.015
https://doi.org/10.1016/j.anbehav.2010.05.015
https://doi.org/10.1037/a0025446
https://doi.org/10.1037/a0025446
https://doi.org/10.1046/j.1439-0310.2002.00782.x
https://doi.org/10.1046/j.1439-0310.2002.00782.x
https://doi.org/10.1111/j.1095-8312.2009.01251.x
https://doi.org/10.2307/2680003
https://florianhartig.github.io/DHARMa/
https://doi.org/10.1016/j.cub.2018.04.078
https://doi.org/10.1016/j.cub.2018.04.078
https://doi.org/10.1111/jeb.12840
https://doi.org/10.1007/s00265-004-0865-7
https://doi.org/10.1006/anbe.2001.1746
https://doi.org/10.1016/j.anbehav.2007.10.017
https://doi.org/10.1016/j.anbehav.2007.10.017
https://doi.org/10.1006/anbe.1998.1049
https://doi.org/10.1006/anbe.1998.1049
https://github.com/markushuff/PsychHelperFunctions/
https://github.com/markushuff/PsychHelperFunctions/
https://doi.org/10.1139/z01-062
https://doi.org/10.1006/anbe.2003.2058
https://doi.org/10.1111/j.1365-2435.2005.01038.x
https://doi.org/10.1111/j.1365-2435.2005.01038.x
https://doi.org/10.1093/icb/17.1.203
https://doi.org/10.1093/beheco/aru164
https://doi.org/10.1007/s00265-016-2173-4
https://doi.org/10.1007/s00265-016-2173-4
https://doi.org/10.1186/2050-3385-1-13
https://doi.org/10.1111/j.1439-0310.1941.tb00642.x
https://doi.org/10.1098/rspb.2014.1794


Behavioral Ecology, 2024, Vol. 35, No. 4 | 17

Metatron: an experimental system to study dispersal and 
metaecosystems for terrestrial organisms. Nat Methods. 9(8):828–
833. https://doi.org/10.1038/nmeth.2104

Ligon RA. 2014. Defeated chameleons darken dynamically 
during dyadic disputes to decrease danger from dominants. 
Behav Ecol Sociobiol. 68(6):1007–1017. https://doi.org/10.1007/
s00265-014-1713-z

Ligon RA, McGraw KJ. 2013. Chameleons communicate with 
complex colour changes during contests: different body regions 
convey different information. Biol Lett. 9(6):20130892. https://doi.
org/10.1098/rsbl.2013.0892

Ligon RA, McGraw KJ. 2016. Social costs enforce honesty of a dynamic 
signal of motivation. Proc R Soc B Biol Sci. 283(1841):20161873. 
https://doi.org/10.1098/rspb.2016.1873

Ligon RA, McGraw KJ. 2018. A chorus of color: hierarchical and 
graded information content of rapid color change signals in cha-
meleons. Behav Ecol. 29(5):1075–1087. https://doi.org/10.1093/
beheco/ary076

Lindsay WR, Andersson S, Bererhi B, Höglund J, Johnsen A, Kvarnemo 
C, Leder EH, Lifjeld JT, Ninnes CE, Olsson M, et al. 2019. Endless 
forms of sexual selection. PeerJ. 7:e7988. https://doi.org/10.7717/
peerj.7988

López P, Martín J. 2001. Fighting rules and rival recognition reduce 
costs of agression in male lizards, Podarcis hispanica. Behav Ecol 
Sociobiol. 49(2-3):111–116. https://doi.org/10.1007/s002650000288

López P, Martín J. 2002. Chemical rival recognition decreases ag-
gression levels in male Iberian wall lizards, Podarcis hispanica. 
Behav Ecol Sociobiol. 51(5):461–465. https://doi.org/10.1007/
s00265-001-0447-x

López P, Martín J, Cuadrado M. 2004. The role of lateral blue 
spots in intrasexual relationships between male Iberian rock-
lizards, Lacerta monticola. Ethology. 110(7):543–561. https://doi.
org/10.1111/j.1439-0310.2004.00996.x

Lorenz K. 1963. On aggression. New York: Harcourt, Brace and World.
Lüdecke D, Makowski D, Waggone P. 2020. performance: assess-

ment of regression models performance. R package version 0.4.4. 
https://CRAN.R-project.org/package=performance

MacGregor HEA, While GM, Barrett J, Pérez i de Lanuza G, Carazo P, 
Michaelides S, Uller T. 2017. Experimental contact zones reveal 
causes and targets of sexual selection in hybridizing lizards. Funct 
Ecol. 31(3):742–752. https://doi.org/10.1111/1365-2435.12767

Maia R, Eliason CM, Bitton PP, Doucet SM, Shawkey MD. 2013. pavo: 
an R package for the analysis, visualization and organization 
of spectral data. Methods Ecol Evol. 4(10):906–913. https://doi.
org/10.1111/2041-210x.12069

Marshall KLA, Stevens M. 2014. Wall lizards display conspicuous sig-
nals to conspecifics and reduce detection by avian predators. Behav 
Ecol. 25(6):1325–1337. https://doi.org/10.1093/beheco/aru126

Martin M, Le Galliard JF, Meylan S, Loew ER. 2015a. The importance 
of ultraviolet and near-infrared sensitivity for visual discrimin-
ation in two species of lacertid lizards. J Exp Biol. 218(Pt 3):458–
465. https://doi.org/10.1242/jeb.115923

Martin M, Meylan S, Haussy C, Decencière B, Perret S, Le Galliard J-F. 
2015b. UV color determines the issue of conflicts but does not 
covary with individual quality in a lizard. Behav Ecol. 27(1):262–
270. https://doi.org/10.1093/beheco/arv149

Martin M, Meylan S, Perret S, Le Galliard JF. 2015c. UV coloration in-
fluences spatial dominance but not agonistic behaviors in male 
wall lizards. Behav Ecol Sociobiol. 69(9):1483–1491. https://doi.
org/10.1007/s00265-015-1960-7

Martins Emília P, Lacy KE. 2004. Behavior and ecology of rock iguanas, 
I. Evidence for an appeasement display. In: Alberts AC, Carter RL, 

Hayes WK, Martins EP, editors. Iguanas: biology and conservation. 
University of California Press. p. 101–108.

Mason RT, Parker MR. 2010. Social behavior and pheromonal 
communication in reptiles. J Comp Physiol A Neuroethol Sens 
Neural Behav Physiol. 196(10):729–749. https://doi.org/10.1007/
s00359-010-0551-3

Matsumasa M, Murai M. 2005. Changes in blood glucose and lac-
tate levels of male fiddler crabs: effects of aggression and claw 
waving. Anim Behav. 69(3):569–577. https://doi.org/10.1016/j.
anbehav.2004.06.017

Matsumura S, Hayden TJ. 2006. When should signals of submis-
sion be given?-a game theory model. J Theor Biol. 240(3):425–433. 
https://doi.org/10.1016/j.jtbi.2005.10.002

Maynard-Smith J, Harper D. 2003. Animal signals. Oxford (UK): 
Oxford University Press.

Maynard-Smith J, Price GR. 1973. The logic of animal conflict. Nature. 
246(5427):15–18. https://doi.org/10.1038/246015a0

McLean CA, Stuart-Fox D. 2015. Rival assessment and comparison 
of morphological and performance-based predictors of fighting 
ability in Lake Eyre dragon lizards, Ctenophorus maculosus. 
Behav Ecol Sociobiol. 69(4):523–531. https://doi.org/10.1007/
s00265-014-1863-z

Mercadante A, Hill GE. 2014. An experimental test of the role of 
structural blue and melanin-based chestnut coloration in ag-
gressive contests in male eastern bluebirds. Front Ecol Evol 2:24. 
https://doi.org/10.3389/fevo.2014.00024

Mesterton-Gibbons M, Heap SM. 2014. Variation between self- and 
mutual assessment in animal contests. Am Nat. 183(2):199–213. 
https://doi.org/10.1086/674443

Mesterton-Gibbons M, Marden JH, Dugatkin LA. 1996. On wars of at-
trition without assessment. J Theor Biol. 181(1):65–83. https://doi.
org/10.1006/jtbi.1996.0115

Molina-Borja M, Font E, Mesa Avila G. 2006. Sex and popu-
lation variation in ultraviolet reflectance of colour 
patches in Gallotia galloti (Fam. Lacertidae) from Tenerife 
(Canary Islands). J Zool. 268(2):193–206. https://doi.
org/10.1111/j.1469-7998.2005.00008.x

Molina-Borja M, Padron-Fumero M, Alfonso-Martin T. 1998. 
Morphological and behavioural traits affecting the inten-
sity and outcome of male contests in gallotia galloti gallotii 
(Family Lacertidae). Ethology 104(4):314–322. https://doi.
org/10.1111/j.1439-0310.1998.tb00071.x

Morgan C, Thomas RE, Ma W, Novotny MV, Cone RD. 2004. 
Melanocortin-5 receptor deficiency reduces a pheromonal signal 
for aggression in male mice. Chem Senses. 29(2):111–115. https://
doi.org/10.1093/chemse/bjh011

Morrell LJ, Backwell PRY, Metcalfe NB. 2005. Fighting in fiddler crabs 
Uca mjoebergi: what determines duration? Anim Behav. 70(3):653–
662. https://doi.org/10.1016/j.anbehav.2004.11.014

Nakagawa S, Johnson PCD, Schielzeth H. 2017. The coefficient of de-
termination R2 and intra-class correlation coefficient from gen-
eralized linear mixed-effects models revisited and expanded. 
J R Soc Interface. 14(134):20170213. https://doi.org/10.1098/
rsif.2017.0213

Nakagawa S, Ockendon N, Gillespie DOS, Hatchwell BJ, Burke T. 2007. 
Assessing the function of house sparrows’ bib size using a flex-
ible meta-analysis method. Behav Ecol. 18(5):831–840. https://doi.
org/10.1093/beheco/arm050

Names G, Martin M, Badiane A, Le Galliard JF. 2019. The relative im-
portance of body size and UV coloration in influencing male-male 
competition in a lacertid lizard. Behav Ecol Sociobiol. 73(7):1–14. 
https://doi.org/10.1007/s00265-019-2710-z

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/35/4/arae045/7688221 by guest on 14 August 2024

https://doi.org/10.1038/nmeth.2104
https://doi.org/10.1007/s00265-014-1713-z
https://doi.org/10.1007/s00265-014-1713-z
https://doi.org/10.1098/rsbl.2013.0892
https://doi.org/10.1098/rsbl.2013.0892
https://doi.org/10.1098/rspb.2016.1873
https://doi.org/10.1093/beheco/ary076
https://doi.org/10.1093/beheco/ary076
https://doi.org/10.7717/peerj.7988
https://doi.org/10.7717/peerj.7988
https://doi.org/10.1007/s002650000288
https://doi.org/10.1007/s00265-001-0447-x
https://doi.org/10.1007/s00265-001-0447-x
https://doi.org/10.1111/j.1439-0310.2004.00996.x
https://doi.org/10.1111/j.1439-0310.2004.00996.x
https://CRAN.R-project.org/package=performance
https://doi.org/10.1111/1365-2435.12767
https://doi.org/10.1111/2041-210x.12069
https://doi.org/10.1111/2041-210x.12069
https://doi.org/10.1093/beheco/aru126
https://doi.org/10.1242/jeb.115923
https://doi.org/10.1093/beheco/arv149
https://doi.org/10.1007/s00265-015-1960-7
https://doi.org/10.1007/s00265-015-1960-7
https://doi.org/10.1007/s00359-010-0551-3
https://doi.org/10.1007/s00359-010-0551-3
https://doi.org/10.1016/j.anbehav.2004.06.017
https://doi.org/10.1016/j.anbehav.2004.06.017
https://doi.org/10.1016/j.jtbi.2005.10.002
https://doi.org/10.1038/246015a0
https://doi.org/10.1007/s00265-014-1863-z
https://doi.org/10.1007/s00265-014-1863-z
https://doi.org/10.3389/fevo.2014.00024
https://doi.org/10.1086/674443
https://doi.org/10.1006/jtbi.1996.0115
https://doi.org/10.1006/jtbi.1996.0115
https://doi.org/10.1111/j.1469-7998.2005.00008.x
https://doi.org/10.1111/j.1469-7998.2005.00008.x
https://doi.org/10.1111/j.1439-0310.1998.tb00071.x
https://doi.org/10.1111/j.1439-0310.1998.tb00071.x
https://doi.org/10.1093/chemse/bjh011
https://doi.org/10.1093/chemse/bjh011
https://doi.org/10.1016/j.anbehav.2004.11.014
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1098/rsif.2017.0213
https://doi.org/10.1093/beheco/arm050
https://doi.org/10.1093/beheco/arm050
https://doi.org/10.1007/s00265-019-2710-z


18 | Abalos et al.

Naretto S, Chiaraviglio M. 2023. Hoisting the white flag of surrender? 
Color change in agonistic encounters between Achala copper 
lizard males (Pristidactylus achalensis). Behav Ecol Sociobiol. 
77(10):1–15. https://doi.org/10.1007/s00265-023-03389-5

Noble GK, Bradley HT. 1933. The mating behavior of lizards; its 
bearing on the theory of sexual selection. Ann N Y Acad Sci. 
35(1):25–100. https://doi.org/10.1111/j.1749-6632.1933.tb55365.x

Olsson M. 1994. Rival recognition affects male contest behavior in 
sand lizards (Lacerta agilis). Behav Ecol Sociobiol. 35(4):249–252. 
https://doi.org/10.1007/bf00170705

Olsson M, Schwartz TS, Wapstra E, Shine R. 2019. How accurately 
do behavioural observations predict reproductive success in free-
ranging lizards? Biol Lett. 15(2):20190030. https://doi.org/10.1098/
rsbl.2019.0030

Olsson M, Shine R, Wapstra E, Ujvari B, Madsen T. 2002. Sexual di-
morphism in lizard body shape: the roles of sexual selection 
and fecundity selection. Evolution. 56(7):1538–1542. https://doi.
org/10.1111/j.0014-3820.2002.tb01464.x

Payne RJ, Pagel M. 1997. Why do animals repeat displays? Anim 
Behav. 54(1):109–119. https://doi.org/10.1006/anbe.1996.0391

Payne RJH. 1998. Gradually escalating fights and displays: the cumu-
lative assessment model. Anim Behav. 56(3):651–662. https://doi.
org/10.1006/anbe.1998.0835

Payne RJH, Pagel M. 1996. Escalation and time costs in displays of 
endurance. J Theor Biol. 183(2):185–193. https://doi.org/10.1006/
jtbi.1996.0212

Peig J, Green AJ. 2010. The paradigm of body condition: a crit-
ical reappraisal of current methods based on mass 
and length. Funct Ecol. 24(6):1323–1332. https://doi.
org/10.1111/j.1365-2435.2010.01751.x

Penn DJ, Számadó S. 2020. The Handicap Principle: how an erroneous 
hypothesis became a scientific principle. Biol Rev Camb Philos 
Soc. 95(1):267–290. https://doi.org/10.1111/brv.12563

Pérez i de Lanuza G, Carazo P, Font E. 2014. Colours of quality: struc-
tural (but not pigment) coloration informs about male quality 
in a polychromatic lizard. Anim Behav. 90:73–81. https://doi.
org/10.1016/j.anbehav.2014.01.017

Pérez i de Lanuza G, Font E. 2010. Lizard blues: blue body colour-
ation and ultraviolet polychromatism in lacertids. Rev Española 
Herpetol 24:67–84.

Pérez i de Lanuza G, Font E. 2014. Ultraviolet vision in lacertid liz-
ards: evidence from retinal structure, eye transmittance, SWS1 
visual pigment genes and behaviour. J Exp Biol. 217(Pt 16):2899–
2909. https://doi.org/10.1242/jeb.104281

Pérez i de Lanuza G, Font E. 2015. Differences in conspicuousness be-
tween alternative color morphs in a polychromatic lizard. Behav 
Ecol. 26(5):1432–1446. https://doi.org/10.1093/beheco/arv075

Pérez i de Lanuza G, Font E, Carretero MÁ. 2016. Colour assorta-
tive pairing in a colour polymorphic lizard is independent of 
population morph diversity. The Sci Nat. 103(9–10). https://doi.
org/10.1007/s00114-016-1407-7

Pérez i de Lanuza G, Font E. 2016. The evolution of colour pattern 
complexity: selection for conspicuousness favours contrasting 
within‐body colour combinations in lizards. J Evol Biol. 29(5):942–
951. https://doi.org/10.1111/jeb.12835

Peterson BG, Carl P, Boudt K, Bennet R, Ulrich J, Zivot E, Cornilly D, 
Hung E, Lestel M, Balkinssoon k, Wuertz D, et al. 2018. Package 
“performanceanalytics.” R Team Coop. 3:13–14. https://doi.
org/10.32614/CRAN.package.PerformanceAnalytics

Pinto NS, Palaoro AV, Peixoto PEC. 2019. All by myself? Meta-analysis 
of animal contests shows stronger support for self than for mu-
tual assessment models. Biol Rev Camb Philos Soc. 94(4):1430–
1442. https://doi.org/10.1111/brv.12509

Prenter J, Elwood RW, Taylor PW. 2006. Self-assessment by males 
during energetically costly contests over precopula females in 
amphipods. Anim Behav. 72(4):861–868. https://doi.org/10.1016/j.
anbehav.2006.01.023

Qualls CP, Jaeger RG. 1991. Dear enemy recognition in Anolis 
carolinenis. J Herpetol. 25(3):361. https://doi.org/10.2307/1564599

R Core Team. 2022. R: A language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing. 
https://www.R-project.org/

Reddon AR, Ruberto T, Reader SM. 2021. Submission sig-
nals in animal groups. Behaviour 159(1):1–20. https://doi.
org/10.1163/1568539x-bja10125

Reichert MS. 2019. Zooming in on assessment strategies: a com-
ment on Chapin et al. Behav Ecol. 30(5):1186–1187. https://doi.
org/10.1093/beheco/arz084

Reichert MS, Quinn JL. 2017. Cognition in contests: mechanisms, 
ecology, and evolution. Trends Ecol Evol. 32(10):773–785. https://
doi.org/10.1016/j.tree.2017.07.003

Renoult JP, Kelber A, Schaefer HM. 2017. Colour spaces in ecology 
and evolutionary biology. Biol Rev Camb Philos Soc. 92(1):292–315. 
https://doi.org/10.1111/brv.12230

Rohwer S. 1975. The social significance of avian winter plumage 
variability. Evolut Int J Org Evolut. 29(4):593–610. https://doi.
org/10.1111/j.1558-5646.1975.tb00853.x

Roulin A. 2016. Condition-dependence, pleiotropy and the handicap 
principle of sexual selection in melanin-based colouration. Biol 
Rev Camb Philos Soc. 91(2):328–348. https://doi.org/10.1111/
brv.12171

Rovero F, Hughes RN, Whiteley NM, Chelazzi G. 2000. Estimating the 
energetic cost of fighting in shore crabs by noninvasive moni-
toring of heartbeat rate. Anim Behav. 59(4):705–713. https://doi.
org/10.1006/anbe.1999.1353

Row J, Blouin-Demers G. 2006. Kernels are not accurate estimators of 
home-range size for herpetofauna. Copeia. 4(4):797–802. https://
doi.org/10.1643/0045-8511(2006)6[797:KANAEO]2.0.CO;2

Sacchi R, Coladonato AJ, Battaiola M, Pasquariello C, Buratti S, Matellini 
C, Mangiacotti M, Scali S, Zuffi MAL. 2021. Subjective resource value 
affects aggressive behavior independently of resource-holding-
potential and color morphs in male common wall lizard. J Ethol. 
39(2):179–189. https://doi.org/10.1007/s10164-021-00690-6

Sacchi R, Pupin F, Gentilli A, Rubolini D, Scali S, Fasola M, Galeotti 
P. 2009. Male-male combats in a polymorphic lizard: residency 
and size, but not color, affect fighting rules and contest outcome. 
Aggress Behav. 35(3):274–283. https://doi.org/10.1002/ab.20305

Sánchez-Tójar A, Nakagawa S, Sánchez-Fortún M, Martin DA, 
Ramani S, Girndt A, Bókony V, Kempenaers B, Liker A, Westneat 
DF, et al. 2018. Meta-analysis challenges a textbook example of 
status signalling and demonstrates publication bias. Elife. 7:1–26. 
https://doi.org/10.7554/eLife.37385

San-Jose LM, Roulin A. 2018. Toward understanding the repeated 
occurrence of associations between melanin-based coloration 
and multiple phenotypes. Am Nat. 192(2):111–130. https://doi.
org/10.1086/698010

San-Jose LM, Roulin A. 2020. On the potential role of the neural crest 
cells in integrating pigmentation into behavioral and physio-
logical syndromes. Front Ecol Evol. 8. https://doi.org/10.3389/
fevo.2020.00278

Schielzeth H. 2010. Simple means to improve the interpretability of 
regression coefficients. Methods Ecol Evol. 1(2):103–113. https://
doi.org/10.1111/j.2041-210x.2010.00012.x

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 
25 years of image analysis. Nat Methods. 9(7):671–675. https://doi.
org/10.1038/nmeth.2089

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/35/4/arae045/7688221 by guest on 14 August 2024

https://doi.org/10.1007/s00265-023-03389-5
https://doi.org/10.1111/j.1749-6632.1933.tb55365.x
https://doi.org/10.1007/bf00170705
https://doi.org/10.1098/rsbl.2019.0030
https://doi.org/10.1098/rsbl.2019.0030
https://doi.org//10.1111/j.0014-3820.2002.tb01464.x
https://doi.org//10.1111/j.0014-3820.2002.tb01464.x
https://doi.org/10.1006/anbe.1996.0391
https://doi.org/10.1006/anbe.1998.0835
https://doi.org/10.1006/anbe.1998.0835
https://doi.org/10.1006/jtbi.1996.0212
https://doi.org/10.1006/jtbi.1996.0212
https://doi.org/10.1111/j.1365-2435.2010.01751.x
https://doi.org/10.1111/j.1365-2435.2010.01751.x
https://doi.org/10.1111/brv.12563
https://doi.org/10.1016/j.anbehav.2014.01.017
https://doi.org/10.1016/j.anbehav.2014.01.017
https://doi.org/10.1242/jeb.104281
https://doi.org/10.1093/beheco/arv075
https://doi.org/10.1007/s00114-016-1407-7
https://doi.org/10.1007/s00114-016-1407-7
https://doi.org/10.1111/jeb.12835
https://doi.org/10.32614/CRAN.package.PerformanceAnalytics
https://doi.org/10.32614/CRAN.package.PerformanceAnalytics
https://doi.org/10.1111/brv.12509
https://doi.org/10.1016/j.anbehav.2006.01.023
https://doi.org/10.1016/j.anbehav.2006.01.023
https://doi.org/10.2307/1564599
https://www.R-project.org/
https://doi.org/10.1163/1568539x-bja10125
https://doi.org/10.1163/1568539x-bja10125
https://doi.org/10.1093/beheco/arz084
https://doi.org/10.1093/beheco/arz084
https://doi.org/10.1016/j.tree.2017.07.003
https://doi.org/10.1016/j.tree.2017.07.003
https://doi.org/10.1111/brv.12230
https://doi.org/10.1111/j.1558-5646.1975.tb00853.x
https://doi.org/10.1111/j.1558-5646.1975.tb00853.x
https://doi.org/10.1111/brv.12171
https://doi.org/10.1111/brv.12171
https://doi.org/10.1006/anbe.1999.1353
https://doi.org/10.1006/anbe.1999.1353
https://doi.org/10.1643/0045-8511(2006)6[797:KANAEO]2.0.CO;2
https://doi.org/10.1643/0045-8511(2006)6[797:KANAEO]2.0.CO;2
https://doi.org/10.1007/s10164-021-00690-6
https://doi.org/10.1002/ab.20305
https://doi.org/10.7554/eLife.37385
https://doi.org/10.1086/698010
https://doi.org/10.1086/698010
https://doi.org/10.3389/fevo.2020.00278
https://doi.org/10.3389/fevo.2020.00278
https://doi.org/10.1111/j.2041-210x.2010.00012.x
https://doi.org/10.1111/j.2041-210x.2010.00012.x
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089


Behavioral Ecology, 2024, Vol. 35, No. 4 | 19

Searcy WA, Nowicki S. 2005. The evolution of animal commu-
nication: reliability and deception in signalling systems. In: 
Searcy WA, Nowicki S, editors. Princeton, New Jersey: Princeton 
University Press.

Senar JC, Hill GE, McGraw KJ. 2006. Color displays as intrasexual sig-
nals of aggression and dominance. In: Hill GE, McGraw KJ, editors. 
Bird Coloration. Volume II. Function and Evolution. Cambridge 
(MA): Harvard University Press. p. 87–136.

Setchell JM, Smith T, Wickings EJ, Knapp LA. 2008. Social correlates of 
testosterone and ornamentation in male mandrills. Horm Behav. 
54(3):365–372. https://doi.org/10.1016/j.yhbeh.2008.05.004

Sheehan MJ, Bergman TJ. 2016. Is there an evolutionary trade-off 
between quality signaling and social recognition? Behav Ecol. 
27(1):2–13. https://doi.org/10.1093/beheco/arv109

Smith IP, Taylor AC. 1993. The energetic cost of agonistic behaviour in 
the velvet swimming crab, Necora(=Liocarcinus) puber (L.). Anim 
Behav. 45(2):375–391. https://doi.org/10.1006/anbe.1993.1042

Sneddon LU, Huntingford FA, Taylor AC, Orr JF. 2000. Weapon 
strength and competitive success in the fights of shore crabs 
(Carcinus maenas). J Zool. 250(3):397–403. https://doi.org/10.1017/
s0952836900003125

Stapley J, Whiting MJ. 2006. Ultraviolet signals fighting ability 
in a lizard. Biol Lett. 2(2):169–172. https://doi.org/10.1098/
rsbl.2005.0419

Stevens M. 2013. Sensory ecology, behaviour, and evolution. Oxford 
(UK): Oxford University Press.

Stevens M, Párraga CA, Cuthill IC, Partridge JC, Troscianko 
TS. 2007. Using digital photography to study animal col-
oration. Biol J Linn Soc. 90(2):211–237. https://doi.
org/10.1111/j.1095-8312.2007.00725.x

Steward JW. 1965. Territorial behaviour in the wall lizard, Lacerta 
muralis. Br J Herpetol. 3(8):224–229.

Stuart-Fox DM, Firth D, Moussalli A, Whiting MJ. 2006. Multiple sig-
nals in chameleon contests: designing and analysing animal con-
tests as a tournament. Anim Behav. 71(6):1263–1271. https://doi.
org/10.1016/j.anbehav.2005.07.028

Stuart-Fox DM, Johnston GR. 2005. Experience overrides colour 
in lizard contests. Behaviour. 142(3):329–350. https://doi.
org/10.1163/1568539053778265

Svensson PA, Wong BBM. 2011. Carotenoid-based signals in behav-
ioural ecology: a review. Behaviour. 148(2):131–189. https://doi.
org/10.1163/000579510X548673

Számadó S. 2000. Cheating as a mixed strategy in a simple model 
of aggressive communication. Anim Behav. 59(1):221–230. https://
doi.org/10.1006/anbe.1999.1293

Számadó S. 2003. Threat displays are not handicaps. J Theor Biol. 
221(3):327–348. https://doi.org/10.1006/jtbi.2003.3176

Számadó S. 2008. How threat displays work: species-specific fighting 
techniques, weaponry and proximity risk. Anim Behav. 76(5):1455–
1463. https://doi.org/10.1016/j.anbehav.2008.07.010

Számadó S. 2011. The cost of honesty and the fallacy of the handicap 
principle. Anim Behav. 81(1):3–10. https://doi.org/10.1016/j.
anbehav.2010.08.022

Számadó S, Samu F, Takács K. 2022. Condition-dependent trade-offs 
maintain honest signaling: a laboratory experiment. R Soc Open 
Sci. 9(10):220335. https://doi.org/10.1098/rsos.220335

Taylor LA, Clark DL, McGraw KJ. 2014. From spiderling to 
senescence: ontogeny of color in the jumping spider, 
Habronattus pyrrithrix. J Arachn. 42(3):268–276. https://doi.
org/10.1636/0161-8202-42.3.268

Taylor PW, Elwood RW. 2003. The mismeasure of animal con-
tests. Anim Behav. 65(6):1195–1202. https://doi.org/10.1006/
anbe.2003.2169

Temeles EJ. 1994. The role of neighbours in territorial systems: when 
are they “dear enemies?”. Anim Behav. 47(2):339–350. https://doi.
org/10.1006/anbe.1994.1047

Tibbetts EA, Dale J. 2004. A socially enforced signal of quality in a 
paper wasp. Nature. 432(7014):218–222. https://doi.org/10.1038/
nature02949

Tibbetts EA, Mullen SP, Dale J. 2017. Signal function drives phenotypic 
and genetic diversity: the effects of signalling individual identity, 
quality or behavioural strategy. Philos Trans R Soc London Ser B. 
372(1724):20160347. https://doi.org/10.1098/rstb.2016.0347

Tibbetts EA, Sheehan MJ. 2011. Facial patterns are a con-
ventional signal of agonistic ability in Polistes exclamans 
paper wasps. Ethology. 117(12):1138–1146. https://doi.
org/10.1111/j.1439-0310.2011.01967.x

Troscianko J, Stevens M. 2015. Image calibration and analysis 
toolbox—a free software suite for objectively measuring reflect-
ance, colour and pattern. Methods Ecol Evol. 6(11):1320–1331. 
https://doi.org/10.1111/2041-210X.12439

Tumulty J. 2018. Dear enemy effect. In: Vonk J, Shackelford TK, edi-
tors. Encyclopedia of animal cognition and behavior. New York: 
Springer International Publishing.

Uller T, Olsson M. 2008. Multiple paternity in reptiles: pat-
terns and processes. Mol Ecol. 17(11):2566–2580. https://doi.
org/10.1111/j.1365-294X.2008.03772.x

Van Dyk DA, Evans CS. 2008. Opponent assessment in lizards: exam-
ining the effect of aggressive and submissive signals. Behav Ecol. 
19(4):895–901. https://doi.org/10.1093/beheco/arn052

van Staaden MJ, Searcy WA, Hanlon RT. 2011. Chapter 3 - Signaling 
aggression. In: Huber R, Bannasch DL, Brennan PBT-A, edi-
tors. Aggression. Boston (MA): Elsevier Inc. 75. p. 23–49. https://
doi.org/10.1016/B978-0-12-380858-5.00008-3

Verbeek B. 1972. Ethologische Untersuchungen an einigen 
europäischen Eidechsen. Bonner Zool Beiträge. 23(2):122–151.

Waas JR. 1991. The risks and benefits of signalling aggressive motiv-
ation: a study of cave-dwelling little blue penguins. Behav Ecol 
Sociobiol. 29(2):139–146. https://doi.org/10.1007/bf00166489

Waas JR. 2006. How do little blue penguins “validate” informa-
tion contained in their agonistic displays? Adv Study Behav. 
36(06):397–447. https://doi.org/10.1016/S0065-3454(06)36009-3

Waltz EC. 1982. Alternative mating tactics and the law of diminishing 
returns: the satellite threshold model. Behav Ecol Sociobiol. 
10(2):75–83. https://doi.org/10.1007/bf00300166

Weber H. 1957. Vergleichende Untersuchung des Verhaltens von 
Smaragdeidechsen (Lacerta viridis), Mauereidechsen (L. muralis) 
und Perleidechsen (L. lepida). Z Tierpsychol. 14(4):448–472. https://
doi.org/10.1111/j.1439-0310.1957.tb00548.x

While GM, Michaelides S, Heathcote RJP, MacGregor HEA, Zajac N, 
Beninde J, Carazo P, Pérez I de Lanuza G, Sacchi R, Zuffi MAL, 
et al. 2015. Sexual selection drives asymmetric introgression in 
wall lizards. Ecol Lett. 18(12):1366–1375. https://doi.org/10.1111/
ele.12531

Whiting MJ. 1999. When to be neighbourly: differential agonistic re-
sponses in the lizard Platysaurus broadleyi. Behav Ecol Sociobiol. 
46(3):210–214. https://doi.org/10.1007/s002650050611

Whiting MJ, Miles DB. 2019. Behavioral ecology of aggressive behavior 
in lizards. In: Bels VL, Russel AP, editors. Behavior of lizards. Boca 
Ratón (FL): CRC Press. p. 289–319.

Woo KL, Rieucau G. 2012. Aggressive signal design in the 
Jacky Dragon (Amphibolurus muricatus): display duration af-
fects efficiency. Ethology. 118(2):157–168. https://doi.
org/10.1111/j.1439-0310.2011.01993.x

Zahavi A, Zahavi A. 1999. The handicap principle: a missing piece of 
Darwin’s puzzle. Oxford (UK): Oxford University Press.

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article/35/4/arae045/7688221 by guest on 14 August 2024

https://doi.org/10.1016/j.yhbeh.2008.05.004
https://doi.org/10.1093/beheco/arv109
https://doi.org/10.1006/anbe.1993.1042
https://doi.org/10.1017/s0952836900003125
https://doi.org/10.1017/s0952836900003125
https://doi.org/10.1098/rsbl.2005.0419
https://doi.org/10.1098/rsbl.2005.0419
https://doi.org/10.1111/j.1095-8312.2007.00725.x
https://doi.org/10.1111/j.1095-8312.2007.00725.x
https://doi.org/10.1016/j.anbehav.2005.07.028
https://doi.org/10.1016/j.anbehav.2005.07.028
https://doi.org/10.1163/1568539053778265
https://doi.org/10.1163/1568539053778265
https://doi.org/10.1163/000579510X548673
https://doi.org/10.1163/000579510X548673
https://doi.org/10.1006/anbe.1999.1293
https://doi.org/10.1006/anbe.1999.1293
https://doi.org/10.1006/jtbi.2003.3176
https://doi.org/10.1016/j.anbehav.2008.07.010
https://doi.org/10.1016/j.anbehav.2010.08.022
https://doi.org/10.1016/j.anbehav.2010.08.022
https://doi.org/10.1098/rsos.220335
https://doi.org/10.1636/0161-8202-42.3.268
https://doi.org/10.1636/0161-8202-42.3.268
https://doi.org/10.1006/anbe.2003.2169
https://doi.org/10.1006/anbe.2003.2169
https://doi.org/10.1006/anbe.1994.1047
https://doi.org/10.1006/anbe.1994.1047
https://doi.org/10.1038/nature02949
https://doi.org/10.1038/nature02949
https://doi.org/10.1098/rstb.2016.0347
https://doi.org/10.1111/j.1439-0310.2011.01967.x
https://doi.org/10.1111/j.1439-0310.2011.01967.x
https://doi.org/10.1111/2041-210X.12439
https://doi.org/10.1111/j.1365-294X.2008.03772.x
https://doi.org/10.1111/j.1365-294X.2008.03772.x
https://doi.org/10.1093/beheco/arn052
https://doi.org/10.1016/B978-0-12-380858-5.00008-3
https://doi.org/10.1016/B978-0-12-380858-5.00008-3
https://doi.org/10.1007/bf00166489
https://doi.org/10.1016/S0065-3454(06)36009-3
https://doi.org/10.1007/bf00300166
https://doi.org/10.1111/j.1439-0310.1957.tb00548.x
https://doi.org/10.1111/j.1439-0310.1957.tb00548.x
https://doi.org/10.1111/ele.12531
https://doi.org/10.1111/ele.12531
https://doi.org/10.1007/s002650050611
https://doi.org/10.1111/j.1439-0310.2011.01993.x
https://doi.org/10.1111/j.1439-0310.2011.01993.x

	Behavioral threat and appeasement signals take precedence over static colors in lizard contests
	Introduction
	Materials and methods
	Lizard capture
	Morphometry and color measurements
	Mesocosm design
	Behavioral observations
	Behavior analyses
	Models of rival assessment
	Statistical analyses

	Results
	Correlations among morphological and color variables in males
	Predictors of contest outcome and winner aggression
	Predictors of contest intensity
	Socio-spatial behavior

	Discussion
	Predictors of contest outcome and informational content of agonistic visual signals
	Predictors of contest intensity and models of assessment

	Supplementary material
	Acknowledgements
	References


