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1  | INTRODUC TION

Natural and sexual selection act on phenotypic variability in 
complex ways to shape the adaptive landscape. Sexual selection 
in particular has played a prominent role in the evolution of sex-
ual size dimorphism (Andersson,  1994), performance (Lailvaux & 

Husak,  2014), elaborate male ornamentation (Andersson,  1994) 
and alternative male reproductive tactics (Miles et  al.,  2007; 
Sinervo et  al.,  2000). Directional selection is now recognized as 
a pervasive evolutionary force (Hoekstra et al., 2001; Kingsolver 
et al., 2001), which can lead to rapid evolutionary responses over 
ecological timescales (Grant & Grant, 1995; Reznick et al., 1997). 
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Abstract
Sexual selection shapes the adaptive landscape in complex ways that lead to trait 
integration. Much of our understanding of selection comes from studies of mor-
phological traits. However, few studies attempt to quantify the form and direc-
tion of selection on performance even though it is predicted to be a more direct 
target of selection in nature. We measured sexual selection on performance traits 
(bite force, sprint speed and endurance) in an Australian lizard, the Eastern water 
skink (Eulamprus quoyii). We first staged 123 contests between size-matched males 
to investigate whether performance traits were important in determining contest 
outcome. In a second experiment, we established six breeding populations in large 
replicate semi-natural enclosures to estimate whether performance traits predicted 
reproductive success. Our results show that none of the performance measures were 
important in predicting contest outcome and were not generally strong predictors of 
reproductive success. However, our analyses suggest a complex fitness landscape 
driven by males adopting different alternative reproductive tactics (ARTs). We pro-
vide a rare test of the role performance plays in sexual selection and highlight the 
need to test common assumptions regarding the link between maximal performance 
and fitness. Our results suggest that performance traits may not necessarily be direct 
targets of sexual selection, but rather indirect targets through their integration with 
morphological and/or behavioural traits, highlighting a need for more explicit tests of 
the predicted links between performance and fitness.
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However, traits are often not selected upon in isolation and cor-
relational selection can favour the integration of traits (Brodie 
III, 1992; McGlothlin et  al.,  2005; Miles, Sinervo, et al., 2007). 
Although there are thousands of selection estimates from natu-
ral populations (Kingsolver et  al.,  2001, 2012), much of our un-
derstanding about the strength and form of selection comes from 
studies on morphological traits. Only a few studies have estimated 
selection gradients on what are thought to be more direct targets 
of selection, such as behaviour and performance (Arnold,  1983; 
Irschick et al., 2008; Kaplan & Phillips, 2006).

Selection on behavioural and performance traits can lead to 
the evolution of alternative reproductive tactics (ARTs), where be-
havioural, physiological and/or morphological traits are integrated in 
ways that allow different strategies to compete for mating oppor-
tunities (Miles, Sinervo, et al., 2007; Sinervo & Lively, 1996; Sinervo 
& Svensson, 2002). Intrasexual competition often leads to dominant 
and subordinate males adopting different behavioural strategies that 
may be closely integrated with functional performance, such as sus-
tained running endurance for winning male contests or defending ter-
ritories (Miles, Sinervo, et al., 2007). For example, male side-blotched 
lizards (Uta stansburiana) are known to exhibit one of three throat 
colour morphs (orange, blue and yellow) (Sinervo & Lively,  1996). 
Hyper-aggressive orange males guard large territories and have high 
endurance capacities, presumably to aid in their defence (Sinervo 
& Lively, 1996; Sinervo et al., 2000). In contrast, blue morphs have 
small territories and are less aggressive while yellow morphs sneak 
matings. Importantly, yellow and blue morphs have lower endurance 
capacities compared to orange males (Sinervo et al., 2000). In dung 
beetles (Onthophagus taurus), horned males are large and vigorously 
defend dung patches, whereas small hornless males adopt “sneak-
er-like” behavioural tactics, digging intersecting tunnels which allow 
them to sneak copulations with females (Emlen, 1997). Horn size is a 
strong predictor of endurance capacity and pulling force suggesting 
that the connection between large horns and behavioural tactic is 
mediated by performance traits (Lailvaux et al., 2005).

Lizards are excellent study systems to explore hypotheses about 
selection on performance traits in the context of ARTs because of 
well-established links between functional performance and key be-
haviours, such as dominance and territoriality (Lailvaux et al., 2004; 
Losos et al., 2002; Miles, Sinervo, et al., 2007). For example, domi-
nance and resource holding potential (RHP) can often be predicted 
by large body size and biting force in lizards because larger, stronger 
biting lizards are capable of winning contests over subordinate males 
allowing them to gain access to more resources and mates (Husak 
et al., 2006; Lailvaux et al., 2004). Dominance has also been linked to 
locomotor performance in lizards such that more dominant individu-
als have better performance (Perry et al., 2004; Sinervo et al., 2000). 
Both sprint speed and endurance have been shown to be correlated 
with winning dyadic contests in Urosaurus ornatus (Robson & 
Miles, 2000). Similarly, in collard lizards (Crotophytus collaris), faster 
lizards sire more offspring because they are able to more effectively 
defend their territories preventing other males from usurping them 
(Husak et al., 2006, 2008). However, these patterns are not always 

consistent. For example, sprint speed is not important for male dom-
inance in the territorial lizard Anolis cristatellus (Perry et al., 2004) 
and can be important for sneaking copulations in systems with ARTs 
(Husak et  al.,  2008). The role of performance traits in dominance 
and reproductive success likely depends on the behavioural tac-
tics adopted by males and the mating system of the given species. 
Nonetheless, performance is often assumed to be an important 
trait governing fitness in many lizard systems with this assumption 
rarely being rigorously tested in the context of precopulatory and 
post-copulatory sexual selection (Irschick et al., 2008).

Using a widely distributed Australian lizard, the Eastern Water 
Skink (Eulamprus quoyii), we conducted dyadic contests and a large-
scale breeding experiment under semi-natural conditions to under-
stand whether performance traits (sprint speed, endurance and bite 
force) are important for reproductive success (Husak & Fox, 2008; 
Irschick et  al.,  2008; Lailvaux & Irschick,  2006). Eulamprus spp. 
are ideal model systems for such studies because they are abun-
dant, habituate quickly to new environments, breed readily under 
semi-natural conditions and have been the topic of considerable 
study (Keogh et al., 2012; Noble et al., 2012, 2013, 2014). Body size 
is one of the most important predictors of reproductive success in 
E. quoyii, but among large males, individuals can adopt behaviourally 
driven ARTs with, as of yet, no known morphological correlates. 
Noble et al. (2013) proposed a conceptual framework to understand 
ARTs in E. quoyii that relate to subtle, but important, behavioural 
differences among the tactics. Territorial/resident males are pre-
dicted to be active over a longer period but have small home ranges 
that they explore less. In contrast, floater males are predicted to 
have large home ranges, be observed less often and move fre-
quently while active (Keogh et al., 2012, 2013; Noble, Wechmann, 
et al., 2013; Stapley & Keogh, 2004, 2005). Territorial and floater 
males obtain similar reproductive success with evidence of correla-
tional disruptive selection on behavioural traits among large males 
adopting the two tactics (Keogh et  al.,  2013; Noble, Wechmann, 
et al., 2013; Stapley & Keogh,  2005). Behavioural differences 
among ARTs may also be linked with performance traits in E. quoyii, 
some of which have shown to be heritable (Noble et al., 2014), par-
ticularly given their association with ARTs in other systems (Miles 
et al., 2007; Miles, Sinervo, et al., 2007; Sinervo et al., 2000).

We tested two alternative hypotheses about how locomotor 
performance and bite force influence reproductive success (Husak & 
Fox, 2008). First, we tested the hypothesis that performance traits 
play an important role in male contest outcome leading to higher re-
productive success for better performing males (hypothesis 1). If this 
were true, then we would predict directional selection on perfor-
mance traits such that better performers would win dyadic contests 
and obtain the highest reproductive success. Alternatively, given the 
existence of behaviourally driven ARTs in E. quoyii, correlational/
nonlinear selection might result in a more complex fitness landscape 
that relates to the different mechanisms by which ARTs obtain pa-
ternity (hypothesis 2). In this scenario, we predict that performance 
traits would not show simple linear relationships with reproductive 
success. Additionally, they may impact on the number of clutches 
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sired because territorial males obtain high reproductive success by 
ensuring greater paternity within a clutch, whereas floater males 
are expected to sire a small proportion of offspring across many 
clutches. If performance traits are targets of sexual selection, these 
hypotheses also predict that the relationship between performance 
and reproductive success would be sex-dependent with stronger se-
lection for better male performers (Husak & Fox, 2008; Lailvaux & 
Husak, 2014). Evidence for sexual selection on performance traits 
would support previous work that has shown sex differences in 
performance and morphology in this species (Noble, Fanson, et al., 
2014).

2  | MATERIAL S AND METHODS

2.1 | Lizard collection and natural history

We collected 272 (164 males and 108 females) adult E. quoyii from 
five sites in the Sydney region for our experiments. Eulamprus 
quoyii is a medium-sized skink (~90–130 mm, snout–vent length) 
that likely lives between 8 and 15  years (based on other spe-
cies) and exhibits little sexual dimorphism (Dubey et  al.,  2013; 
Noble, Fanson, et al., 2014; Schwarzkopf, 2005). It inhabits rocky 
open creeks and forests along the east coast of Australia (Law & 
Bradley, 1990). It is a viviparous species giving birth to between 
1 and 9 offspring in a single litter each year with a high level of 
multiple paternity (65% clutches have more than 1 sire) (Noble, 
Keogh, et al., 2013; Noble, Wechmann, et al., 2013). Lizards were 
captured along creeks by noose and brought back to the labora-
tory at Macquarie University campus where they were sexed and 
measured (head width, length, depth and snout–vent length [SVL] 
to the nearest 1  mm and mass to the nearest 0.1  g). From each 
lizard, we excised a small (~3 mm) tail tip for later genetic analy-
sis. Lizards were then transferred to plastic bins [487 (L)  ×  350 
(W)  ×  260  mm (H)] in a temperature-controlled room for three 
days to measure performance traits. Each bin had a hide box and 
a water bowl with newspaper as a substrate. Lizards were main-
tained at ambient temperatures of ~22–26°C with an elevated 
basking site of ~28–30°C. Ultraviolet lighting and water were pro-
vided at all times and lizards were fed once during the three days 
with crickets or mealworms.

2.2 | Quantifying maximal performance traits

We measured lizard bite force, sprint speed and endurance daily 
over three consecutive days. Prior to all measurements, lizards 
were heated to their preferred body temperature, 28°C (Law & 
Bradley, 1990), by placing lizards in plastic zip-lock bags and floating 
them in warm water until they reached near optimal body tempera-
ture. For each lizard, we recorded the time lizards began performance 
trials and the body temperature of lizards before the start (i.e. prior 
to bite force) and at the end (i.e. after endurance measurements) of 

performance measurements using a Miller-Weber cloacal thermom-
eter. We took the maximal measurement for all our performance var-
iables because lizards frequently have poor runs (Losos et al., 2002).

2.2.1 | Bite force

Bite force (N) was measured a total of six times on all lizards using 
a Kistler force transducer (Kistler Inc., Winterthur Switzerland) that 
was connected to a Kistler charge amplifier (Model 5995, Kistler Inc.). 
For additional details of the setup, including a diagram, see, Herrel 
et al. (2001). We measured each lizard twice a day, once before our 
measurement of sprint speed and once after, over three consecu-
tive days. We took a second measurement of bite force after running 
down the racetrack because lizards appeared to be more motivated 
to bite after they had run. We induced lizards to bite the two plastic 
bite plates (20 × 6 mm) by gently pinching the sides of their mouth. 
The gap between the plates was typically a few mm and adjusted 
according to the size of the lizard in order to maintain the minimum 
distance between plates necessary to prevent the transducer ex-
ceeding its threshold. We ensured consistency in our measurements 
by making sure the tip of the snout touched a plastic contact point 
perpendicular to the plates.

2.2.2 | Sprint speed

Using a racetrack, we measured sprint speed over a 2 m length im-
mediately after the first bite force measurement. The running sur-
face of the racetrack was lined with rubber matting, and a bucket 
was placed at the end of the racetrack, which the lizard fell into once 
the run was complete. Lizards were placed at the starting line and 
stimulated to run by taping them gently on their tail-base. In most 
cases, lizards ran extremely well to the end of the finish line, with 
few incidences of stops and reversals. We recorded sprinting liz-
ards using a Panasonic HD video camera (30 fps) and quantified the 
speed of each of the three runs using MotionPro Motion Analysis 
Software (http://www.motio​npros​oftwa​re.com/).

2.2.3 | Endurance

We measured endurance immediately following the lizard's sprint. 
Lizards were run on a modified human treadmill to measure their 
maximal endurance. A transparent plexiglass box with adjustable 
compartments was placed on top of the treadmill. The middle com-
partment was adjusted so that the lizards could run unobstructed, 
while also ensuring that they could not easily turn around. All tri-
als were run at a speed of 1.0 km/h, which was an optimal speed 
for keeping lizards running at a consistent pace. This speed is also 
commonly used in lizard performance studies (e.g. Garland, 1999). 
Lizards were placed on the treadmill and were stimulated to run 
by gently tapping the base of their tail. After each tap, we gave the 

http://www.motionprosoftware.com/
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lizard a few seconds to continue running. If the lizard was not stimu-
lated to run, we allowed the lizard to move closer towards the end 
of the treadmill and tapped the lizard again. We continued this until 
the lizard could no longer run at which point we allowed the lizard to 
fall into a container at the base of the treadmill. We then placed the 
lizard back on the treadmill and continued the same procedure until 
the lizard had fallen into the container three times, at which point we 
considered the lizard exhausted. The time when the lizard started 
running on the treadmill to when it fell in the container the third time 
was recorded as its time to exhaustion.

2.3 | Do performance traits predict contest  
success?

Fifty-six size-matched male lizards were used for staged contests. 
We matched males based on their SVL following similar protocols to 
other lizard contest studies (McLean & Stuart-Fox, 2014; Stuart-Fox 
et al., 2006). Overall, the mean size difference between lizards was 
1.34 mm (ranging from 0 to 5 mm) (See Kar et al., 2016 for more 
details). We used a tournament design where each lizard faced mul-
tiple opponents (e.g. Kar et al., 2016; Whiting et al., 2006). Contests 
took place in the same room performance measures were taken. 
We used plastic neutral arenas measuring 470 (W) × 690 (L) × 455 
(H) mm, where each lizard occupied half of the arena separated by 
an opaque divider. Lizards had access to a hide box and a water 
bowl and were habituated to the arena for 1.5 days. On the day of 
the contest, the refuge, water bowl and divider were removed to 
allow opponents to interact without obstruction. A clear contest 
outcome was reached when a lizard fled from his opponent follow-
ing an aggressive behaviour, such as a chase, and the two lizards 
were at least half a body length apart. Winners were defined as 
any individual that consistently (on at least 2–3 occasions) displayed 
aggressive behaviour such as chasing, to his opponent, while losers 
were defined as any individual that exhibited submissive behaviour, 
such as fleeing. Contests were very short lived, and none resulted 
in any injuries to lizards.

2.4 | Do performance traits predict reproductive 
success?

2.4.1 | Semi-natural mating experiments

In a separate experiment, 216 (108 males, 108 females) lizards were 
allocated to one of six semi-natural, experimental enclosures, meas-
uring 16 × 10 m (length × width) located on Macquarie University 
campus (Noble, Fanson, et al., 2014; Noble, Keogh, et al., 2013; 
Noble, Wechmann, et al., 2013). The enclosures were not netted 
because we wanted lizards to behave as naturally as possible in the 
presence of potential predators (e.g. laughing kookaburras, Dacelo 
novaeguineae). Each enclosure had natural vegetation, two large rock 
piles in opposite corners of the enclosure and a pile of large logs that 

connected each rock pile. We used 2–3 clay roofing tiles stacked 
on each other that were spread out across the entire enclosure in 
a grid at approximately 2-m intervals with two large water buckets 
dug into the ground for water. These conditions mimic the rocky 
water side riparian habitat that these skinks occupy in the wild (Law 
& Bradley, 1990). We allocated 18 male and 18 female water skinks 
per enclosure. We ensured that lizards from each collection site 
were represented within each enclosure and that there was natural 
variation in body size among males and females. The densities of 
lizards in our enclosures fall within the range of natural variation in 
the wild, including on Macquarie University campus (DWAN, 2016 
unpublished data; Gerry Swan 2010, personal communication).

Lizards were allowed to mate freely under these semi-natural 
conditions, and all lizards were collected at the end of the breeding 
season (20 October 2010). The enclosures prevented immigration 
and emigration, and we searched enclosures exhaustively for any 
surviving lizards. Surviving females were brought back into the lab-
oratory and placed in individual bins until parturition. At parturition, 
offspring were measured and weighed and a small amount of tail 
tissue (~3 mm) was excised for paternity analysis.

2.4.2 | Paternity assignment

Whole genomic DNA was extracted from tail tissue using a Blood 
and Tissue Extraction Kit (Qiagen) according to the manufacturers 
protocol. We assigned paternity to offspring using 6 microsatellite 
DNA loci (Noble, Keogh, et al., 2013; Noble, Wechmann, et al., 2013). 
PCR reactions were carried out in 20 µl reaction volumes containing 
1.0 µl of genomic DNA, 10 µl of GoTaq® (Promega), 0.5 µl (10 pmol/
µl) of forward and reverse primers and 8.0µl of nuclease-free water. 
PCR conditions for each locus are described in Scott et al. (2001) and 
Sumner et al. (2001). Forward primers were labelled with different 
fluorescent dyes (TET, NAD, VIC, FAM), and product from the final 
PCR reactions was pooled into a single plate, ran on an ABI 3730 
DNA analyzer (Applied Biosystems) and scored by the Australian 
Genomic Research Facility (AGRF) using GENEMAPPER software 
(Applied Biosystems).

Parentage was assigned using the likelihood-based method in 
the program CERVUS 3.0 (Kalinowski et  al.,  2007). We simulated 
100,000 offspring with 95% loci typed and 1% mistyped loci, using 
a strict confidence level of 95% and a relaxed confidence level of 
80%. The loci used in our study were highly variable, ranging from 
3 to 34 alleles at a single locus with mean polymorphic information 
content (PIC) of 0.7014. The combined nonexclusion probability for 
a parent pair was 4.46 ×10−6. Paternity was assigned conservatively, 
and we excluded males as being putative sires if they had one or 
more mismatches with an offspring. In some cases, males could only 
be compared at four loci with offspring because of differences in 
the loci missing between the male and offspring. In these situations, 
we assigned paternity to the male only if he had no mismatches and 
the trio (male, female and offspring combination) LOD scores were 
significant.
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2.5 | Data analysis

2.5.1 | Does performance predict contest success?

We were able to obtain a total of 165 contests; however, 42 contests 
were discarded because males either failed to interact or there was 
no clear outcome. The Bradley–Terry (BT) model was used to investi-
gate which male traits predicted the probability of winning a contest. 
The BT model is a logistic model for paired comparisons where the 
probability of opponent i beating j is modelled as a function of the 
differences in ‘abilities’ between the opponents. Abilities are calcu-
lated from opponent-specific traits such as performance measures 
and body dimensions. All continuous traits were z-transformed prior 
to analysis (e.g. performance traits, body mass). We used the pack-
age “BradleyTerry2” (Turner & Firth, 2012) in the R environment (R 
Development Core Team, 2010) for our analyses.

In our initial analyses, we included body mass and SVL in all our 
models to check whether we had effectively size-matched lizards. 
These initial analyses revealed that body mass appeared to be im-
portant in predicting contest outcome, suggesting that we did 
not fully account for mass differences between our contestants. 
As a consequence, body mass was included in all our models as a 
covariate.

Given that predictors of contest outcome can vary depending 
on the level of escalation reached during the fight (Kar et al., 2016), 
we modelled nonescalated and escalated contests separately. 
Nonescalated contests were defined as contests that were resolved 
without physical biting, whereas escalated contests were fights 
where at least one contestant bit his rival. In nonescalated contests, 
we assessed how sprint speed, endurance and their interactions 
with body mass, predicted the probability of winning a contest be-
cause sprint speed could be associated with how quickly a lizard en-
gages with his rival and endurance could be important for ritualized 
displays or prolonged contests which might occur over a high value 
resource. Due to the small sample size for escalated contests, we as-
sessed the effects of bite force and endurance in separate models to 
avoid over-parametrization. We fitted one model with bite force and 
its interaction with body mass and another model with endurance 
and its interaction with body mass. We predicted that only bite force 
and endurance would be important in escalated contests because in-
flicting damage and outlasting a rival should increase the probability 
of winning the contest.

2.5.2 | Does performance predict reproductive 
success?

We excluded three lizards from analyses (two females, 1 male) be-
cause we did not obtain any performance measurements for one 
female, while one male and female were extreme outliers, being ex-
tremely heavy for their body size [greater than 3 standard deviations 
(σx) from the mean (x)]. We did not obtain bite force measurements 
for 13 lizards (10 males; 3 females) because they were not motivated 

to bite the plates. In addition, we were unable to obtain measure-
ments on maximal sprint speed for six lizards (all females) and endur-
ance for one lizard (female).

We estimated selection gradients using generalized linear mod-
els (GLMs) with a Tweedie error distribution (log link) for reproduc-
tive success and the number of clutches sired. Tweedie probability 
distributions contain an index parameter, p, which permits mod-
elling of a compound Poisson-gamma distribution, allowing us to 
model zeros and positive, noninteger continuous data (charac-
teristics of relative reproductive success) under a single statisti-
cal framework while also controlling for over-dispersion (Noble, 
Wechmann, et al., 2013). To estimate what value of p was best for 
our data, we fitted our full models and varied p between 1.1 and 
1.6 in intervals of 0.1 and compared AICC between respective mod-
els. Models containing the value of p with the lowest AICC were 
deemed the best fit, and this value of p was used for all candidate 
models in the same analysis.

While we predicted that behavioural ARTs may be related to 
performance, it was unclear exactly how such traits would be in-
tegrated, if at all, given that we could not categorize these tactics 
a priori. As such, we fitted a global model that included all main 
effects along with quadratics for SVL, bite force, sprint speed and 
endurance. Additionally, we included interactions we predicted 
may result if ARTs were present including those between bite force 
and endurance, bite force and sprint speed and sprint speed and 
endurance. Linear selection gradients (βi) indicate selection that 
changes the population mean, while nonlinear selection gradients 
(γii; quadratic selection gradients or γij; correlational selection gra-
dients) describe how the phenotypic variance of a trait is changed 
(Brodie III, 1992; Brodie III et al., 1995; Lande & Arnold, 1983). We 
converted the number of offspring sired to relative reproductive 
success (i.e. the number of offspring sired divided by the male and 
female population mean within each of the six enclosures) and 
standardized each of the traits by subtracting each value from the 
trait mean of each enclosure, x, and dividing by its standard devi-
ation, σx (Brodie III et al., 1995; Lande & Arnold, 1983). We calcu-
lated relative reproductive success for the sexes separately in each 
of the enclosures because of the differences in the mean number 
of offspring between the sexes. Linear selection gradients (βi) are 
normally presented from models without quadratics or cross-prod-
ucts and quadratic coefficients are normally doubled (Brodie III 
et al., 1995; Lande & Arnold,  1983; Mitchell-Olds & Shaw,  1987; 
Stinchcombe et  al.,  2008). However, given we utilized a multi-
model inference framework, we present our model-averaged esti-
mates across the candidate set.

We assumed the same model structure for females, although 
we predicted that females would not exhibit similar selection sur-
faces to males because there is no a priori reason to suggest that 
performance traits would be important to female reproductive 
success or that these would be integrated to ARTs. Nonetheless, 
females act as a useful control to compare with results from male 
fitness surfaces. To understand the possible behavioural mecha-
nisms that males adopt to obtain paternity, we ran similar models 
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using the number of clutches sired. If ARTs obtain paternity through 
different mechanisms, we would expect the model predictions for 
relative reproductive success and the number of clutches sired to 
differ for males.

We used multi-model inference to understand the relation-
ship between performance traits, relative reproductive success 
and clutches sired for males and females separately. Model aver-
aging is particularly useful when there is substantial uncertainty 
in model structure and has clear advantages over stepwise model 
selection procedures (Burnham & Anderson,  2002; Grueber 
et  al.,  2011; Symonds & Moussalli,  2011) as it allows inferences 
to be made over all possible models. However, it is important to 
evaluate the degree of collinearity among predictors and to en-
sure that coefficients are comparable across models (Cade, 2015). 
We assessed these points by exploring model coefficients in our 
top models and levels of multi-collinearity (i.e. variance inflation 
factors) in our global model prior to model-averaging estimates. 
From our global model, we generated a candidate set of mod-
els and averaged over top models within 3 ΔAICC units of each 
other (Symonds & Moussalli,  2011) using the MuMIn package 
(Bartoń, 2013). Two different model-averaging techniques exist, 
conditional (i.e. ‘natural’) model averaging, where coefficients are 
averaged over the models in which they occur, and full model av-
eraging, where coefficients are averaged across all models in the 
model set with models not containing the coefficients assumed to 
have a zero estimate. Although it is recommended to use condi-
tional averaging when there is strong support for a single model 
(i.e. Akaike weight >0.90), Symonds and Moussalli (2011) sug-
gest the use of conditional averaging when the goal is to under-
stand how predictor variables relate to the response. Since our 
estimates seemed weak, but potentially biologically important in 
relation to our predictions, we adopted the conditional averaging 
method. While this may result in upward bias of parameter esti-
mates compared with full model averaging (Lukacs et al., 2010), as 
of yet it is unclear which of these two methods is most appropriate 
(Grueber et al., 2011)

In addition to model averaging, we used principle components 
analysis (PCA) to help understand the link between performance 
and fitness. Given that traits may be highly integrated, we reduced 
the dimensionality of our traits using PCA and ran a generalized lin-
ear model with relative reproductive success and clutches sired as a 
response variables and each PC axis as independent variables. We 
again modelled response variables assuming a Tweedie error dis-
tribution to better understand what trait combinations had highest 
fitness.

3  | RESULTS

3.1 | Performance as predictors of contest outcome

None of the performance measures or their interactions with body 
mass were important predictors of contest outcome (Table 1). Body 

mass only was important in predicting contest outcome for esca-
lated contests (Table 1b–c). For males that differed by 1 standard 
deviation in mass, the probability that the heavier male would beat 
his rival was 82%. Locomotor performance and bite force are there-
fore relatively weak predictors of contest outcome overall.

3.2 | Performance and reproductive success 
in males

Fifty-six males did not sire any offspring (56/97  =  58%), while 41 
males sired at least one offspring (42%). The number of offspring 
sired by males ranged from 1 to 17, and offspring were sired across 
1–6 clutches. Relative reproductive success ranged from 0 to 7.65 
across individuals. Male body size was strongly correlated with bite 
force (r = 0.62, p < .001, n = 97; Figure 1b) and endurance (r = 0.33, 
p < .001, n = 97; Figure 1c). Bite force was also significantly corre-
lated with endurance (r = 0.40, p < .001, n = 97; Figure 1f). However, 
there were weak, nonsignificant correlations between all other vari-
ables (Table S1; Figure 1). These patterns were the same for females 
(Table S2).

Inspection of the distribution of males with above average re-
productive success (Figure 1) showed that large males with high 
bite force had high reproductive success (Figure 1b). In contrast, 
large (>1 σx above the x) and medium (~1 σx above the x) males 
with high and low sprint speeds had the highest reproductive 

TA B L E  1   Parameter estimates, standard errors (se), upper 
(U) and lower (L) 95% confidence interval and p values (p) from 
a Bradley-Terry model, examining the effects of maximal sprint 
speed, endurance, bite force and body mass on the log odds of 
winning a nonescalated contest (n = 85) and an escalated contest 
(n = 38). Bolded estimates are significant at α = 0.05

Parameter Est. SE U L p

(a) Nonescalated contests

Endurance 0.34 0.3 0.93 −0.25 .27

Sprint speed −0.28 0.24 0.19 −0.75 .23

Body mass 0.56 0.48 1.5 −0.38 .24

Endurance*Body 
mass

−0.04 0.32 0.59 −0.67 .90

Sprint speed*Body 
mass

0.02 0.32 0.65 −0.61 .96

(b) Escalated contests—Bite force

Bite force 0.09 0.46 0.99 −0.81 .84

Body mass 1.52 0.75 2.99 0.05 .04

Bite force*Body 
mass

0.27 0.36 0.98 −0.44 .44

(c) Escalated contests—Endurance

Endurance 0.55 0.45 1.43 −0.33 .22

Body mass 1.66 0.85 3.33 −0.01 .05

Endurance*Body 
mass

−0.16 0.41 0.64 −0.96 .70
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success (Figure  1a). This pattern was also reflected in the bite 
force–sprint speed plots where males with high and medium bite 
force that had low and high sprint speed, respectively, sired the 
majority of offspring (Figure 1e). There was no clear pattern be-
tween traits and relative reproductive success in the other plots 
(Figure 1c, d, f, g).

Overall, there was substantial model uncertainty in predictors 
of male reproductive success with a total of 22 models within 
3 ∆AICc units of each other, with model weights ranging from 
2.6% to 11.4% (Table S3). Models explained a small to moderate 
amount of total variability in reproductive success (R2 ~20.3%–
28.4% - Table S3). The top models for male relative reproductive 
success contained the main effects of SVL and all performance 
traits, along with their quadratic selection gradients. A correla-
tional selection gradient between bite force and sprint speed was 
also present in eight of the top models (Table S3). No major dif-
ferences in relative reproductive success were observed between 
enclosures, and as a result, it never featured in the top models. 
While selection for body size (SVL) was strong, model-averaged 
predictions (Figure 2a–c), along with their estimates (Table 2), also 
suggest directional selection for sprint speed and bite force (al-
though estimates were not significant). In contrast, directional se-
lection was weak for endurance (Table 2). Models also contained 
correlational selection gradients between bite force and sprint 

speed, suggesting both slow and fast sprinters of moderate body 
size were predicted to obtain above average reproductive success 
(Figure 2a).

Models predicting the number of clutches males sired offspring 
across also showed high uncertainty, although less so than for rel-
ative reproductive success (Table S3). Seven models were within 3 
∆AICc units of each other and model weights ranged from 8.1% to 
31.7% (Table S3). The top models contained all main effects for each 
performance trait and body size along with quadratics for perfor-
mance traits. One model also contained an interaction between bite 
force and sprint speed (Table S3). Overall, models explained a small 
proportion of variation in clutch size (R2 ~15.6%–16.2% - Table 1), 
but there was strong and significant directional selection on body 
size and sprint speed (Table S3).

Decomposing variation in body size and performance traits 
using PCA identified four major axes (Table  3 & Figure  S1). 
Principle component (PC) 1 and 3 were positively correlated with 
relative reproductive success (Figure  3), while PC2 showed a 
weaker negative trend (Table 4a). Unsurprisingly, males with large 
body size, bite force and to a lesser extent high endurance were 
predicted to obtain highest reproductive success (Figure  3a); 
however, males that had low endurance were also predicted to ob-
tain high reproductive success, but to a lesser degree (Figure 3b 
& Table 4 – PC3).

F I G U R E  1   Relationship between 
morphological traits [body size (SVL), 
body condition] and performance traits 
(sprint speed, bite force and endurance) 
for males. Relative reproductive success 
(RRS) of each male is overlaid on these 
plots. Open circles: RRS ≤ 1, solid black 
circles: RRS = 1–2, Solid brown circles: 
RRS 2 – 4, Solid red circles: RRS 4 – 6 and 
Solid yellow circles: RRS ≥ 6 −2 −1 0 1 2
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Regressing PCs on the number of clutches sired identified signif-
icant negative effects of PC1 and PC2, with a marginally significant 
negative effect of PC3 (Table 4b). While males with large body size, 

bite force and endurance sired offspring across the most clutches, 
males that had high endurance and low sprint speed were also very 
likely to sire offspring across many clutches (Table 4b).

F I G U R E  2   Model-averaged predictions for males (n = 97) as a function of performance traits. (a–c) Relative reproductive success (w) of 
males in replicate semi-natural enclosures. (d–f) number of clutches sired by males (# clutches). Predictions are made assuming male SVL was 
1SD above the mean given that we predict large males to exhibit different ARTs. Raw data are also plotted (‘black’ points). Model predictions 
were done using full model-averaged estimates

TA B L E  2   Model-averaged parameter estimates for relative reproductive success and clutches sired for males (n = 97) and females 
(n = 96). We used conditional model averaging (see text). Enclosure was included in the candidate set of models but was not present in the 
top model set. Estimates that are italics = p < .10 and bold = p < .05. Abbreviations of parameter estimates are provided in Tables 1 and 2

Parameter estimate

Male relative reproductive success Male clutches sired Female relative reproductive success

Estimate SE Adj. SE Estimate SE Adj. SE Estimate SE
Adj. 
SE

(Intercept) −0.407 0.252 0.255 −0.342 0.175 0.177 −0.047 0.175 0.176

SS 0.307 0.179 0.181 0.350 0.144 0.145 0.301 0.141 0.143

SVL 0.725 0.231 0.234 0.495 0.180 0.182 0.623 0.130 0.132

BF 0.230 0.225 0.228 0.113 0.188 0.190 0.024 0.150 0.152

BF*SS 0.384 0.232 0.235 0.261 0.192 0.194 – – –

SVL2 0.216 0.174 0.176 – – – – – –

Endur −0.116 0.180 0.182 −0.138 0.151 0.153 −0.044 0.106 0.107

Endur2 −0.112 0.167 0.169 −0.071 0.138 0.139 −0.109 0.079 0.080

BF2 −0.040 0.180 0.181 −0.038 0.127 0.129 −0.176 0.094 0.095

SS2 −0.012 0.109 0.111 0.017 0.088 0.089 −0.204 0.118 0.119
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3.3 | Performance and reproductive success 
in females

Forty-four females (44/96 = 46%) did not produce offspring, while 
52 females (54%) produced from 0 to 9 offspring. Relative reproduc-
tive success ranged from 0 to 3.86 for individual females. Female 
body size was also strongly correlated with bite force (r  =  0.63, 
p < .001, n = 96) and endurance (r = 0.42, p < .001, n = 96). All other 
variables were not correlated in females (Table S2).

There was also substantial model uncertainty in how body size 
and performance were related to female reproductive success, with 
model weights ranging from 1.9% to 7.8% and R2 for individual models 
ranging from 19% to 24% (Table S4). All models in the top model set 
contained female SVL and none contained any interactions between 
performance traits. However, most contained quadratic coefficients 
or main effects for performance traits. Model-averaged coefficients 
for sprint speed and body size were significant, whereas other co-
efficients were not or were marginally significant (Table 2). Model-
averaged predictions for the different performance traits suggest 
stabilizing selection with a wide peak of high reproductive success 
for individuals of average performance (or slightly above average) 
(Figure 4a–c). However, there was very weak effects of performance 

traits on relative reproductive success overall with predictions sug-
gesting a small effect on relative reproductive success.

Regressing PCs on relative reproductive success for females also 
suggested a link with certain performance traits (Table 4); however, 
coefficients for PC1 and PC3 were much smaller compared to male 
coefficients and instead body size related traits (PC1 and PC4) seemed 
to explain most variation in relative reproductive success for females.

4  | DISCUSSION

We did not find strong support for the hypothesis that better per-
forming individuals (i.e. higher endurance, stronger bite force and 
faster sprint speed) win more contests and, as a result, have increased 
reproductive success (hypothesis 1). None of our analyses support 
a simple direct linear relationship between performance traits and 
contest outcome or reproductive success which is predicted from 
this hypothesis. While performance traits were not linked to contest 
outcome, they still featured in the top models and PCA analysis, sug-
gesting that particular body size-performance combinations can yield 
similar fitness payoffs. Given that numerous studies have provided 
evidence of ARTs in Eulamprus spp. (Noble, Fanson, et al., 2014; Noble, 
Wechmann, et al., 2013; Stapley & Keogh, 2004, 2005), we suggest 
that behaviourally driven ARTs may explain this high degree of model 
uncertainty (hypothesis 2). However, it is still unclear whether perfor-
mance traits are direct targets of selection or are simply correlated 
with other unmeasured behavioural, morphological or physiological 
traits. While performance traits appeared to be under stronger sexual 
selection in males, females also exhibited similar selection coeffi-
cients to males with respect to the links with performance and fitness. 
We discuss the implications of these findings to our understanding of 
sex-dependent differences in performance and the evolution of ARTs.

4.1 | Effect of performance traits on contest 
outcome and reproductive success

In general, the ability to win aggressive interactions is often pre-
dicted to have a major effect on reproductive fitness with this effect 

TA B L E  3   Loadings of variables and percentage of variance 
explained by each principle component axes (1–4) for z-transformed 
body size and performance traits (bite force, endurance and sprint 
speed) for males (a) and females (b)

Variable PC1 PC2 PC3 PC4

(a) Males 49% 24% 18% 9%

SVL 0.623 – 0.366 0.692

Sprint speed 0.212 −0.959 −0.162 −0.100

Size corrected bite force 0.603 0.154 0.321 −0.714

Endurance 0.451 0.240 −0.858 –

(b) Females 51% 24% 16% 9%

SVL 0.636 – 0.291 0.713

Sprint speed 0.159 0.964 −0.158 −0.141

Size corrected bite force 0.580 −0.126 0.427 −0.682

Endurance 0.484 −0.228 −0.842 −0.073

F I G U R E  3   Relative reproductive 
success in relation to principle component 
axis 1 (PC1) and 3 (PC3). Loadings of 
performance and body size on each axis 
are provided in Table 3
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being mediated by performance as a predictor of contest outcome 
(Husak & Fox, 2008; Husak, Lappin, et al., 2006; Irschick et al., 2008; 
Le Galliard & Ferrière, 2008; Sinervo et al., 2000). Aggressive, domi-
nant males with high maximal performance capacity are expected 
to have high resource holding potential and are better able to de-
fend territories and monopolize females. Despite this commonly 
held view, the role of performance traits in contest outcome, or its 
correlation with reproductive success, is seldom explicitly tested 
(Husak & Fox, 2008; Husak, Fox, et al., 2006; Husak et al., 2008; Le 

Galliard & Ferrière, 2008). Predicting simple linear relationships be-
tween performance and fitness is likely to be too simplistic (Husak 
& Fox, 2008), particularly given the presence of different reproduc-
tive strategies in many mating systems (Oliviera et al., 2008). In sup-
port of this notion, our results suggest that performance traits, even 
ones predicted to be important (i.e. bite force and endurance) (Husak 
& Fox,  2008; Miles, Calsbeek, et al., 2007), are weakly related to 
dominance and reproductive success in E. quoyii. Better perform-
ing individuals did not have a higher probability of winning contests 
or siring more offspring. The lack of strong relationships between 
performance and contest outcome we observed is likely because so 
few contests escalated to levels that would require sustained perfor-
mance (i.e. strong biting and endurance) (Lailvaux & Irschick, 2007). 
These patterns may be different in species where territoriality is 
more strongly linked to reproductive success. Nonetheless, our 
results highlight the need to have more explicit tests of the rela-
tionship between performance, contest outcome and reproductive 
success and to carefully consider the mating system in question 
prior to making assumptions about their expected links (Husak & 
Fox, 2008). Predictions are likely to be complex, and we argue that 
combining experiments on both dyadic contests with some measure 
of field or semi-natural estimate of fitness will help elucidate if, and 
how, performance affects fitness.

4.2 | Alternative reproductive tactics and the role of 
behaviour in understanding patterns of selection on 
performance

Sexual selection often leads to males adopting status-dependent 
alternative reproductive tactics (Andersson,  1994; Gross,  1996). 
The integration of behavioural, physiological and performance 
traits permit males to acquire paternity through subtly different 
mechanisms, and such behavioural variation has important con-
sequences for understanding selection on performance in nature 
(Irschick, 2002). The mechanistic link between performance and 

TA B L E  4   Effect of principle component axes on relative 
reproductive success (males and females) and the number of 
clutches sired (males). Loadings of variables are provided in Table 3

PC Axis Estimate SE t-Value
p-
Value

Male relative reproductive success

(Intercept) −0.357 0.205 −1.74 .085

PC1 0.592 0.153 3.858 <.001

PC2 −0.277 0.17 −1.632 .106

PC3 0.409 0.209 1.953 .054

PC4 0.293 0.276 1.061 .291

Clutches sired

(Intercept) −0.365 0.164 −2.228 .028

PC1 0.380 0.124 3.058 .003

PC2 −0.341 0.147 −2.329 .022

PC3 0.307 0.179 1.717 .089

PC4 0.178 0.245 0.726 .470

Female relative reproductive success

(Intercept) −0.196 0.117 −1.684 .096

PC1 0.408 0.079 5.151 <.001

PC2 0.263 0.115 2.282 .025

PC3 0.181 0.122 1.488 .140

PC4 0.437 0.173 2.517 .014

Estimates that are italics = p < .10 and bold = p < .05. 

F I G U R E  4   Model-averaged predictions of relative reproductive success (w) for females (n = 96) as a function of performance traits. 
Model predictions were done using full model-averaged estimates
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fitness in E. quoyii, should one exist, likely depends on the spe-
cific reproductive strategies males and females adopt. The high 
degree of model uncertainty, the presence of an interaction be-
tween sprint speed and bite force in males and the fact that PCAs 
suggested multiple links between fitness and performance lend 
support to this notion. Model-averaged predictions and the raw 
data (Figure 1) also show subtle but potentially important differ-
ences among large males that suggest an integration between per-
formance and behavioural tactic. Male E. quoyii have been shown 
to exhibit different, behaviourally driven ARTs (Noble, Wechmann, 
et al., 2013; Stapley & Keogh, 2004, 2005), with floater and ter-
ritorial males exhibiting different activity levels and home ranges. 
Performance traits may be different for these tactics for two rea-
sons. First, while we found weak evidence for direct selection on 
performance traits, they may still be targets of selection and in-
tegrated with behavioural tactics through correlational selection. 
In other words, performance traits may be necessary or facilitate 
the success of behavioural tactics; however, experiments would 
be necessary to explicitly test this hypothesis.

Alternatively, performance may simply be a consequence of 
the specific physical and behavioural demands imposed by the 
behavioural tactic individuals adopt with behavioural traits being 
the direct targets of selection. For example, large home ranges 
and higher activity levels of floater males may provide an envi-
ronment that facilitates better locomotor capacity compared to 
territorial males. This is analogous to increased exercise training 
that often accompanies heightened performance (Van Damme 
et  al.,  2008). However, we acknowledge that we cannot provide 
robust evidence for either of these hypotheses because we do 
not have behavioural data that would elucidate the specific male 
tactic. Indeed, in the closely related E. heatwolei both males and 
females have been shown to adopt different alternative reproduc-
tive tactics that yield similar fitness outcomes (Keogh et al., 2013; 
Stapley & Keogh, 2004, 2005). The fact that female E. heatwolei 
adopt different ARTs may provide an explanation for the observed 
links between performance and fitness in female E. quoyii, when 
we predicted only selection on female body size. As of yet it is 
unclear whether female E. quoyii do adopt different reproductive 
strategies or whether the relationship between performance and 
fitness we observed is simply an indirect consequence of strong 
collinearity with other physiological/behavioural traits we were 
not able quantify.

4.3 | Sex-specific selection and the evolution of sex 
differences in morphology and performance

Sexes of many species differ in morphology and performance 
(Van Damme et al., 2008). In lizards, males most often have higher 
sprinting speed, endurance and bite force (Lappin et  al.,  2006; 
Van Damme et al., 2008). Sex differences have been attributed to 
sexual dimorphism in body size and head dimensions as a result of 
sexual and natural selection on morphology or performance (Van 

Damme et  al.,  2008). In E. quoyii, males and females do not dif-
fer in body size, but they do differ in head and limb dimensions 
(Noble, Fanson, et al., 2014; Schwarzkopf,  2005) and exhibit sex 
differences in bite force, endurance and sprinting speed (Noble, 
Fanson, et al., 2014).

We show that selection on body size is similar in magnitude 
in males and females possibly explaining the lack of sexual size 
dimorphism (SSD) we see in this species (Noble, Fanson, et al., 
2014). In addition, there is weak evidence that performance af-
fected survival across sexes in our mating experiment (See 
Table  S5). Strong sexual selection on body size in males con-
fers an advantage in intrasexual competition (Cox et  al.,  2003). 
Indeed, we show larger body size in male E. quoyii is advantageous 
in winning escalated staged contests. In contrast, selection on 
large females provides a fecundity advantage and these selective 
processes together can lead to a lack of SSD (Cox et  al.,  2003; 
Olsson et al., 2002). As such, the unexpected similarities in the 
relationship between performance and reproductive success 
between males and females may be an indirect consequence of 
strong selection on body size in both sexes, which is correlated 
with performance. Stronger directional selection on bite force, 
independent of body size, in males compared to females may also 
explain the differences in bite force between the sexes (Noble, 
Fanson, et al., 2014). Bite force is closely linked to head dimen-
sions (Herrel et al., 2007), and while it was not important in pre-
dicting contest outcome, head dimensions could be a signal of 
male dominance explaining its stronger relationship to fitness 
in males compared to females. The proximate underpinnings of 
sexual shape dimorphism and bite force in this species are still 
unclear (Noble, Fanson, et al., 2014). Different organisational ef-
fects of anabolic steroids, leading to differences in head shape 
or muscle development, may result in differences in bite force, 
despite similar selection on adult body sizes between the sexes. 
Alternatively, differences in aggression or dietary preferences 
between the sexes might also help build jaw musculature and lead 
to increased bite force in males.

5  | CONCLUSIONS

Evolutionary biologists have expressed great interest in under-
standing how selection acts on performance traits given they are 
predicted to have a direct relationship with fitness. Yet, most work 
often assumes these links or establishes links using indirect fit-
ness measures. While sex differences in performance exist across 
diverse taxa (Van Damme et al., 2008), it is not yet clear whether 
sexual selection is a major player generating these differences. 
Indeed, there have only been a few studies quantifying sexual 
selection (i.e. reproductive success) on performance traits. Our 
results suggest that performance traits are not likely direct tar-
gets of sexual selection in E. quoyii, but rather an indirect result 
of strong sexual selection on behaviour / body size or a develop-
mental outcome of the different environmental niches individuals 
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adopting different ARTs occupy. While males and females exhibit 
clear differences in performance in E. quoyii, sexual selection is 
likely only a minor force in generating these differences. Our study 
highlights the importance of explicitly testing the link between fit-
ness and performance in both pre- and post-copulatory contexts. 
We also stress the need to incoperate aspects of a species’ mat-
ing system when making predictions on the links between perfor-
mance and fitness in the future.
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Figure S1 – Biplot of principle components 1 and 2 and 1 and 3 showing loadings of performance traits.  
  



 

 
Table S1 – Pearson’s correlation coefficients between body size, sprint speed, bite force and endurance in 
males. Below diagonal are coefficients and above diagonal is the significance of coefficients. Sample size 
for all correlations is n = 97. ‘***’ P < 0.001; ‘**’ P < 0.01; ‘NS’ not significant. 
 
 
 
 
 
 
 
 
 
 
 
Table S2 – Pearson’s correlation coefficients between body size, sprint speed, bite force and endurance in 
females. Below diagonal are coefficients and above diagonal is the significance of coefficients. Sample 
size for all correlations is n = 96. ‘***’ P < 0.001; ‘**’ P < 0.01; ‘NS’ not significant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 SVL Sprint speed Bite force Endurance 
SVL -  NS *** *** 
Sprint speed 0.18 - NS NS 
Bite force 0.62 0.10 - *** 
Endurance 0.34 0.06 0.36 - 

 SVL Sprint speed Bite force Endurance 
SVL - NS *** *** 
Sprint speed 0.18 - NS NS 
Bite force 0.63 0.06 - *** 
Endurance 0.42 0.04 0.38 - 



 

Table S3 – Top model set used for model averaging for male (n = 97) relative reproductive success and 
clutches sired (n = 97). Abbreviations are as follows* SVL = snout-vent length; SS = sprint speed; BF = 
size corrected bite force; Endur = Endurance; df = degrees of freedom; logLik = model log likelihood; ∆ 
= ∆AICc; w = model weight. Enclosure was included in the global model but was not present in the top 
model candidate set (i.e. ∆AICc < 3) for any of the traits. 
 
 

 
 
 
 
 
 
 
 
 

Models  df logLik AICc ∆ w R2 
Male Relative Reproductive Success       
1 + SS+ SVL 3 -133.273 272.805 0 0.114 0.235 
1 + BF + SS+ SVL + BF*SS 5 -131.367 273.393 0.588 0.085 0.265 
1 + SS+ SVL + SVL2 4 -132.666 273.767 0.963 0.070 0.245 
1 + BF + SS+ SVL 4 -132.735 273.905 1.101 0.066 0.244 
1 + BF + SS+ SVL + SVL2 5 -131.736 274.132 1.327 0.059 0.259 
1 + BF + SS+ SVL + SVL2 + BF*SS 6 -130.621 274.176 1.372 0.057 0.276 
1 + SS+ Endur + SVL 4 -133.065 274.564 1.759 0.047 0.239 
1 + BF + SS+ SVL + Endur2 + BF*SS 6 -130.881 274.696 1.891 0.044 0.272 
1 + SVL 2 -135.307 274.742 1.937 0.043 0.203 
1 + SS+ SVL + Endur2 4 -133.160 274.755 1.951 0.043 0.237 
1 + SS+ SVL + BF2 4 -133.180 274.794 1.990 0.042 0.237 
1 + SS+ SVL + SS2 4 -133.273 274.981 2.177 0.038 0.235 
1 + BF + SS+ Endur + SVL + BF*SS 6 -131.158 275.250 2.445 0.034 0.268 
1 + BF + SS+ SVL + Endur2 + SVL2 + BF*SS 7 -130.072 275.402 2.598 0.031 0.284 
1 + BF + SS+ SVL + BF2 + BF*SS 6 -131.254 275.441 2.637 0.031 0.266 
1 + BF + SS+ Endur+ SVL 5 -132.409 275.477 2.672 0.030 0.249 
1 + BF + SVL 3 -134.640 275.539 2.734 0.029 0.213 
1 + BF + SS+ SVL + SS2 + BF*SS 6 -131.330 275.593 2.789 0.028 0.265 
1 + SS+ Endur + SVL + SVL2 5 -132.490 275.639 2.835 0.028 0.248 
1 + BF + SS+ SVL + BF2 + SVL2 + BF*SS 7 -130.206 275.670 2.865 0.027 0.282 
1 + SS+ SVL + Endur2 + SVL2 5 -132.526 275.712 2.908 0.027 0.247 
1 + BF + SS+ Endur + SVL + SVL2 6 -131.416 275.765 2.960 0.026 0.264 
       
Male Clutches Sired        
1 + SS + SVL 3 -117.246 240.751 0 0.311 0.156 
1 + SS + Endur+ SVL 4 -116.911 242.256 1.505 0.147 0.162 
1 + BF + SS + SVL 4 -117.071 242.576 1.825 0.125 0.160 
1 + SS + Endur2 + SVL 4 -117.132 242.699 1.948 0.118 0.158 
1 + BF2 + SS + SVL 4 -117.208 242.852 2.101 0.109 0.157 
1 + SS + SS2 + SVL 4 -117.230 242.894 2.143 0.107 0.157 
1 + BF + SS + SVL + BF*SS 5 -116.361 243.382 2.631 0.084 0.172 
       



 

Table S4 – Top model set used for model averaging female (n= 96) relative reproductive success. 
Abbreviations are the same as Table 1. 
 

 
Survival Analysis 
 
We tested the extent to which lizard survival across the season might be predicted by performance traits. 
To test this, we fit a logistic regression model with survival (‘1’ = survived; ‘0’ = died) as our response 
variable and z-transformed performance, bite force, endurance and spring speed as fixed effects. We also 
included enclosure, sex, body size (SVL) and condition as a fixed effects to account for any possible 
differences between enclosures and control for body size and sex differences in performance traits. We fit 
a series of models that included main effects of these variables, subsequently dropping a single variable at 
a time and calculating AICc. We also fit a null model (intercept only model). We did not include any 
interactions because we did not have any a priori reason to expect non-linear and correlational selection 
on these traits. 
 
Overall, we found that the top supported model was the null model (Table S5) with a 61% probability that 
it is the best approximating model and it was greater than 4 ∆AICC units away from the second best 
model. Unsurprisingly, effect sizes (as shown from the full model – Table S5) were very small, 

Models  df logLik AICc ∆ w R2 
Female Relative Reproductive Success       
1 + BF2 + SS + SS2 + SVL 5 -124.063 258.792 0 0.080 0.23 
1 + BF2 + SS + SVL 4 -125.270 258.979 0.187 0.072 0.21 
1 + SS + SS2 + SVL 4 -125.332 259.104 0.312 0.068 0.21 
1 + SS + SVL 3 -126.464 259.189 0.398 0.065 0.19 
1 + SVL 2 -127.572 259.272 0.480 0.063 0.17 
1 + BF2 + SVL 3 -126.674 259.608 0.816 0.053 0.19 
1 + Endur2 + SVL 5 -124.685 260.037 1.246 0.043 0.22 
1 + SS + SS2 + Endur2 + SVL 3 -126.901 260.062 1.270 0.042 0.19 
1 + SS + Endur2 + SVL 4 -125.844 260.127 1.336 0.041 0.20 
1 + BF2 + SS + SS2 + Endur2 + SVL 6 -123.600 260.144 1.352 0.040 0.24 
1 + SS2 + SVL 5 -124.828 260.323 1.531 0.037 0.22 
1 + BF2 + SS + Endur2 + SVL 3 -127.079 260.420 1.628 0.035 0.18 
1 + BF2 + Endur2 + SVL 4 -126.155 260.750 1.958 0.030 0.20 
1 + BF2 + SS2 + SVL 4 -126.156 260.752 1.960 0.030 0.20 
1 + BF + BF2 + SS + SS2 + SVL 6 -123.992 260.928 2.136 0.027 0.23 
1 + Endur + SVL 6 -124.047 261.037 2.245 0.026 0.23 
1 + BF2 + SS + SS2 + Endur + SVL 5 -125.223 261.112 2.320 0.025 0.21 
1 + BF + BF2 + SS + SVL 3 -127.447 261.156 2.364 0.024 0.18 
1 + SS2 + Endur2 + SVL 5 -125.257 261.180 2.388 0.024 0.21 
1 + SS + SS2 + Endur + SVL 5 -125.260 261.187 2.395 0.024 0.21 
1 + BF2 + SS + Endur + SVL 4 -126.388 261.215 2.423 0.024 0.19 
1 + SS + Endur + SVL 4 -126.402 261.243 2.451 0.023 0.19 
1 + BF + SVL 5 -125.328 261.322 2.530 0.022 0.21 
1 + BF + SS + SVL 4 -126.453 261.345 2.554 0.022 0.19 
1 + BF + SS + SS2 + SVL 3 -127.566 261.393 2.601 0.022 0.17 
1 + BF2 + Endur + SVL 4 -126.616 261.672 2.881 0.019 0.19 
1 + BF + BF2 + SVL 4 -126.636 261.713 2.921 0.018 0.19 
       



 

suggesting little evidence that performance traits were important for survival in our semi-natural 
enclosures. 
 
Table S5 – Log odds and standardized selection differentials (Janzen & Stern, 1998) for the effects of 
body size (SVL), body condition, sprint speed and endurance on survival probability during the breeding 
period. Each variable was dropped from the full model to assess impact of its removal on model 
explanatory power. All models were compared with a null model (intercept only). Estimates are presented 
from the full model, which contained enclosure. All phenotypic traits were standardized (x̅  = 0, sx = 1) 
prior to analysis. Final sample size for the analysis included 97 males and 96 females (n = 193) for which 
we had complete data. 
 

 Logistic Regression Standardized Coefficients 
Coefficient Estimate SE Estimate SE 
Intercept  0.61 0.41  0.150 0.102 
Sex (M) -0.30 0.33 -0.080 0.084 
Body condition  0.17 0.19 -0.040 0.046 
SVL -0.03 0.18 -0.010 0.046 
Sprint Speed  0.01 0.18  0.002 0.046 
Endurance -0.15 0.19 -0.037 0.048 
     
Single term deletion AICC ∆AICC w  
Null 222.84 0 0.617  
Speed 226.90 4.06 0.081  
SVL 226.91 4.07 0.081  
Endurance 227.48 4.64 0.061  
Sex 227.72 4.88 0.054  
Condition 227.77 4.93 0.052  
Full Model 229.05 6.21 0.028  
Enclosure 229.15 6.31 0.026  

 
 
References 
Janzen, F. J. & Stern, H. S. 1998. Logistic regression for empirical studies of multivariate selection. 

Evolution 52: 1564-1571. 
 


	Noble_Kar_Nakagawa_Keogh_Whiting_2021_JEB_Eulamprus_sexual_selection_performance_traits.pdf
	jeb13752-sup-0001-supinfo

