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ABSTRACT

During the establishment of social relationships, many animals use displays to
communicate about fighting ability or territory holding capacity. Typically, scincid lizards
are cryptically coloured, and thought to have rudimentary social behaviour not involving
contests or territoriality. Male jewel skinks (Carlia jarnoldae), however, exhibit bright
colouration, use relatively complex social displays, and appear to be territorial. | examined
the social and physical contexts of displays used during the establishment of dominance
between pairs of males in experimental enclosures. | also determined whether body size, the
colour (i.e., hue, value, chroma) of three colour patches (green-blue throat, blue dorso-lateral
spots and orange flanks), or the size of the orange flank patch were associated with
dominance, and tested the prediction of “sequential assessment game” theory that contests
should be more escalated when opponents are most similar in body size or colour area. In my
experimental enclosures, the lizards almost always (26/33) formed dominant-subordinate
relationships within the first 48 hours of contact. Head bobbing and tail waving appear to be
important means of opponent assessment in this species, as lizards spent more time engaging
in these displays when they first interacted than a day later. Dominants displayed
significantly more than subordinates on both observation days. The lizards displayed most in
environmental contexts that maximised their conspicuousness, i.e., head bobs and tail waves
both occurred more often on a raised platform, in the centre of the enclosure, and in the sun,
whereas tail waving, which is the most conspicuous behaviour, also occurred frequently on
the flat sandy substrate of the enclosures. Displaying on raised surfaces, in central locations,
and in the sun probably enhances the efficiency of communication of specific displays.
found that body size was a very strong predictor of dominance in C. jarnoldae, but that the
colours of the three patches were not. A trend for dominants to have larger orange patches
relative to their body size than did subordinates approached significance, suggesting that
colour patch size may also influence the outcome of dominance relationships. Orange patch
size may be more important in nature, acting as a long-distance visual cue to territory
ownership and fighting ability, allowing individuals to avoid escalated conflicts by assessing
each other from afar. Contrary to the predictions of the sequential assessment game,
escalation increased rather than decreased with the difference between opponents in body
mass, and did not decrease over time, suggesting that dominant male jewel skinks will not
tolerate intruders within their territory, and continue to escalate contests even with repeated
intrusions by the same individual. In general, male Carlia jarnoldae use displays to
communicate with conspecifics, and form social relationships that give the dominant

individual priority of access to shelter and display sites. Body size is an important

Vi



determinant of the outcome of contests, and orange colour patch size may be a cue allowing
assessment of body size in this species. Dominant individuals do not tolerate intruders,
suggesting that these species are territorial in nature. Thus, Carlia jarnoldae do not fit the
typical pattern for skinks, but are more similar to other taxa of lizards that are highly social

and territorial.
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GLOSSARY

Chroma: saturation, of or pertaining to a colour.

Diurnal: primarily active during the day.

Fossorial: associated with the ground or subsurface.

Hue: colour as determined by position of wavelengths within the visual spectrum (i.e.,
“green” or “blue”).

SVL.: snout-to-vent length

Value: greyness, of or pertaining to a colour.

Behaviours of Carlia jarnoldae:

Head Bob: rapid up and down movement of the head.

Tail Wave: side-to-side movement of the entire tail.

Distal Third: subdued tail wave in which only the distal third portion of the tail is waved.

Gape: wide opening of the mouth.

Throat Flash: sideways tilt of the head at a 90° angle.

Head Tilt: sideways tilt of the head at a less-than-90° angle.

Bask Flat: dorsoventral flattening of the body against the substrate.

Bask Normal: head raised but forebody resting on substrate.

Bask High: head and forebody raised off substrate by full extension of the forelimbs.

Body Lift: head and entire body raised off substrate by full extension of the forelimbs and
hindlimbs.

Lateral Tilt: posture such that body is tilted to one side.

Xii



HEDGING ONE’'SPARENTAL BETS

(Completed during initial project, “Intra-clutchniation in egg provisioning

by frogs of the Australian Tropical Savanna”)

ABSTRACT

Plants and animals have a great diversity of parental investment strategies to maximize
their fitness. They vary in the number of clutches produced within breeding seasons and
over entire life spans; the number and size of offspring among clutches; and evenin the
degree of variability in investment in each offspring within a single clutch. Restrictions
on the values of these traits are imposed by tradeoffs between current and future
reproduction and between the size and number of offspring produced at once, and also
by the degree of temporal environmental variability to which organisms are exposed. In
a constant environment, organisms should evolve a canalized, optimal form of any trait.
In a predictably variable environment, organisms may evolve phenotypic plasticity.
However, when environments vary unpredictably, organisms should evolve bet-hedging
tactics, which maximize geometric mean fitness across generations. Bet-hedging can
involve spreading reproductive investment across time and varying the amount invested
in offspring among or within clutches. In this paper | review parental investment
strategies involving diversified bet-hedging in temporally unpredictable environments,

and provide an overview of the evidence so far.

INTRODUCTION

Any organism’s primary goal is to reproduce (Rd@®2). The rate of reproduction is
strongly affected by how organisms allocate thefiroductive effort among offspring and over time.
Plants and animals have evolved an enormous diyefgparental investment strategies to
maximise their rates of reproduction.

Parental investment strategies vary greatly irdib&ibution of reproductive effort over
time. Iteroparous species produce a number ohbatof offspring throughout their lifetime, while
semelparous species concentrate all their reprivéuetfort into one “big bang”, and then die (Roff
1992). Within iteroparous species, parents mayymedatches continuously, once or many times
during an annual breeding season, or only everyfays. Within semelparous species, parents may
produce propagules with variable diapause durdtimpper 1999), or dormancy times (Capinera

1979), as an alternative way to spread offsprimglpction through time.



Tremendous variation also exists in the stratgggeents use to partition their reproductive
effort between offspring size and number. The garteznd is that organisms either produce few
relatively large offspring, or many relatively sinahes. For example, a blue whale produces a
single large calf at once, while a sturgeon reledéses to hundreds of millions of tiny eggs in a
single spawning event (Stearns 1993). Differentss @ccur in the degree @driation in size of
propagules, not only among related species (ergatmles: Poulin & Hamilton 2000; salamanders:
Wilbur 1977), but also among individuals within pdgttions (e.g. bees: Kim & Thorp 2001; frogs:
Luddecke 2002), between the successive clutchasiofgle individual (e.g. snails: Baur & Baur
1997; lizards: Olsson & Madsen 2001, terrapins: $®oburg & Dunham 1997), and even within a
single clutch. Considerable within-clutch variatiaroffspring size occurs in various species of
plants (Harpeet. al 1970, Capinera 1979), birds (Lack 1947, O’Corit#8, Herbert & Sealy
1993, Forbes 1999), reptiles (Hagsal 1993), fishes (Mazzoldit. al 2002), insects (Capinera
1979), and amphibians (Crump 1981, Crump 1984; &agl King 1997; Lips 2001).

The diversity of possible reproductive investmerdtegies is affected by both evolutionary
tradeoffs (which will be discussed later in moréadE and by the degree of environmental
uncertainty to which organisms are exposed. Enwiemtal uncertainty in climate, resource
availability, predation pressure, and competitian mfluence how females partition resources
among offspring and clutches (Lips 2001). If enmim@ntal conditions are constant, organisms
should evolve a canalized, “optimal” egg or clusite (Capinera 1979). When conditions vary
predictably, organisms may evolve phenotypic ptitgtiwhich results in environmentally cued,
non-random responses (Lips 2001). However, wheditions vary unpredictably, recent theory
suggests organisms should evolve a “bet-hedgimgtegty, in which investment is partitioned such
that at least some offspring will survive, no mattéat environmental conditions are encountered
(Seger and Brockmann 1987). Parents may achievdyhilispersing their offspring through time
(by being iteroparous, or by producing offspringhaariable dormancy times), or across an
environment-specific fithess gradient (by produdiffgpring with variable phenotypes), or both.

In this paper | will review the role of bet-hedgiimgparental investment strategies evolved
within temporally varying environments. | will firprovide a background on the theory of bet-
hedging, then discuss how parental investmentgjieg are shaped by various tradeoffs. Finally, |
will discuss the available evidence for parentéitmxiging. Although “parental investment” can
potentially encompass a broad range of reproduetitigities such as courtship, territorial defence,
and parental care, my use of the term is restrictéts simplest meaning, propagule production.
Furthermore, my review will only consider bet-hadgin plants, and in animals that do not provide
parental care.



BET-HEDGING

The term “bet-hedging” was first used in the cohtExeproductive strategies by Slatkin
(1974) in a response to Gillespie’s observatiory ) 3hat selection can favour repeated production
of smaller clutches of offspring (iteroparity) owe production of a single large clutch
(semelparity), because it reduces variance in paréitmess. The term has since been expanded to
include any trait that reduces variance in fitn@gsr generations, even if it entails a ‘sacrifioé’
expected fithess within any given generation (Bhili& Seger 1989).

The concept of bet-hedging at first appears paiiadbx it suggests that there are
exceptions to the rule that natural selection fagdraits that maximize an individual’s expected
number of surviving offspring. The theory of bedlylg claims that if an environment varies
temporally, phenotypes with low variances of fithesay be favoured over alternatives with higher
variances, even if the alternatives have highemnfigzesses.

The apparent paradox is resolved by closer exarmimat the way in which “fithess” is
calculated. Because evolution occurs over time twisters is the increase or decrease in gene
frequencies over generations of reproduction (Hofp89). Therefore, when the fitness of a
genotype varies over generations, the appropriasesaore of its relative growth rate is the geometric
mean of fitness across generations, not the arttbmmean of the fitness distribution (Gillespie
1974). Equal to thath root of the product af numbers, the use of the geometric mean allows for
the fact that fithess is determined by an inheyamililtiplicative process, and not an additive one
(Seger & Brockmann 1987, Simons 2002).

In an unchanging environment, the number of indiald surviving in each generation will
be equal, and the geometric and arithmetic meahbavthe same. However, if the numbers vary
even slightly, the geometric mean will always k&slthan the arithmetic mean; and the more
variable the numbers, the smaller the geometricrbeaomes (Seger & Brockmann 1987;
Yoshimura & Jansen 1996). Consequently, the gedomatan fitness of a genotype can be can be
increased by reducing the variance of its fithesei( generations), even if the reduction of varanc
also entails a reduction in the arithmetic meariliith & Seger 1989). In contrast, the arithmetic
mean will overestimate fitness to an increasingeegith increasing variance among generations.
For example, if the fithess of a genotype in ang gear is zero, the geometric mean drops
automatically to zero, as the genotype has gorieatXtyoshimura and Jansen 1996). The
arithmetic mean, however, will remain an averaggesfotypic fithesses in surrounding years.

To summarise, the appropriate measure for genofigpass across generations is the

geometric mean, and this can be maximized by raedubie variance in fitness between generations,



even if it entails a reduction of the arithmeticaneSeger and Brockmann (1987:182) thus
described bet-hedging as “a tradeoff between tremraed variance of fitness”.

Simons (2002) pointed out that this descriptiobdsed on a misconception; because the
correct measure of fithess across generationgigegbmetric mean, and this is maximized by
decreasing intergenerational variance, there tsateoff. He asserted that the geometric mean is
always the appropriate intergenerational measure ofdtnand so “the assumption that expected or
within-generation fithess is maximized by natuedkstion is simply wrong” (Simons 2002: 692).
He attributed the persistence of “the misguideddddf idea” to the fact that it reconciles the more
accessible view of selection - that organisms elecsed towards an optimal state for a given
environment - with the more accurate view - thgnisms are selected towards an optimal state
given a series of different environments (Simon32®92). Although Simons is correct that
selection should always maximise geometric meaeds, all previous studies have focused on the
concept of tradeoffs, and | will restrict my reviéavcases of bet-hedging which do sometimes

reduce the arithmetic mean in order to maximisexggdc mean fitness.

Types of Bet-Hedging

Seger and Brockmann (1987) placed bet-hedgingegiest into two categories:
‘conservative’ and ‘diversified’. The authors likeanservative bet-hedging to the adage “a bird in
the hand is worth two in the bush”. As suggestethbysaying, conservative bet-hedging occurs
when the advantage of experiencing very high seo@agching the two birds) even most of the time
does not offset the disadvantage of suffering \@mysuccess (losing all birds) even occasionally.
The geometric mean fitness is instead maximizeaMmyding both extremes and adopting a ‘safe’
intermediate (keeping one bird) all the time. Hopi®99) suggests that in a sense, this
conservative strategy might be better named ‘ngsion’ than ‘bet-hedging’, since the strategy is
to always bet that the environment will be adverse.

Human behaviour often involves conservative begireg] a prime example being the
investment in insurance policies (Seger & Brockma®87). Although insurance costs more than it
is expected to return in the form of benefits (andn average it reduces the wealth of its
customers), it is deemed beneficial because itoesliariance in wealth by preventing total
financial disasters (Seger & Brockmann 1987).

The other form of bet-hedging, ‘diversified’, cam likened to another common saying,
“don’t put all your eggs in one basket” (Seger &8tmann 1987). In this strategy, reduced
variance in the fithess of a genotygoss generations is achieved ncreasing variation in fithess
among individualsvithin generations (Philippi & Seger 1989). This is aebikby increasing



variation in the phenotypic expression of a sirggaotype, and hedges against the chance of
environmental change by ensuring that whateverenwiental conditions eventuate, some
offspring will be well-suited (Hopper 1999).

To find an example of diversified bet-hedginghie tuman world, we need not look past its
name. ‘Bet-hedging’ is the practice of gamblersaae tracks who bet money on several horses in
the same race to increase their average gaingiSt€893).

An example (adapted from Philippi & Seger 1989) Wiither clarify the distinction
between conservative and diversified bet-hedgind,sbhow how both can confer higher geometric
mean fitness than specialized genotypes under timmsliof unpredictable environmental variability.
Suppose a haploid annual plant population occuas ienvironment where ‘wet’ and ‘dry’ years
occur randomly, but with equal frequency. Therefate different genotypes, whose fithesses can

be calculated as follows:

Genotype
Year Type Wet-year Dry-year Conservative Diversified
Specialist Specialist Bet-hedger Bet-hedger
Wet 1.0 0.6 0.785 0.8
Dry 0.58 1.0 0.785 0.79
Arithmetic Mean 0.79 0.8 0.785 0.795
Geometric Mean 0.762 0.775 0.785 0.795

(Note that the numbers in this model can varypag bs the fitness of the conservative bet-hedger i
less than the arithmetic mean of the fithess ofwespecialists). Within each type of year, the
appropriate specialists have the highest fithessvé¥er, these specialists both do poorly in the
wrong type of year, and thus their geometric memoss years is low. It is irrelevant that their
arithmetic means are high, as selection will ach&ximize the geometric mean. The conservative
bet-hedger does equally well in both year typed,athough its best is far worse than either of the
specialists’ bests, its worst is far better. Thisgflected by its higher geometric mean fitness.
Finally, the diversified bet-hedger does bettepssmgenerations than any of the other genotypes,
because some individuals do well every year angd €mine do poorly.

Unless the production of variable phenotypes iglyoar it is possible to produce offspring
that perform better in at least some environméra the arithmetic mean of the performance of
specialist genotypes, a conservative bet-hedgéhaike lower fitness than a diversifying bet-hedger
that produces appropriate phenotypes specializegbith environment in rough proportion to the
likelihood of each environment being encounteredpliin & Cooper 1984; Hopper 1999). | will

concentrate on diversified bet-hedging in the rexai of this review.



Mechanisms of Diversified Bet-Hedging

Little is known about how within-genotype phenotypariation is produced in diversified
bet-hedging (Cooper & Kaplan 1982, Simons & Johm&t@#97). Cooper and Kaplan (1982)
suggested that random phenotypic variation maybeyzed by “adaptive coin flipping”, whereby
the developmental path is determined by a chaneetgehlke the flip of a coin. Although the authors
admitted they did not know what mechanisms ardiéiketo be used as ‘coins’, they suggested three
broad categories as logical possibilities. Theee @) unresolved developmental noise - variation
which cannot be attributed to either genetic factorto environmental circumstances, but which is
brought about by intangible internal sources ofatam; (2) physiological noise - the temporary
values of physiological variables; and (3) enviremtal noise — random and apparently irrelevant
signals from the environment (Cooper & Kaplan 1982)

Simons and Johnston (1997) advocated developmaitd as the most likely mechanism,
and proposed that this could arise from selectioniévelopmental instability in traits. The authors
explained that traits with low developmental st@péire more sensitive to the effects of the
environment, and may therefore exhibit more develmal noise. They argued that rather than
being regarded as a detrimental “inability to ditabl, developmental instability may be better
regarded as “the ability to destabilize developrhemincrease phenotypic variation in bet-hedging
traits (Simons & Johnston 1997: 405).

Whatever the mechanism, it should be noted theapkienotypic diversification produced by
diversified bet-hedging differs in a number of wltysn a mixed evolutionarily stable strategy
(ESS; after Maynard Smith 1982, in Krebs & Davi®93). A mixed ESS may be produced either
by a genetic polymorphism, or by individual genayphat express both phenotypes (Krebs &
Davies 1993). In contrast, a diversified bet-hedgitrategy is the variable phenotypic expression of
a single genotype (Seger & Brockmann 1987). Alttoligth genetic polymorphisms and
diversified bet-hedging are favoured by environrakwariability, they often require different
conditions for evolution, and their underlying maolsms are different (Hopper 1999). Genetic
polymorphisms do not reduce the variance of arviddal genotype'’s fithess — they reduce the
variance of the population’s mean fitness (Seg&rdckmann 1987). In contrast, diversified bet-
hedging reduces the variance of fithess at thd een individual genoptype (Seger & Brockmann
1987). Therefore, genetic diversity would be led@ble as an adaptation to unpredictable but
recurrent instabilities, since selection during saeason could produce individuals with
inappropriate adaptations for the next season (@awil979). If the cost of phenotypic variation

within a genotype is not too high, a single genetwyith a variable phenotype can invade and



replace a genetic polymorphism that includes theesphenotypes expressed by separate genotypes
(Cooper & Kaplan 1982, Hopper 1999).

PARENTAL INVESTMENT STRATEGIES

Producing offspring is expensive. For examplegistites, between 5% and 20% of the
annual energy budget is usually spent on egg laf@oggdoret. al 1982, in Clutton-Brock 1991).

In birds, the daily energetic costs of producingsegre around 29-35% of basal metabolic rate, and
daily protein requirements increase by between 8686230% (Robbins 1983, in Clutton-Brock
1991). Due to these energy demands, the benefitgrgnt reproduction are usually balanced by a
cost, in terms of future growth, survival or feciipdWilbur 1977, Roff 1992). ‘Costs of
reproduction’ may include: depletion of an orgarismsources, leaving it more prone to sources of
mortality such as disease, hypothermia, etc.; greek from predators while seeking a mate, either
because of increased time spent away from safenbasteh as burrows, or because the activities
associated with mate attraction (such as callirhdisplaying) also attract predators; and increased
vulnerability of reproductive females to predatdug to increased visibility or reduced mobility
(Roff 1992).

Because reproduction is costly in terms of energythere is a finite amount of energy
available to parents for investment into offspringrious tradeoffs occur. Tradeoffs are the linlsage
between two or more traits that constrain theingiameous evolution (Stearns 1993). The two
tradeoffs most relevant to parental investmenbateseen current and future reproduction (i.e., the

cost of reproduction), and between quality and rematb offspring.

Semelparity vs. Iteroparity

Whether semelparity or iteroparity is the optinifa history strategy depends on the balance
between the benefits of current reproduction (imteof progeny) and its costs (in terms of
mortality or future reproduction; Hautekéeteal 2001). A substantial number of studies have
shown that production of offspring is associatethwéductions in a parent’s subsequent survival or
breeding success (Clutton-Brock 1991). If the castsso high that death after first reproduction is
certain, a parent will have no reason to consergeurces, and semelparity will be favoured (Gadgil
& Bossert 1970, Roff 1992). However, if it is pddsifor a parent to avert death by investing less
than the maximal possible amount into reproductiord hence conserving some energy for its own
survival), it may increase its lifetime reproduetisuccess by surviving to reproduce again (Roff
1992, Kaitaleet. al 2002).



Because an individual's reproductive potentialighbst at its first reproduction, all life-
history models agree that semelparous organismgdshohieve a higher reproductive output than
iteroparous organisms (Stearns 1993, Ka#alal 2002). In support of this prediction, there is
evidence that reproductive effort is greater in yns@melparous organisms than in closely related
iteroparous organisms (Roff 1992, Stearns 1993{dkaetect. al 2001).

However, the environment also plays a major rol@atermining life histories, by shaping
variance in juvenile and adult survival (Gadgil &&ert 1970, Stearns 1993, Benton & Grant
1999). Environments often vary unpredictably oumet and both juveniles and adults may be
vulnerable to changes in environmental qualitadélt survival is more variable than juvenile
survival, semelparity will be favoured becausea tincertain whether parents will live to breed agai
(Gadgil & Bossert 1970, Roff 1992). However, if @gniles are more vulnerable to temporarily harsh
environments, and environmental quality cannotreéipted by parents, it may be beneficial for
parents to produce a number of clutches over aggrieater than the time scale of environmental
variation (Wilbur 1977, Schultz 1989, Benton & GrdA99, Hopper 1999). In this way, iteroparity
increases the chances that at least some offspiihgxperience favourable conditions, and so
reduces the variance in parental fithess. Thusgity may be considered a form of bet-hedging,
because although it may reduce mean reproductitggiplit can increase the geometric mean of
parental fithess by reducing within-generation aace in fithess (Stearns 1993). These conclusions
are supported by the results of a model by JonasdrEbenman (2001), which showed that
semelparous organisms face a higher risk of extin¢han iteroparous organisms under such
circumstances.

Interestingly, Benton and Grant (1999) found theynstrong environmental variability
selects not only against semelparity, but alsoregdtieroparity over an extremely long reproductive
life, since variability selects for an increaseirergy diverted to reproduction to minimize thé ris
of death before significant reproductive succesdtaned. The authors nevertheless concluded that
in a variable environment, semelparity is the E88nly 3.5% of cases, while iteroparity is the rule
(Benton & Grant 1999).

However, other authors have found that semelpasitysometimes evolve in a temporally
variable environment by using alternative mechasitmreduce reproductive uncertainty (Real &
Ellner 1992, Benton & Grant 1999). For example, egarous plants with variation in seed
dormancy duration, and insects with variation impdiuse duration can achieve functional iteroparity
(Wilbur 1977, Hopper 1999). Evidence for bet-hedgita variation in dormancy times of offspring
will be considered below.



Offspring Size vs. Number

Whether parents reproduce once or many times, thafeays a finite amount of energy
available to be channeled into offspring at anytime. In species that produce more than one
offspring, this energy must be split between offgprThere are two “intuitively obvious”
relationships with regards to patterns of energeexiture by parents: (1) as the energy expended
on individual offspring increases, the number d§jofing that parents can produce decreases; and
(2) as the energy expended on individual offspiigeases, the fitness of individual offspring
increases (Smith & Fretwell 1974: 499). These iatships result in a tradeoff between the size and
number of offspring an individual can produce. Sab8al circumstantial evidence has been found
to support this tradeoff, particularly when comparis are made between closely related species
(Clutton-Brock 1991, Roff 1992). For example, indsi (Lack 1947), fish (Wootton 1979),
amphibians (Salthe 1969), and reptiles (Dericks®r61 Ferguson & Fox 1984), species that have
relatively larger eggs or neonates typically pradsmall clutches or litters.

Many models have attempted to predict the optirmategy for dividing parental investment
among offspring, based on this tradeoff. The ctasgidel by Smith and Fretwell (1974) has been
the basis of most subsequent work. Their modeinasd that there is a finite amount of energy
available for reproduction at any given time, amat 8 minimum level of investment is required
before an offspring can survive at all (Figureda@int M); and above this point, offspring fithess
increases at a constantly decreasing rate witlkeasing parental investment (i.e., is monotonically

increasing; Figure 1a).

Optimal egg size under these conditions can beetkgraphically by finding the point at which a
straight line from the origin is tangent to thespffing fitness curve (Figure 1a, point A). Thishe
point at which the slope (representing offspriigdss returned per unit parental investment), and
thus parental fitness, is maximized (Figure 1bnpaj). Other investment strategies will provide
lesser returns of parental fithess (e.g., Figurarithlb, points B and C). The Smith-Fretwell model



therefore predicted that there is a single optiofi@ipring size that maximizes parental fitness. An
extended interpretation of this result is that éguaestment in all young represents the theorktica
optimal strategy.

However, the validity of one of the main assumpiof the Smith-Fretwell model, that
offspring fitness is a monotonically increasingdtion of size, has been questioned. Capinera
(1979) disagreed that larger propagule size nedlgssanfers greater fitness. Instead, he argued
that under any particular set of conditions, aateiintermediate size is often optimal. For example
when planted at a depth of 6¢cm, seedlings fronelfiex seeds emerge faster than those from small
seeds; at a depth of 1cm small seeds emerge migtdygand at 3cm there is no significant
difference in germination time (Harper & Obeid 198¥Capinera 1979). Hence, large seeds are
only at an advantage when buried deeply, perhagaulse they have difficulty obtaining sufficient
water for germination due to their lower surfaceaaio volume ratio (Harper & Obeid 1967, in
Capinera 1979).

Wilbur (1977) argued that there are a number o$ibtes shapes the fitness function may
take, depending on the selective mechanism progiicifhese include: (1) a power function (such
as the one suggested by Smith and Fretwell); (&rabolic function in which survival increases to
a maximum at some intermediate offspring size thelines at larger sizes (such as the one
suggested by Capinera); (3) a concave upward famciind (4) a linear function. He explains that
different fitness functions predict different optihoffspring sizes, and that variation in offspring
size may result from a number of different fitn&gsctions acting at once. Whatever the
shape of the offspring fitness function, it seeikaly that parental fithess only increases up to a
certain point of offspring size, after which it lo@ges increasingly beneficial for a parent to preduc
more offspring.

Another major limitation of the Smith-Fretwell mddethat it does not consider
environmental variability, and therefore predittattthe optimal parental strategy is to divide
reproductive effort evenly between offspring ofragte optimal size. Winkler and Wallin (1987)
also used this assumption, and predicted thatti@rian total reproductive effort of individuals
within a population should be greater than varighih effort per offspring within individual
clutches, because the latter depends on fewerblasiaHowever, different environments are likely
to produce different fitness functions, which inntwill favour different offspring sizes. Given #i
in spatially or temporally heterogeneous environmé@may be advantageous for organisms to
produce aange of offspring sizes (Capinera 1979; Kaplan & Coop@84; McGinley 1987).

McGinleyet. al (1987) modelled the effect of temporal environraémariation on the

optimal parental investment strategy. They compéresk parental strategies in an environment
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with only two states, good and bad: (1) parentcapable of predicting environmental quality and
adjusting offspring size accordingly, (2) parentsduce offspring of only one size every year (the
size optimal for good years, the size optimal fad lpears, or an intermediate), and (3) parents
produce a combination of small and large offspgagh year. They varied the difference in quality
between good and bad years, and the frequencyoof gears (see Table 1).

TABLE 1: Results of simulations by McGinley et.al (1987) calculating the optimal offspring size in a
temporally variable environment, using geometric mean as a measure of fitness. S = small offspring
only, M = medium-sized offspring only, L = large offspring only, and V = both large and small
offspring.

Probability of a Difference in Quality Between Years

Good Year 2 3 4 6 8
0.2 M M M=L M=L M=L
0.5 M M Y V \%
0.8 M \Y \Y \Y V

The authors found that parents adopting stratg@yticipating environmental change and acting
accordingly) always have the highest fitness. H@axewhen parents are unable to predict
environmental conditions, the optimal strategy esrWhen there is not much difference in quality
between good and bad years, the production of umjfmtermediate-sized offspring is favoured.
When there is a great difference between good add/ears, and a low probability of good
conditions, it is optimal to produce uniform, lamfspring. However, when there is a great
difference between years, but a high probabilitg gbod year, variable offspring production is
favoured. By producing variable offspring undersiheonditions, parents can increase their total
number of offspring surviving in good years, wisbkfeguarding against total failure in bad years.
This can be seen as a form of bet-hedging, becdtismrigh parents do not make as many offspring
as they could in a good year, they never suffed disaster because they always have at least some
offspring which are well-suited to the prevailingvgonment.

Parental | nvestment Strategiesin Variable Environments

We have seen that in theory, temporally unpredietabvironments can favour parents who
hedge their bets by spreading their offspring eitheough time, or across an environment-specific
fithess gradient (in our example, size). Each e§éhrepresents a different solution to the same
problem of unpredictable fluctuations in environiaiguality. In a particularly variable
environment, it is possible that some organisms emaploy both tactics simultaneously (i.e.,
produce a number of clutches over time, each auintaia range of offspring sizes). However, in

many cases it is likely that the geometric meanbmimcreased sufficiently by one tactic or the

11



other. Schultz (1989) thus predicted that semelmooganisms should show greater offspring
phenotypic variance than iteroparous organismsa Datvariation in seed morphology among
annual and longer-lived species of the gebrepis agrees with this prediction (Silverton 1985, in
Schultz 1989). Of course, which strategy is usdddepend on the relative costs of each in a
particular species. For example, if the productibphenotypic variation carries a cost, and patenta

survival after first reproduction is possible, dparity should be selected (Schultz 1989).

EVIDENCE FOR PARENTAL BET-HEDGING

Although theoretical models have demonstratedtémporal environmental heterogeneity
can lead to bet-hedging, their significance remtinse demonstrated by convincing empirical
studies (Roff 1992, Stearns 1993, Hopper 1999) pdpf(i1999) suggests the lack of good evidence
may be due to the failure of most models to prodeiled, testable hypotheses. While there is no
shortage of studies that claim to demonstrate bétrimg (usually when phenotypic variation is
greater than expected), these have rarely beadtésiroughly enough to exclude other, equally
plausible explanations for observed patterns. kample, McGinley (1987) argues that a non-
adaptive reason why phenotypic variation shouldreater in variable environments is that
canalizing selection is weaker.

Hopper (1999) suggested some broad predictionshuatid be tested before bet-hedging
can be invoked. The fithess of bet-hedging paremsild be greater than that of non-bet-hedging
parents under variable environmental conditionstiieamore, the phenotypic variation produced by
bet-hedgers should increase with increasing enwiestial uncertainty. Finally, in diversified bet-
hedging, variation in phenotypes must result frosingle genotype, so studies must eliminate the
possibility that observed variation is due to gensburces (Hopper 1999).

Recent interest in bet-hedging has focused onaghmigation behaviour of seeds, the
diapause behaviour of insects, and parental cootrafifspring size (Philippi & Seger 1989).

Spreading Offspring Through Time

Many plants and insects use a specialized morplualognd physiological state to avoid
temporarily harsh conditions, referred to as domygplants) or diapause (insects; Hargesl
1970, Bull 1987, Hopper 1999). This enables membkaspopulation to remain insulated from
recurrent or sporadic environmental hazards, areghsares the continuation of the population
through unfavourable seasons or environmental tcafdees (Harpeet. al 1970). In many plants
and insects, variation has been observed in thealwy times of individuals produced by a single
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parent within a single reproductive event. This hean interpreted as bet-hedging in response to the
unpredictable duration of unfavourable conditions.

Plants. The first ever application of diversified bet-heagiwas Cohen’s model for
the germination of desert annual plants (Philipfs&ger 1989). Seeds that germinate risk suffering
a bad year (e.g. frost or drought), but seedsdbattot germinate risk mortality while dormant. Thus
a seed that remains dormant has a smaller expemtdbution to future generations than does a
seed that germinates, but there may be many yearsich germination will prove universally
lethal (Cohen 1966, in Philippi & Seger 1989). Qukenodel made several testable predictions: (1)
seeds that do not germinate under good conditiotieei first year should germinate under those
same conditions in subsequent years; (2) withipegiss, the fraction of seeds from that germinate
each year should correlate with the average ananahpredictability of rainfall; and (3) each
parental genotype should produce seeds that gesarimdifferent years (Cohen 1966, in Philippi &
Seger 1989).

Philippi (1993) found support for all three preabas in a desert annual speciespidium
lasiocarpum, from Arizona. Seeds were germinated in an enviemtal chamber set up to simulate
the natural temperatures and photoperiod of theme§ach year, seeds were watered until no more
seeds germinated in that year. Sixty-four percétlimseeds germinated in the first year, and 44%
of the remainder germinated in the second yeamp(@tipg prediction 1). Seeds were also collected
from field sites with different average amountsaiffall, and the fraction of seeds germinating in
the first year was perfectly rank-correlated witbam rainfall (prediction 2). Finally, seeds coléstt
from individual plants germinated in both the fiastd second years (prediction 3).

There is also support for bet-hedging in a feveottesert plants (Venable 1989, Clauss &
Venable 2000; in Menu & Desouhant 2002). Howevete is little evidence for bet-hedging in
plants from more temperate areas (Menu & Desol2E0R).

Insects. For insects with several generations per yearetiseoften a time in the
year when it is beneficial for individuals to entiéapause rather than developing directly (Philippi
& Seger 1989). If unfavourable conditions alwaygvaron the same date, a population should
switch abruptly from direct development to diapal$awever, when the date of onset is
unpredictable, a diversified bet-hedging strategy tme favoured in which a fraction of individuals
undergo direct development while others enter dispdPhilippi & Seger 1989).

Although this pattern has been observed a numbspeadies including\Weomyia smithii
(pitcher-plant mosquitoesncopeltus fasciatus (milkweed bugs)Corythucha spp. (lace bugs) and
Trypoxylon politum (mud-dauber wasps; Philippi & Seger 1989), Ho§ft609) concluded in his
review that there is still very little clear evidmenthat satisfies the predictions of theory. Acoayd
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to theory, in environments with unpredictable ldrsgnf favourable seasons, the proportion of
individuals entering diapause should increase dutie favourable season as the likelihood of
completing another generation declines (Hopper L994us, a gradual increase in the proportion of
individuals diapausing as the season progressellalicate bet-hedging, as long as the variation
in diapause frequency is not genetically determifiiepper 1999).

Studies orCaledia captiva in south-eastern Australia (Groeters 1994) @eais flavopicta
in central Brazil (Fonteat. al 1995) both observed that females laid batchesidiimal diapausing
and directly-developing eggs, with the proportidepausing increasing as the season progressed.
Both authors suggested that bet-hedging may acdoutite observed variation in diapause
behavour, but neither measured the fitness costmpéausing or developing directly, nor did they
examine the possibility that variation was genditidaased.

A series of experiments, models, and observatiorfd|onemobius socius (Bradford 1991,
Bradford & Roff 1993, 1995, 1997; all in Hopper ®%horoughly investigated all the predictions
of bet-hedging theory, but found that very littiet#nedging occurs in this species. Although females
lay mixtures of diapausing and non-diapausing egtsthe proportion diapausing increasing as the
season progresses, this gradual increase resutts/arriation among females, while in contrast, the
switch is very rapid within females. Furthermorariation among females had a strong genetic
component.

Given the lack of clear evidence, Hopper (1999ictaded that genetic differences and
phenotypic responses to environmental cues explast of the phenotypic variation in insect
diapause, while year-to-year variation in favouead#ason length is often too small to select for be
hedging. However, Menu and Desouhant (2002) arttgateHopper’s review did not consider species
with prolonged diapause, which they believe aredgonodels with which to test bet-hedging theory.
Prolonged diapause occurs when a proportion oatadiapause for one or more years, hedging
against the chance that entire years may occabjidralinsuitable for reproduction (Philippi&
Seger 1989, Menet. al 2000, Menu & Desouhant 2002). Indeed, these spedtien live in
environments with a high level of unpredictableiaton, a situation in which bet-hedging is
expected to evolve (Menu & Desouhant 2002).

Menuet. al (2000) modeled various diapause strategies ichbstnut weevilCurculio
elepha. They found that in small, isolated populationsjeibified bet-hedging strategy (with
emergence after one or two years) was fitter thsimale diapause strategy (emergence after one
year) or fixed prolonged diapause strategy (ememafter two years). In a follow-up study, Menu
and Desouhant (2002) found that larval weight andrgence date depend on pre-diapause
environmental conditions such as temperature aodl. fbhese factors cannot be used to predict the
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quality of the next year, which depends on facsoish as soil drought, predation and fungal attack.
Thus, the authors concluded that the chestnut Wwase$ plastic responses to unpredictable
environmental variation to create phenotypic varafor diversified bet-hedging (Menu &
Desouhant 2002). Philippi and Seger (1989) sugdekte diapause behaviour in insects with
prolonged diapause should receive more researthtiath.

Spreading Reproductive Energy into Phenatypically Variable Offspring

As stated in the introduction, relatively highraglutch variation in propagule size occurs in
many species, from a diverse range of taxa. Mgstnzsaattribute this intraclutch variation (ICV) to
bet-hedging in unpredictable environments (e.g.it&ap 1979, Crump 1981, Lips 2001). However,
in order to show that bet-hedging really is theseathese observations need to be supported by data
showing that offspring of different sizes have eliéintial success and that the degree of ICV is
correlated with environmental unpredictability. Tp@ssibility of genetic causes for variation must
be eliminated. Although many studies have invesgidjghe effects of offspring size on fitness, and a
few have shown that ICV increases with environmlamaredictability, there is, to my knowledge,
no study that has tested both predictions simuttasig. Thus, to date, there is no clear and
undisputable evidence that ICV is used as a begthgdtrategy by plants or animals.

The best evidence so far comes from amphibiangsyMephibian species show marked
intra-clutch variation, and they tend to breedeimporary freshwater habitats, which typically show
strong temporal variation in habitat quality (Gt 1997, Williams 1997, Alford 1999). For
example, at the beginning of the wet season wheis ffiost fill, there is ample food and there are
few predators or competitors to contend with. Hosveas the wet season progresses, habitat quality
deteriorates as food becomes a limiting resoumeglgtors and competitors increase in density, and
the risk of desiccation increases (Griffiths 199Hus, amphibians are ideal candidates for theystud
of intraclutch variation as a bet-hedging strategy.

Many studies have examined the effect of initgd size on larval fitness in amphibians. A
number of authors have found that egg size hasitiyeoeffect on initial size of hatchlings (e.qg.
Crump 1984, Williamson & Bull 1989, Kaplan 1992 jddo & Reques 1992), however, under ideal
conditions, these size differences usually do Bosipt until metamorphosis (e.g. Crump 1984,
Andrénet. al 1989, Williamson & Bull 1989, Parichy & Kapla®92, Tejedo & Reques 1992). In
contrast, under conditions of competition, largelpoles have often outcompete smaller tadpoles
(reviewed in Alford 1999). The greater successagdér larvae may be due to their ability to
competitively exclude smaller larvae from food sm# (e.g. Savage 1952, Steinwascher 1978).
Futhermore, larger tadpoles may be better abledm gredators. For example, Parichy and Kaplan
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(1995) found thaBombina orientalis tadpoles from larger eggs had faster sprint swingmsjreeds.
The results of the above studies generally ag@egtieater egg size increases the fitness of
tadpoles, however, it is important to realize thatstrength of this relationship may differ
significantly between species. It is therefore 8akfor any study of bet-hedging to include an
examination of the effects of egg size in the palér species being considered.

The most commonly cited example in support of ketefing in frogs is a study by Crump
(1981) which compared egg size distributions of fpecies from the Amazon Basin of Ecuador.
When she compared egg-size distribution of clutclegsited in a temporary and a permanent
pond, Crump found that temporary-pond clutcheshatdd a trend towards platykurtosis while
permanent-pond clutches exhibited more leptokgitie distributions. This was interpreted as
evidence for bet-hedging in response to environalemicertainty in the temporary pond, and for
the occurrence of stronger selection for some @tiralue in the more stable permanent pond.
However, closer inspection reveals that this imegtion rested on a rather tentative base. The
actual distributions of all 7 clutches from the parary pond were not significantly different from
normal, and of the 7 clutches from the permanentponly one was significantly leptokurtic, while
one was significantly skewed to the left, one wgaiicantly skewed to the right, and the
remaining four were not significantly different fronormal. Furthermore, there was no significant
difference in the amount of intraclutch variabilityegg size between temporary-pond and
permanent-pond breeders as measured by the ceeffafi variation (CV). Crump admits that her
sample sizes were rather small, and suggestsatfusrlsample sizes might have produced more
convincing evidence. In addition, her argument ddwdve been strengthened by an investigation of
the effects of egg size on larval fitness in thecggs she studied.

Another study that demonstrated a positive caiteldbetween ICV and environmental
unpredictability was conducted by Lips (2001), ios€@ Rica. She found thatktyla calypsa, ICV
was highest at the beginning and end of the westoseavhen rainfall was most intermittent. This
species lays eggs on the underside of leaves awgirttamountain streams, where they develop for
about 60 days before hatching and dropping intavidter (Lips 2001). Rainfall is essential to keep
the eggs hydrated, and desiccation is one of thie caaises of egg mortality (Lips 2001). Lips
found that the coefficient of variation of egg dister varied across the wet season, with larger,
more variable eggs produced both early and latieeirseason. Again, a follow-up study looking at
the effects of egg size on susceptibility to desion would be required before Lips’ bet-hedging
hypothesis can be accepted with any confidence.

A study by Kaplan & King (1997) presents the onlidence so far to suggest that ICV in
amphibians is not genetically determined (and thasphenotypic differences are not a result of
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genotypic differences). They found that individBambina orientalis females exhibit a high degree
of variation in the size of offspring of sequentiltches deposited in the lab. Furthermore, iB-an
year field component of their study, mean egg aim ICV fluctuated among years and were
correlated with environmentally induced shifts argntal body mass. The authors concluded that
egg size is highly subject to non-genetic souréesoation.

Dziminski (2000) surveyed the incidence of ICWarious species of frogs living in a
notoriously unpredictable environment, the Austnaliropical savanna (Boulton & Brock 1999),
and examined the consequences of egg size fot kezobogy. He found that ICV in egg size occurs
to varying degrees in all 15 species examined,goeanticularly high in species that breed in
extremely ephemeral pools (e.g. burrowing frogske Tesults of his larval growth experiments
showed that larger eggs produce larger hatchlenysthat these size differences persist for a
substantial fraction of the larval period. FinalDziminski looked at the effects of inter- and @tr
specific competition on fithess bfmnodynastes ornatus larvae from different-sized eggs, and
although none of the trends were statisticallyificant, he found there was a tendency for larvae
from smaller eggs to be disadvantaged when expenigensity dependent interactions.
Furthermore, under interspecific competition, batige and small larvae seemed to be more
successful in mixed size treatments than whendarsaniform size treatments, which Dzminski
suggested might have been due to behavioural avmedar distinct microhabitat requirements,
which reduced competition. Although he found adréar higher ICV in certain species, more
conclusive proof of bet-hedging would require desimation of within-species correlations of ICV

with environmental unpredictability.

CONCLUSION

Theory suggests that in a temporally variable @amgredictable environment, a parent may
be able to increase the geometric mean fitnegs genotype by following a diversified bet-hedging
strategy. Such bet-hedging strategies involve itrgatffspring with a range of phenotypes, so that
whatever environmental conditions eventuate, sowiwiduals will be well-suited. Two common
forms of diversified bet-hedging in parental invesht strategies are spreading reproductive effort
over time by creating offspring with variable domag times, and by spreading offspring across an
environment-specific fithess gradient, such as. Soefar, there is very little conclusive evidehoe
bet-hedging, and the area requires many more digrdfesigned studies. Such studies must strive to
test all the predictions of theory simultaneousiyprder to rule out non-adaptive explanations for
observed variation.
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| ntroduction:

The establishment of dominancein malejewel skinks,
Carliajarnoldae: theroles of displays, body size and
colouration

When two animals seek access to a limited resosonggl conflict occurs (Hand,
1986; Parker, 1974). Both parties can benefit fegttling social conflict without escalated
fighting, as this can be costly in time and eneogy) attract predators, and can result in
injury or even death (Gould and Gould, 1989; Hdrg#86). Therefore, animals often use
ritualised signals and displays to communicate wigr opponents about the factors likely
to determine the outcome of a fight — namely, figh&ability and motivation (Maynard
Smith, 1974; McMann, 2000; Rohwer, 1982). In thesyyescalated fights with a predictable
outcome can be avoided, because an animal willlyse#reat from an opponent who is
much stronger or who is willing to pay a highertddécMann, 2000; Parker, 1974).

Once an animal has won access to a resource, itamyue to use signals and
displays to help show at a distance that the resogrowned, and that the owner is prepared
to fight for it (Butcher and Rohwer, 1989). Otheimaals should keep their distance, because
the owner of a resource usually wins fights ovefliis is because superior fighters tend to
become owners in the first place, and because avarermore likely to escalate to a
dangerous conflict level because the resource featay value to them (Butcher and
Rohwer, 1989; Krebs and Davies, 1993).

The signals and displays that animals use areragtyevaried. Because body size is
usually a strong predictor of fighting ability, sjs used during contests are often designed
to enhance assessment of body size. For example Hueopean toad8ufo bufo, use the
pitch of the croak to judge each other’'s body ssige larger males produce deeper croaks
(Davies and Halliday, 1978). Other animals usealigiisplays to emphasise their body size,
such as lateral orientations of the body, andngisf the fur, feathers or fins (Bradbury and
Vehrencamp, 1998).

When animals use displays to signal ownership sfueces such as territory, their
signals are often designed to travel efficientlgrolonger distances. For example, birds sing
within their territories to “broadcast” their prese to competitors (Catchpole and Slater,
1995; Nowicki et al., 1998). Studies have shown tfzsmission range in bird song is
maximised by tailoring calls to the acoustic ennim@nt in which they are typically given
(Morton, 1975). Similarly, many territorial lizardse head bob displays to signal territory

ownership (Carpenter and Ferguson, 1977; Stam@g)1%he amplitude and frequency of
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these displays varies among species, possibly xinmige conspicuousness against motion
patterns in the background vegetation, and to asa¢he distance over which they can be
perceived by conspecifics (Fleishman, 1992).

Aggressive displays in many animals involve theosxpe of bright colour patches.
Such colour patches may provide information ableffighting ability of an individual, and
they may enhance the distance over which display$e perceived by the intended
recipient. There is good experimental support shatvy colouration can be important
during male-male competition in birds (revieweddimdersson, 1994). For example, in
redwing blackbirdsAgelaius phoeniceus, males defend territories against other malesduri
the breeding season by singing, displaying theilweng epaulets, and fighting. Larger
males with brighter markings, bigger song repeetoand higher display rates secure bigger
and better quality territories that attract monadées. Experimental blackening of the bright
red stripes on the wing had no effect on a maleil#yato attract females, but did strongly
reduce his ability to defend his territory, resudtin a sharp increase in territorial incursions
by floater males and resident neighbours. Thesdtsesuggest that the red epaulets of male
redwing blackbirds function not in female choicat im male-male competition. Males
compete with each other for territories encompassie best nesting sites, while females
simply choose the best places to nest (Hansen &RBIQH.986; reviewed in (Gould and
Gould, 1989).

Similarly, the size of the scarlet pectoral tuftloé scarlet-tufted malachite sunbird,
Nectarinia johnstoni, seems to play an important role in male-malesassent during
territorial disputes (Evans and Hatchwell, 1998)this species, males display their pectoral
tuft to other males during contests over territémymanipulation experiments, males with
reduced tuft size lost territory area, while maileth enlarged tufts increased the size of their
territories.

Many lizards also use display structures and sggimaadvertise their competitive
abilities to opponents during contests (Carpemdrfgerguson, 1977; Cooper and
Greenberg, 1992; Pough et al., 2001). A recent epatiye study of display complexity in
iguanid lizards suggests that intensity of maleenc@mpetition has been a significant factor
in the evolution of complex signals in lizards (@tdal., 2001). In many species, males
develop brightly coloured patches on the body dytiie breeding season, the time when
they frequently engage in contests, either diremtlyr females, or over resources needed to
attract females, such as territory (Cooper and @rex, 1992; Stamps, 1977). Many authors
have suggested (Noble and Bradley, 1933), and alenamrent studies have shown (Olsson,
1994; Thompson and Moore, 1991) that male lizas#sthhese badges to assess each other’'s

fighting ability (reviewed in Pough et al., 2001).
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For example, in the tree lizaldrosaurus ornatus, males extend their colourful
dewlap (throat fan) during aggressive encounters the size of the central blue area of the
dewlap reflects male aggressiveness (Thompson ammiléy11991). In experimental trials
between pairs of males, individuals with blue attbas were either naturally larger or
artificially enlarged with paint were dominant oveales with smaller blue areas (Thompson
and Moore, 1991).

Similarly, male Swedish sand lizardsicerta agilis, display their lateral green
colouration during ritualised contests over actessdividual females during the mating
season (Olsson, 1994). The green colouration cakersides of the body in all males, but to
varying degrees, and it also varies in saturatmih the area and saturation of the green
patch correlate with body size, which is strongllated to fighting ability (Olsson, 1994). In
paired contests between males that had their gratehes enlarged or reduced with paint,
males with larger green areas were more likelyittaie contests with and to win against
males with smaller areas.

Although the use of displays and colouration hanbeell studied in some groups
of lizards such as iguanids, teids and agamidsp@aer and Ferguson, 1977; Ord et al.,
2001; Stamps, 1977), little is known about socéidviour in skinks. Members of this
family are generally considered to be crypticatouired, secretive and fossorial (Cooper
and Greenberg, 1992; Stamps, 1977), and to consibglack territoriality (Stamps, 1977)
or complex social behaviour (Done and Heatwole 71&%feer, 1989). Although this may be
true of most skinks, in Australia this group inasdspecies with bright sexually dimorphic
colouration (Cogger, 2000; Greer, 1989), terriladiefence (Greer, 1989; Jennings and
Thompson, 1999), and complex social display behasi¢Langkilde et al., in press;

Whittier and Martin, 1992). The few studies of sbddiehaviour in Australian skinks suggest
that intraspecific aggression varies widely in impoce, from species that lack it completely
(Ctenotus robustus, Done and Heatwole, 1977), through those thatitisgised displays to
settle conflicts Eulamprus quoyi, Done and Heatwole, 197Carlia rostralis, Whittier and
Martin, 1992;Lampropholis guichenotti, Torr and Shine, 1996), to those that exhibit overt
aggression in the form of fights and chas@&ggtoblepharus virgatus, Rankin, 1973E.
kosciuskoi, Done and Heatwole, 197Tiliqui casaurinae, Mebs, 1974 in Done and
Heatwole, 1977T7iliqua gerrardii, Stephenson, 197Ttenotus fallens, Jennings and
Thompson, 1999).

The jewel skink Carlia jarnoldae) of North-Eastern Australia appears to thoroughly
contradict the stereotypical image of skinks. hibks striking sexual colour dimorphism,
with males possessing bright blue dorso-lateraisspond developing bright orange flanks
and blue-green throats during the summer breediagos, while females remain cryptic

brown. Furthermore, recent work suggests that mesmifethis species are highly social and
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use a wide array of display behaviours to commueiedth conspecifics (Langkilde et al.,

in press). Finally, mark-recapture data suggestritzdes are territorial, defending their

home ranges from other males, but overlapping thithhome ranges of females (L.

Schwarzkopf, unpubl. data.). Ths,jarnoldae represents an opportunity to expand

understanding of the importance of colouration disglays in an understudied taxon,

skinks.

| observed the social behaviour of m@&lgarnoldae during paired contests in order

to investigate the importance of display behavi@md colouration during the establishment

of dominance in this species. My specific aims were

1.
2.

Describe the social behaviour of male jewel skithtsng paired contests.

Describe how the lizards’ behaviour changes owee tifrom when they first
encounter one another to after a stable dominaaganship has been established.
Determine how the behaviour of dominant and sulbatéi individuals differs, and
whether dominants are active over a greater are@aceive priority of access to
important resources such shelter and basking sites.

Examine whether the lizards choose to display itiqudar environmental contexts,
such as different substrates, levels of light adtion, which might maximise the
conspicuousness of their displays.

Examine whether certain physical traits - body ,sizéour (hue, value or chroma) of
the flank, throat or spots, or the size of the geaflank patch - are associated with
dominance in male jewel skinks, and whether arthe$e appear to function as cues
to fighting ability.

Test the predictions of the “sequential assessgeme” (Enquist and Leimar, 1983)
that contests should be more escalated and coséy wpponents are more closely

matched in body size, colour, or size of the orgrageh.

21



Display behaviours and the establishment of dominance
in male jewel skinks, Carlia jarnoldae

SARAH MACLAGAN - LIN SCHWARZKOPF. ROSS ALFORD
School of Tropical Biology, James Cook University, Townsville, Australia

SUMMARY

During the establishment of social relationshipdjviduals use displays to
communicate. The social and physical contexts irchivbisplays are used determine their
effectiveness. Here we examined the social andigdilysontexts of displays used during the
establishment of dominance in experimentally pamade jewel skinksCarlia jarnoldae. In
our experimental enclosures, the lizards almosagdw26/33) formed dominant-subordinate
relationships within the first 48 hours of contdd¢ead bobbing and tail waving appear to be
important means of opponent assessment in thisespes lizards spent more time engaging
in these displays when they first interacted thaawlater. Dominants displayed
significantly more than subordinates on both d&smninants also used the centre of the
tank more than outer areas, thereby receivingipriof access to a wooden shelter. There
was no decrease in levels of contest escalatiomispthys involving the exposure of colour
patches over time, suggesting that individuals gélethreatening each other after 48 hours
of contact. Thus, escalation did not decrease aftenreliable cues to contest outcome were
available, suggesting that males of this speciédsai tolerate intruders in their territory.
The lizards displayed most in environmental corgéixit maximised their conspicuousness,
i.e., head bobs and tail waves both occurred mibe@ on a raised platform and in the sun,
whereas tail waving, which is the most conspicumtzaviour, also occurred frequently on
the flat sandy substrate of the enclosures. Digpdagn raised surfaces and in the sun

probably enhances the efficiency of communicatibspecific displays.

INTRODUCTION

Communication involves the provision of informatioy a sender to a receiver, to
the benefit of both parties (Bradbury & Vehrencad®08). The sender benefits by altering
the probability that the receiver will respond ineatain way, while the receiver benefits by
using the information to make a better decisioruabow it should respond (Bradbury &
Vehrencamp, 1998). The vehicle that provides tharmation is called a ‘signal’, and may
be a sound, smell, movement, or electrical imp(Bsadbury & Vehrencamp, 1998).

The use of signals can be vital to an individuabdity to achieve important tasks,

such as attracting mates, threatening rivals, aberdng predators. However, signal



production can be costly. Signals may be perceyednintended recipients such as
predators, who may use the signal information éosilgnaller’s detriment. Thus, signals are
often optimised to increase transmission to intdn@eipients, while reducing their
detectability to unintended receivers (Endler, J982addition, signalling may involve high
expenditure of energy, so signals should evolvadaimise the efficiency with which
recipients can detect them within a given envirommBifferent social contexts and
environments therefore favour different types ghais (Endler, 1992; Bradbury &
Vehrencamp, 1998).

A major social context in which signals are impottis intraspecific contests over
resources. During contests, individuals of manyigseuse specialised signals to
communicate with opponents about the factors likelgetermine their outcomes — namely,
the relative fighting ability and motivation of éaimdividual (Maynard Smith, 1974;

Rohwer, 1982; McMann, 2000). By using such signadstests can often be resolved
without escalated fighting, because the “loser'uthoetreat as soon as he learns that his
opponent is a better fighter, or that he is williogpay a higher cost (Parker, 1974; McMann,
2000). This is likely to benefit both parties, ®rescalated fighting can be costly in time and
energy, can attract predators, and can resuljunyior even death (Hand, 1986; Gould &
Gould, 1989).

Ritualised signals are not only used during iht@ntests over resources, but are
also widely used to signal ownership status anch\aaray rivals once resources have been
acquired. For example, many birds have complex sepgrtoires that they use to alert
competitors of their territorial ownership statuslavarn them to keep away (Nowicki et al.,
1998). These have been termed “broadcast” dispterguse they broadcast the message to
any nearby individuals that the area is occupiad,that intruding will not be tolerated
(Catchpole & Slater, 1995).

Similarly, many iguanid lizards use “assertionSglays (Carpenter, 1967 in Stamps,
1977) to signal territorial ownership, performitngse displays spontaneously as they move
about their territory, even when no conspecifies\asible. These are thought to play a
similar role to bird calls, threatening any compest that enter the visual range that
intruding is likely to be met with aggressive aktac

Most skinks are active foragers, spending mudheif time on the ground or under
leaf litter. Within this microhabitat, visibilitysi often poor, and most skinks rely more on
chemical communication than on visual signals (faetgal., 2001). Consequently, bright
colouration (Cooper & Greenberg, 1992), and comgdieglay behaviours (Stamps, 1977)
are rare amongst skinks. Territoriality is alseerarthis family (Stamps, 1977), apparently

because poor visibility makes detection of intrgdgfficult.



However, the jewel skinlCarlia jarnoldae, of North-Eastern Australia appears to
be an exception, showing striking sexual dimorphismolouration. Males possess a series
of bright blue dorso-lateral spots and developtir@range flanks and blue-green throats
during the summer breeding season, while femafaairecryptic brown. In addition, recent
work suggests that this species is highly socghgia large array of display behaviours
during social interactions (Langkilde, 1999; Landg&iet al., in press). Mark-recapture data
suggests that males are territorial, defending th@ine ranges from other males, but
overlapping with the home ranges of females (Lv&arhkkopf, unpublished data). Thus,
jarnoldae represents an exciting opportunity to expand upercurrent understanding of
signal use in an understudied group, skinks.

In this study, we investigated the social behavifunaleC. jarnoldae. During
paired encounters, we determined whether pairblegtalominant-subordinate
relationships, and examined how their use of digpénd aggressive behaviour changes over
time, whether dominants and subordinates difféh@ir behaviour, and whether individuals
display in particular environmental contexts. Sfieally, our aims were to:

1. Describe the types of aggressive behaviour andagispised by mal€. jarnoldae
during paired contests.

2. Describe how the lizards’ behaviour changes ovee s stable relationships
emerge, determining whether displays and aggressemost important during the
initial stages of contests.

3. Determine how the behaviour of dominant and sulpatdiindividuals differs, and
whether dominants use certain behaviours to sigmals, or receive priority of
access to important resources such as shelteraaheh sites, or a greater activity
range.

4. Examine whether the lizards appear to select enwiemtal contexts that maximise
the conspicuousness of their visual displays, ttioly substrates, levels of light, and

location.

METHODS
Adult maleC. jarnoldae were captured by hand from Campus Creek on theslam
Cook University campus (229'N, 146°45’E) in Townsville, Australia, between late
January and early April 2003. Only healthy indivatkiwith no external signs of parasite
infestation were used.
Lizards were assigned to pairs opportunisticértners were randomly marked
with either one or two small dots of white correatpen (Pentel CO. LTD., Fine Point

Correction Pen, Tokyo Japan) on top of the headsandt, taking care to avoid the parietal



eye. This allowed them to be easily identified frardistance, and did not appear to cause
any changes in their behaviour. A previous studyatfaviour inC. jarnoldae found that
similar markings made with coloured nail polish dmt influence the lizards’ behaviour
(Langkilde, 1999).

We were unable to catch enough lizards to use iedahdual in only one trial, so
some lizards (n=18) were used in two trials. Dutimgr second trials, lizards were placed
into a new enclosure with a new opponent for whisimwas also a second trial. Dominance
status of individuals in their first and secondlgiwas not significantly related (Fisher's
Exact Test, Fisher statistic=3.228, p=0.2321, n=16)

At the conclusion of each trial, individuals wepeamined for fresh bite wounds. All

lizards were eventually individually toe-clippeddareleased at the site of capture.

Enclosures

Trials were conducted in four large (220 x 110 xr&2oval, semi-natural outdoor
enclosures. Each enclosure could be divided intoggual halves by a removable plastic
partition painted grey to match the walls of thelesure. Enclosures were situated within
1km of the site from which lizards were obtainet aeceived direct natural sunlight
between approximately 0700 hrs and 1830 hrs eachEdah enclosure had a lid consisting
of a light poly-tube frame supporting a combinataf50% and 80% shade cloth, which was
propped up approximately 50cm on one side. Thisregisthat a variety of shade densities
were available within the enclosures. A strip divgaised metal flashing surrounded the top
rim of the enclosure and extended approximatelyrilidevards, preventing lizards from
escaping. The substrate was sand with a sparsermmpet leaf litter. Food was available in
the form of invertebrates that entered the opeksiaand was supplemented approximately
every three days by live mealwornisebrio molitor larvae) and cricketAtheta
domestica). Water was availablad libitum from a plastic tub (30 x 20 x 10cm) sunk into the
substrate at each end of the enclosure. Each witeontained at least one emergent rock,
facilitating easy access to water and providingadibasking and display sites. In addition,
each half of each enclosure was provided with adenshelter (35 x 26 x 4cm) placed
adjacent to the removable partition. This provida@treat site, and served as a raised
platform for basking and displaying.

Each pair was randomly assigned to one of theosarts, and each individual was
randomly allocated to one side of the partitiontrBadividuals were placed into the
enclosure at the same time, at least 36 hoursé#ierfirst observation took place. This
period allowed individuals to recover from any streaused by capture and handling, to

explore their surroundings, and to begin estabihai territory.



Thirty-five minutes before the first observatiomklace, the partition and the two
wooden shelters were removed, and a smaller wosigelter (24 x 14cm) was placed into
the centre of the enclosure. The lizards were ko recover from the disturbance and to

begin interacting with each other.

Behavioural Observations

Lizards were observed from behind a freestandiragjoe blind at the western end
of each enclosure. Blinds were never moved dutiegekperimental period. Five minutes
before the first observation began, the observiatigumoved into position behind the blind
and began watching the lizards. This allowed thmals to habituate to the presence of the
observer and continue with normal behaviour.

Observations were made between 0730 hrs and 1&0€hbrperiod when lizards are
most active in the wild (Langkilde, 1999). A fewceptions occurred when morning
observations were prevented by rain, and in thases; observations were made as soon as
possible after rain had ceased, but never afted hi€

Initially, pairs were observed for four days (n=1Hpwever, as it became apparent
that dominance relationships were almost alwayabéshed and stable by the second day,
observations were restricted to two days for subbseiy(n=22) trials.

Both lizards in a pair were observed for 15 min@ash per day, providing a total of
30 minutes of observation time per pair, per ddye ®rder in which individuals were
observed was random, and the second observatioma@s immediately after the first. If a
lizard was not visible (i.e., hiding under the $&ebr under leaves) on the first observation
attempt, the observer returned every 30 min uetihhd emerged.

The observations were recorded using a customenrévent-recording program on
a Hewlett Packard 200LX palmtop computer. The stadt end times of all behaviours
performed by the individual being observed (hesdéhown as the ‘focal’ animal) were
recorded continuously in units of seconds past ightpallowing the frequency and duration
of each behaviour to be determined. In order tongthe location of the animals, the
enclosure was visually divided both lengthwise adthwise into thirds, forming nine
sectors of approximately equal area. Small markiherinside walls of the enclosures were
used as visual reference points to enable theitocaf the lizard to be accurately assessed.
The location (sector), substrate (‘sand’, ‘rockn‘shelter’, ‘half on shelter’, ‘under shelter’,
‘half under shelter) and light level (‘full sunfpartial shade’, ‘full shade’) of the focal
animal were also recorded continuously. The behaaad location of the second individual
(hereafter known as the ‘stimulus’ animal), andcdesions of any interactions that

occurred, were recorded using the program’s natiegeunction.



All areas of the enclosure were visible throughhitied, except for a small area
directly in front of the blind. If at any time tliecal animal could not be seen, and was not
known to be under the shelter, his behaviour wesrded as ‘can’t see’. If possible,

observations were continued until 15 minutes ablesbehaviour had been recorded.

Deter mining Dominance

We defined dominance as the ability to win at powftconflict (Hand, 1986). Thus,
we identified dominant and subordinate individuajscomparing the number of interactions
they won and lost during the combined observatienogs of each pair on each day. An
‘interaction’ was defined as any incident where orividual moved to within 50cm of his
opponent in a deliberate manner, and ended whelizamné (the ‘loser’) moved away. An
individual was considered ‘dominant’ if he won ajaméty of interactions, while his
opponent was considered ‘subordinate’. If bothvitilials won an equal number of
interactions, they were considered ‘equal’. If fewr&an two interactions were observed, the
relationship was classed as ‘unknown’, since it ingsossible to determine the relationship
between the lizards.

Because most pairs had established stable dorrsnaotdinate relationships by day
2, the dominance score calculated for day 2 wad asé¢he final dominance score for each
individual, except when observations could not laelenon day 2, and the dominance score

from day 1 was used (n=3 pairs).

Behavioural Data Analysis

Each type of behaviour used by the lizards wasified as either ‘shallow’ or
‘deep’ depending on whether it occurred ‘over’ ethehaviours. For example, behaviours
such as ‘head turn’ and ‘tail wave’ were classedradlow behaviours, because they
occurred over other behaviours such as baskinga@riog. In contrast, behaviours such as
‘bask normal’ and ‘crawl’ were classed as deegesthey represent underlying behaviours.

For each 15 min observation, the behaviour of tlsalfanimal was quantified by
calculating the rate (number per minute of obsémaime) of all shallow behaviours, and
the duration spent doing (percentage of the obtervperiod) all deep behaviours and most
shallow behaviours (i.e., all but very rapid shalleehaviours such as head turn and tongue
flick). Only behaviours performed by at least 1084ndividuals were included in statistical
analyses of behaviour.

An index of space use was generated by calculétmgumber of sectors (max.=9)

the lizard entered at least once during the obsiervaeriod, and an index of movement was



generated by calculating the number of sectorézel entered per minute of observation
time.

We also calculated the proportion of time the fardlvidual spent: on each
substrate (sand, rock, on shelter, half on shelteter shelter, half under shelter); in each
light level (full shade, partial shade, full suajd in each major section of the enclosure
(when the 9 sectors were pooled into three equaldssections, representing the end in
which the lizard was initially held, the end in whihis opponent was initially held, and the

centre — “own side”, “partner’s side” and “centregspectively).

Changesin Behaviour Over Time

To see how the lizards’ behaviour changed from wtheg first encountered one
another to after a dominance relationship had faremed, we compared the behaviour of
individuals on days 1 and 2. Only individuals that had been able to observe on both days
(n=43) were included in the analysis.

We also tested whether contest behaviour was nsoadaged on day 1 or day 2 in
pairs that were observed on both days (n=25). BSorlin each pair on each day was
quantified in four different ways: (1) the averagenber of interactions per 15 min, (2) the
average number of ‘intense’ interactions per 15 defined as interactions in which the
lizards were less than 20cm apart, or that endecdcimase), (3) the average value of an
‘escalation’ index, and (4) the maximum value & tscalation’ index for that day. An
index of escalation was generated for each 15 tmsewvation period, and could take a value
of 0 (meaning there was no interaction between oppits whatsoever), 1 (opponents
displayed to each other, but did not interact diygc2 (opponents had at least one
interaction), or 3 (opponents had at least oneng@enteraction).

Overall differences between the behaviour of irdlials and between the escalation
of contests on the first and second days of théwrere tested using non-parametric,
multivariate paired difference tests (“Multi-ResperPermutation Procedure for Blocked
Data”, hereafter referred to as MRBP, BLOSSOM ward2003.2). Four MRBP tests were
performed: (1) rates of behaviours (head turn, terftick, mouth scrape, gape, head tilt,
throat flash, distal third, tail wave, head bolmp), (2) durations of display behaviours and
postures (gape, head tilt, throat flash, distatithtail wave, head bob, bask flat, bask normal,
bask high, body lift, crawl & head bob, crawl &ltaiave), (3) durations of movement
behaviours (crawl, crawl & head turn, crawl & toediick, patrol, dart, run, approach,
chase, flee, hang), and (4) measures of escalationber of interactions, number of intense

interactions, average escalation index, max. etscalendex).



When multivariate tests indicated that there wegfarence between days 1 and 2
for a group of variables, we determined which Jalga differed using Wilcoxon'’s Signed
Ranks tests. We performed these tests at compais®significance levels @f=0.05,
since the initial multivariate tests ensured anegxpentwise Type | error rate af0.05.
This principle of hierarchical testing also applieshe other tests used throughout this

paper.

Differences between Dominants & Subordinates

In order to compare the behaviour of dominant afmbsdinate lizards, we analysed
the behaviour of lizards on day 2, when dominaetationships had been established. Only
pairs in which both individuals were observed oy Baand in which a clear dominant-
subordinate relationship could be determined by2ayere included in statistical analyses
(n=19 pairs).

Five MRBP tests were used to test for overall déifiees between dominant and
subordinate lizards in: (1) movement / space udeas (number of sectors entered per min,
number of sectors used in total), (2) rates of bieluas (head turn, tongue flick, mouth
scrape, gape, head tilt, throat flash, distal thad wave, head bob, jump), (3) durations of
behaviours (gape, head tilt, throat flash, digtmtl tail wave, head bob, bask flat, bask
normal, bask high, body lift, crawl, crawl & headt crawl & tongue flick, patrol, dart, run,
approach, chase, flee, hang), (4) duration speptoh substrate (sand, rock, on shelter, half
on shelter, under shelter, half under shelter),(&hduration spent in each section of the
enclosure (own side, centre, partner’s side).

For test groups in which a significant overall diffnce between dominants and
subordinates was found, differences in individuaiables were tested using Wilcoxon
Signed Ranks tests. All tests were two-tailed, pikémr the behaviours ‘chase’ and ‘flee’,
which were one-tailed, since we predictegtiori that dominant individuals would chase

more and that subordinate individuals would fleeeno

Behaviour Contexts

In order to test the null hypothesis that the lizanead bobbed or tail waved
randomly with respect to substrate, we comparedrobd and expected rates and durations
of these behaviours performed on each of the diztsates. We used data from individuals
observed on day 1 (n=54), since lizards tendedsmay most on this day (see Fig. 1 in
Results). Expected values were calculated by d@tergithe proportion of observed display

behaviours that would have occurred on each suestrdisplays were performed at their



observed rates and durations without regard totatbsand substrates were occupied at the
observed rates.

Observed and expected values were compared usirBPM&sts. Testing was done
in a hierarchical fashion, the first test beingoaerall test including all variables (rates and
durations of head bobs and tail waves on eacheasithsubstrates, n=24 variables). If that
test indicated a significant difference, rates @iwariables) and durations (n=12 variables)
of head bobs and tail waves on each of the substvedre tested separately, without
adjustment of the alpha level. Finally, if thosstsestill indicated a significant difference,
separate tests on the rates (n=6 variables) aradiahs (n=6 variables) of behaviours on
each substrate were conducted. As soon as a désated no significant difference, testing
of those variables ceased, and was not continuadirér scale. This hierarchical approach
to hypothesis testing preserved our experimentesis® rate ati=0.05 while allowing us to
maximise the power of our multiple comparisons biyng comparisonwise error rates of
0=0.05. The sequence of tests can be seen in TdReskllts).

We also tested whether lizards head bobbed, taied, throat flashed or head tilted
randomly with respect to level of light, using ogta from day 1, and only from
observations when both sunny and shady areas wailatde within the enclosure (n=24).
This was done using the same statistical methotts asibstrates, above (and see Table 4,
Results).

Finally, we examined environmental context-dependdor the behaviours mouth
scrape, head bob and tail wave by determining vendtiese potentially territorial
behaviours occurred at different rates in the dgaown side, the centre, or the partner’s
side of the enclosure. Only data from day 1 wesal{s=52), and statistical methods were

the same as for substrates and enclosure sedtiong (and see Table 5, Results).

RESULTS
A total of 33 trials were conducted using 48 lizarly the second day of trials, 26
pairs had established a clear dominant-subordiegonship, while five pairs appeared to
be equal, and in the remaining two pairs the m@stiip could not be determined because

opponents did not interact.

Aggressive Behaviour

Lizardsusually exhibited overt aggression towards onetarpengaging in both
interactions (mean=1.86, range=0-7, n=107) andaschinteractions (mean=0.47,
range=0-4, n=107) during the 15 min observatiomopist



Aggressive interactions consisted of one individymdroaching, either directly up to
his opponent, or stopping along the way to perfdisplay behaviours. They were settled
most quickly when the individual being approachegidly moved away from his aggressor
(run, dart, or flee), or when the approaching irdtiral “changed his mind” and turned back.
However, if neither individual seemed willing to weoaway, a ‘face-off' occurred, during
which the lizards watched each other intently, gomes from as close as 8cm. At this point,
opponents often adopted raised postures and desptayeach other using head bobs, head
tilts, and throat flashes. Interactions ended wditrer: (i) one or both of the lizards
eventually crawled away and resumed normal aa®/giuch as patrolling and basking, (ii)
one or both of the lizards suddenly fled, or @iije lizard suddenly lunged at the other, who
always fled upon such provocation. When face-affdeel with a lunge, the winner often
continued to chase the loser all around the encdosu

Wrestling was never observed during the 42 holiobservation time. However,
biting occurred during lunges and chases; 21.6%dWiduals (9.1% of dominants and
30.4% of subordinates) exhibited fresh bite wourm$heir bodies at the end of their trial. In
one extreme case, the smaller lizard was found dedde second day of his trial, with
multiple large bite wounds on his body. Therefaighough they do not appear to wrestle,

maleC. jarnoldae certainly have the potential to cause each o#rgowss harm.

Display Behaviours

Male C. jarnoldae used a wide range of display behaviours (headtadlyave,
distal third tail wave, gape, throat flash, he#g éind raised/tilted postures (bask high, body
lift, lateral tilt) that exposed their lateral ogancolouration. These behaviours of Carlia
jarnoldae are described in a detailed ethograreywlere (Langkilde et al., in press; and see
Glossary). In general during our observations gdisostures and display behaviours were
used most frequently during, or immediately afii@ieractions. However, some displays
were used as lizards moved about the enclosurghaher not the opponent was in view.
For example, a common succession of behavioursdorammediately after a burst of
crawling was a head bob, followed immediately ligibwave, followed by a less intense
tail wave (distal third), during all of which thizdrd basked high. In particular, tail waves
(full and distal third) rarely occurred during irdetions, but were frequently used by some
individuals as they moved around. In contrast, Heais and throat flashes were used
commonly both during interactions and while movargund. In addition to displays, lizards
also conducted a variety of maintenance behavgugh as foraging, basking, drinking and

crawling.



Behaviours performed by fewer than 10% of individwend therefore excluded

from statistical analyses were lateral tilt, cr&wiiail wave, and cloaca drag.

Changesin Behaviour Over Time

There was a significant overall difference betwtenfirst and second day in the
duration the lizards spent doing display behaviaumd postures, but not in rates of
behaviours, or durations of movement behaviourbl€rd). There was no significant
difference in escalation between days 1 and 2 €Tapl

When display behaviour and posture duration vaegllere analysed individually,
there were no significant differences between dagsd 2 (Table 1). Only duration of head
bobs (z=-1.786, p=0.074) and tail waves (z=-1.828,.068) approach significance. Mean
duration spent head bobbing and tail waving wagdomn the first day in both cases (Fig.
1). Although statistical tests could only be perfed on days 1 and 2 due to sample size
limitations, data from days 3 and 4 are includethingraphs for visual assessment. As can

be seen in the figures, both head bobs and taiésvexere done for longest on day 1.

Comparison of Dominants & Subordinates

There were significant overall differences betwdeminant and subordinate lizards
in their rates of behaviour, durations of behawsodurations spent on each substrate, and
duration spent in each section of the enclosurendiuin their space use or movement
(Table 2). A number of specific differences betwdeminant and subordinate lizards were
found when variables were analysed individuallyt[€e2).

Dominants displayed much more frequently than siibates, doing significantly
more head bobs, head tilts, and distal third afidaiiwaves (Fig. 2). Dominants also did
more throat flashes (although not significantly, $jt dominants and subordinates differed
little in the rate at which they performed gapeg.(2). Dominant lizards also head turned
and tongue flicked at significantly higher ratearttsubordinates did (Fig. 2). Both
dominants and subordinates mouth scraped, but dmsitended to do so more frequently
than subordinates did (Fig. 2). Finally, dominaantd subordinates differed little in the
number of times they jumped up the enclosure wEalks 2).

Dominants spent significantly more time head boblzind tail waving (both distal
third and full tail waves), however, although thead tilted more frequently than
subordinates (Fig. 2), they did not spent more tiad tilting (Fig. 3). This suggests that
dominants did a greater number of more rapid hidadhan subordinates. Dominants and

subordinates differed little in the amount of tithey spent doing gapes (Fig. 3).



Tablel: Comparisons of behaviour and contest escalafipaiced maleC. jarnoldae
between days 1 and 2, using non-parametric muilliteapaired difference tests

and Wilcoxon’s Signed Ranks tests.

Overall Test Variables Wilcoxon 1-or 2-
Overall Test Group Result 2 value P value tailed
Rates of 0 =-1.6205 head turn - - i

behaviours P =0.0713 tongue flick - - -
mouth scrape - - -
head tilt - - -
throat flash - - -
distal third - - -
tail wave - - -
head bob - - -
gape - - -
jump - - -
Durationsof  §=-1.9970 gape -1.069  0.285
display P =0.0383 headtilt -1.109 0.267
behaviours throat flash -1.547 0.122
& postures distal third -0.150 0.881
tail wave -1.823 0.068
head bob -1.786 0.074
bask flat -0.776 0.438
bask normal -0.394 0.694
bask high -0.473 0.636
body lift -0.631 0.528
crawl & head bob -1.448 0.148
crawl & tail wave -1.183 0.237

Dur ations of & =-0.07531 crawl - - -
movement P =0.2070 crawl & head turn - - -
behaviours crawl & tongue flick - - -

patrol - - -
dart - - -
run - - -
approach - - -
chase - - -
flee - - -
hang - - -

Escalation §=0.2200  no. interactions - - -
P =0.4587 no. intense interactions

‘escalation’ (avg.) - - -
‘escalation’ (max.) - - -

NP oo oMo NN
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Table2: Comparisons of behaviour of dominant and subordimatividuals, using non-

parametric multivariate paired difference tests AhAltoxon’s Signed Ranks

tests.
Overall Test Overall Test . Wilcoxon 1-or 2-
Group Result Variables Z value Pvalue tailed
Space use/ 6 =1.0086 no. sectors used - - -
movement P =0.9469 movement index - - -
Rates of 0 =-7.4149 head turn -3.3 0.001 2
behaviours P =7.67 E-05 tongue flick -3.3 0.001 2
mouth scrape -1.407 0.159 2
head tilt -2.614 0.009 2
throat flash -1.175 0.240 2
distal third -3.171 0.002 2
tail wave -3.237 0.001 2
head bob -3.34 0.001 2
gape -0.368 0.713 2
jump -1.001 0.317 2
Durationsof 6 =-6.2444 head tilt -0.327 0.744 2
behaviours P =6.82 E-05 throat flash -1.784 0.074 2
distal third -3.171 0.002 2
tail wave -3.234 0.001 2
head bob -3.099 0.002 2
bask flat -1.489 0.136 2
bask high -3.018 0.003 2
bask normal -0.04 0.968 2
body lift -2.547 0.011 2
crawl -2.495 0.013 2
crawl & head bob -0.73 0.465 2
crawl & tongue flick -2.173 0.030 2
patrol -1.728 0.084 2
run -2.556 0.011 2
approach -2.803 0.005 2
chase -1.826 0.034 1
flee -1.718 0.043 1
hang -0.664 0.507 2
gape -0.365 0.715 2
dart -1.125 0.260 2
Duration spent & =-3.2647 sand -2.294 0.022 2
on each substrate P = 0.0083 rock -1.287 0.198 2
on shelter -0.647 0.099 2
half on shelter -2.201 0.028 2
under shelter -2.023 0.043 2
half under shelter -2.023 0.043 2
Duration spent & =-3.7152 own side -0.322 0.748 2
in each enclosure P =0.0071 centre -2.857 0.004 2
section partner's side -2.548 0.011 2
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Dominant and subordinate lizards also differechimtypes of postures they used,
with a trend for increasing elevation in posturéwimncreasing status (Fig. 3). Dominants
spent significantly more time in raised posturesskihigh and body lift) (Fig. 3). In fact,
subordinates almost never body lifted (note theglitesf the bar approaches 1). Subordinates
tended to spend more time in a flattened postuask(Hat), and dominants and subordinates
did not differ in the amount of time they spentliag normally (Fig. 3).

Some movement behaviours were directly involveaiggressive interactions, either
by initiating (approach, chase) or terminating (rdart, flee) them. Dominant lizards
approached and chased significantly more than dirates, who very rarely approached,
and never chased their opponents (Fig. 4). Conlyeagbordinate lizards spent significantly
more time running and fleeing, and also tendegémd more time darting (Fig. 4).

Dominants moved around more than subordinatesdsmgesignificantly more time
crawling and crawl & tongue flicking, and also teérgito crawl & head bob more (Fig. 4).

In contrast, subordinates tended to patrol and lbarttpe enclosure wall slightly more than
dominants, suggesting they were trying to escajoe 4.

Dominant and subordinate lizards not only diffeirethe types of behaviours they
used, but also in the amount of time they speriherdifferent substrates. Dominants spent
significantly more time half on, under, and halflenthe shelter, while subordinates spent
significantly more time on the sand (Fig. 5). latfaonly dominants ever went half on, under
or half under the shelter (Fig. 5).

There was no difference in the amount of time tigaspent on their own side of the
enclosure, whereas dominants spent significantlsertime in the centre, and subordinates
spent significantly more time on their partnerdes{Fig. 6). This happened because
subordinates spent roughly equal amounts of tineaah of the three sections, whereas
dominants tended to spend longer in the centreithaither end (Fig. 7). Both dominants
and subordinates spent slightly longer in their @ide than in their partner’s side, but
because dominants spent so much longer in theegentibordinates spent relatively more

time in their partner’s side than dominants didy(Fi).

Behaviour Contexts

Substrate. Rates and durations of head bobs and tail wavessrelif significantly
from those expected on different substrates (Tahleccurring more often on particular
substrates (Fig. 8). The rates and durations skthehaviours showed almost identical
patterns, therefore only durations are presentaphagally. Lizards head bobbed for longer

than expected both on and half under the sheliiebs than expected on the sand and
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rocks (Fig. 8a). Duration of tail waving was fasdehan expected on rocks, but more than
expected on sand and both on and half on the sl(Elte 8b).

Light. Amount of time spent head bobbing and tail wavirgensignificantly non-
random with respect to light level, but duratioesiphead tilting and throat flashing, and the
rates at which all four behaviours were performvegke not (Table 4). Lizards clearly spent
more time head bobbing and tail waving in the siamtin the shade or partial shade (Fig. 9).

Location. There were significant differences between obsearnetlexpected rates
and durations of head bobs and tail waves perfoimdiferent sections of the enclosure
(see Table 5), indicating that these behavioursdicbccur randomly with respect to
location (Fig. 10). The rates of these behaviohoswed almost identical patterns, and are
therefore not presented graphically.

Dominant lizards head bobbed and tail waved forhmianger in the centre of the
enclosure than at either end (Fig. 10). In contsagtordinate lizards appear to have
displayed randomly with respect to enclosure secttthough there was a slight trend for

head bobs to be longer in their own side thanéir thartner’s side (Fig. 10).

DISCUSSION
In contrast to the usual concept of skink behavi@tamps, 1977), male.
jarnoldae are very social skinks, readily interacting withecother and using a wide
repertoire of display behaviours and raised posttoeignal to each other. These skinks
almost always form dominant-subordinate relatiopshvithin the first 48 hours of contact,
and display behaviours appear to play an importdatin this process, both during initial
assessment of opponents, and in the ongoing reerfent of dominance status. Males

displayed most often in certain environmental cxiste

Changesin Behaviour Over Time

Because ritualised displays and aggressive behaaiewften used during the establishment
of dominance relationships, the frequency with \wtitese behaviours occur is
usually high when unfamiliar competitors first mdmit tends to decrease after
stable dominance relationships have formed. Famel& in many species that
are seasonally territorial, aggressive interactamesmost frequent and vigorous
during the settlement period, but agonistic behaviteclines after territories
have been established (lizards: Stamps & Krishh@@7; butterflies: Wickman
& Wicklund, 1983; fish: van den Assem & van der Eio)] 1969; birds: Gwinner
et al., 1994; Ezaki, 1995).



Table3: Hierarchical non-parametric multivariate pairéifiedlence tests comparing

observed and expected rates and durations of lmemawn different substrates.

VariablesIncluded in Test Test Results
d =-4.6836
head bob rate x substrates* §=-4.7091 P =0.0003
) P =0.0002 §=-3.2630
tail wave rate x substrates 5 = -5.0870 P =0.0039
. P =8.07 E-05 § = -5.4220
head bob duration x substrates
uration x:su §=-5.1874 P =0.0001
tail wave duration x substrates P=684E-05 §=-3.2211
P =0.0044

*substrates = sand, rock, on shelter, half on shalinder shelter, half under shelter

Table4: Hierarchical non-parametric multivariate paireflatence tests comparing
observed and expected rates and durations of lmemawinder different light

levels.

VariablesIncluded in Test Test Results

head bob rate x light levels*

tail wave rate x light levels §=-1.0612 )
P =0.1431
head tilt rate x light levels )
throat flash rate x light levels § = -3.2920 -
, , _ P =0.0045 6 =-7.5530
tail wave duration x light levels P =6.80 E-05

5 = -2.5346
§=-4.2412 P =0.0257
P=0.0005 §=0.2069

head bob duration x light levels

head tilt duration x light levels

P =0.4826
. . 8 =-1.4680
throat flash duration x light levels P = 0.0780

*light levels = full shade, partial shade, full sun



Table5: Hierarchical non-parametric multivariate pairefladence tests comparing

observed and expected rates and durations of lmhavn different enclosure

sections.
VariablesIncluded in Test Test Results
head bob rate x enclosure sections 2203021%1
0 =-3.9188 ————

i i _ 0 =-2.6427
tail wave rate x enclosure sections P=00029 5 _400a4
mouth scrape rate x enclosure sectior%z -4.3089 6 =-0.6804

=0.0019 P =0.2102
0 =-2.7954

head bob duration x enclosure sections §=-40162 P =00212

P =0.0035 6 =-3.5418
P =0.0080

tail wave duration x enclosure sections

*enclosure sections = own side, centre, partreds
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We found a significant overall difference betwelea first and second days of the
trials in the amount of time ma jarnoldae spent using display behaviours and postures.
Although none of the multiple-comparisons testsdiffierences in individual behaviours
were significant, the lizards tended to spend ntiare head bobbing and tail waving on day
1, suggesting that these behaviours are importaahsof communication between
unfamiliar individuals during the establishmendoiminance in this species. However, the
lizardsdid not alter the amount of time they spent doiabdviours such as raised postures
and throat flashes, which expose their distinatioiuration. Similar colour-exposing
behaviours in the closely related skidkrostralis may allow males to assess each other, as
colouration provides information about the sexyedpctive status and age of individuals
(Whittier & Martin, 1992). We observed that raiqeastures and throat flashesGn
jarnoldae were commonly used during “face-offs”, suggestimat they serve a similar
function in this species. If these behaviours alémsessment of opponents during the
establishment of dominance, we would have expdotsde a decline in their use after the
second day of the trial. However, the lizards corgd to use colour-exposing behaviours
equally both before and after a dominance relatipneas apparent, suggesting that
opponents still had reason to threaten each other.

Contest escalation also remained as high on tlendeday as on the first, with
dominants continuing to pursue and harass subdedizards. This is surprising, since the
dominance relationships evident on day 2 remaitedulesin all of the pairs we observed for
up to 4 days (n=11), so reliable cues to the ouécofitontests were clearly available. By
continuing to display and engage in escalatedantEms, individuals were likely to suffer
in terms of time, energy, and potential injury.

The behaviour o€. jarnoldae contrasts with the findings of a behavioural stady
another skink, the water skidulamprus kosciuskoi (Done & Heatwole, 1977). When small
groups of water skinks were released into enclestights and chases were initially
frequent, but declined rapidly after the formatadra dominance hierarchy (Done &
Heatwole, 1977). A possible reason for the diffeesnin behaviour betwedh kosciuskoi
andC. jarnoldae is different social systems. The stable domindmerarchies observed in
captiveE. kosciuskoi also appear to occur in the wild (Done & Heatwdi@/7). In contrast,
C. jarnoldaeis likely to be territorial in the wild (L. Schwakopf, unpublished data). Thus,
continued aggression from dominant individualsubasdinates in this species may reflect
the fact that territory owners are highly intoldgrahintruders within their territories.
Similarly, in maleCtenotus fallens, which are territorial in the wild, individualsaghhad
been sole ‘residents’ in enclosures for 48 hounewatremely aggressive towards

‘intruders’ that were introduced into their terrgdJennings & Thompson, 1999). Thus, the



equally high levels of aggression and sustainedtifeoat presentations and raised
postures by mal€. jarnoldae after dominance relationships had emerged mayatelihat
the dominant individual was attempting to expeldhbordinate from his territory. Although
the lizards may have initially tried to settle dasté through displays alone, the failure of the
subordinate to leave the enclosure may have béempieted by the dominant as failure to
submit, and, therefore, contests inevitably esedl&t violence.

Nevertheless, the behaviour of m@lgarnoldae was far less overtly aggressive
than the fights and wrestling matches observeainesother lizards in captivity (e.g.
Ctenotus fallens, Jennings & Thompson, 1999), suggesting that thisplays are effective to
some extent, even in captivity. It is likely thasglays would be used with greater success in
the field, where contests could be settled pedgdbylearly retreat of the loser (e.g., Maan
et al., 2001).

Differences between Dominants & Subordinates

Display behaviours can be important not only duthyacquisition of resources or
status, but also in maintaining ownership of thirbenefits a dominant individual to be
easily recognised so that subordinates can avaitksts with him (Rohwer, 1982).
Subordinate individuals can benefit from recogrgdime dominant and subsequently
avoiding trespassing on his territory or utilisioifper resources that he “owns” such as food
or females, as such behaviour is likely to provagigression. Thus, dominant individuals
perform more displays than subordinates in mangispef lizards (e.d=ulamprus
kosciuskoi, E. spehnomorphus, Done & Heatwole, 1977Analis sagrei, Tokarz, 1985Anolis
carolinensis, Andrews & Summers, 199&allotia galloti galloti, Molina-Borja et al., 1998).

In this study, we found that the behaviour of daanits and subordinates differed
significantly in a number of ways. Dominants disfgld more than subordinates did, head
bobbing, head tilting, and tail waving (both didtakd and full tail waves) at significantly
higher rates, and spending a significantly greameount of time head bobbing and talil
waving. They also tended to use more elevated mssthan subordinates, which exposed
the bright orange colouration of their flanks. bmtrast, subordinates behaved
inconspicuously, adopting less elevated posturdganely displaying. Thus, it appears that
raised postures and displaysdnjarnoldae are indicative of dominance status. In addition to
display behaviours, dominants also spent more giatieely searching the enclosure for
intruders by crawling and tongue flicking, and héawhing, while subordinates tended to
spend more time trying to escape.

Our finding that dominant individuals use head babdg tail waves more than

subordinates provides support for the view thagehsehaviours are broadcast signals of



territory ownership (Langkilde et al., in reviewhis is interesting, because tail waves were
previously thought to be anti-predator behavioatsacting predators’ attention to the tail,
which can be autotomised (Arnold, 1988; Pough.e8D1). Head bob displays are
commonly used by lizards to signal residency sté@aspenter & Ferguson, 1977,
Fleishman, 1992), and are often performed by aiviohahl as it moves around its activity
range, even when no conspecifics are visible (S$ad/7).

Dominants also differed from subordinates in tlusie of substrates, spending more
time on and around the shelter. Dominance statsi®éan found to confer priority of access
to important resources in other enclosure studigtslizards, such as food (Done &
Heatwole, 1977), perch sites (Tokarz, 1985), acttessates (Done & Heatwole, 1977;
Andrews & Summers, 1996), or occupation of suparieas within the enclosure (Fox et al.,
1981). We found no difference between dominantssathardinates in the amount of space
(number of sectors) used. It is likely that thelesigre was too small for the lizards to
maintain exclusive areas, as home ranges in thiedie approximately 150L.

Schwarzkopf, unpublished data). Nevertheless, defefithe shelter site was possible. This
provided the most secure retreat site availableimthe enclosures, and also appeared to

have been a favoured basking site.

Environmental Context of Behaviours

Although communication is often very beneficiabto individual's survival and
reproduction, the effectiveness of signals is oftenstrained by environmental factors that
control rates of transmission and attenuation. &foee, selection favours signals that are
emitted at the places, times and environmentalitond that maximise emission and
transmission to the intended receivers (Endler3198e found that dominant male
jarnoldae did not display randomly with respect to substriggt level, or location within
the enclosure. Rather, they displayed most onhbkes (head bob and tail wave) and on the
sand (tail wave), more in the full sun than eitpaitial or full shade (head bob and tail
wave), and more in the centre of the enclosure dha&ither end (head bob and tail wave).
These preferences may have been used to enharefficlency with which the lizards’
behavioural signals were transmitted through thérenment.

The shelter represented a raised platform from lwtiie lizard was probably more
conspicuous to another lizard within the enclosHi@uvever, the rocks also represented high
points, and yet these were rarely used to displdsy possible that there was an interaction
between substrate and location choice, since thgeshwvas in the centre of the enclosure,

while the rocks were at either end.



While lizards head bobbed most on the shelter aredyron the sand, they tail
waved frequently on both the sand and shelter. miaig reflect the different meanings
attributed to each of these behaviours, or it m&ag function of signal efficiency. Tail
waves may be more conspicuous when performed ahdrievel than head bobs, which
may be more conspicuous from a raised point. Igisatyipically use elevated perches to
perform their territorial head bob displays (Stani®/7). However, the tendency to display
more on the shelter may be due to the fact thatths often an item the lizards seemed to
be fighting over, and by head bobbing on it, arvilddial may be signalling that he “owns”
it, specifically, and not necessarily as a broadsigmal that he owns the whole territory,
while tail waves might be more broad territorialr@sship signals.

By choosing to display most in the sun, lizardy inave been maximising the
conspicuousness of their displays. During displtyesJizards often used raised postures
(especially bask high), which expose the brightgeacolouration of the flanks. Because
sunlight contains abundant wavelengths in the argoagt of the spectrum (Endler, 1990),
direct sunlight probably enhanced the brightnesb@tizards’ orange flanks. The
importance of colour patches during male contesjswel skinks is explored in another
paper (Maclagan et al., MS).

Finally, by choosing to signal from the centretef tank rather than at one end
(even if that end is more familiar), dominant ldsumay have increased the distance over
which their display signals were effective. As menéd earlier, the tendency to display
most in the centre may be confounded with thetfeadtthe centre contained the shelter.
Another alternative is that lizards might have béisplaying most in the centre of the tank
because this was the boundary of their previoustigtdished territories. However, this
seems unlikely, since both lizards frequently waritof their own side into their partner’s.

By increasing the efficiency of signal transmissian individual might be able to
defend a larger territory, or at least, spendti@ss patrolling and displaying from different
points around the territory boundary. Active pdingl of territory borders in search of
intruders is costly in time and energy, and redggewith rate, probably because extensive
travel requires energy and reduces the time avaifabforaging (Stamps & Eason, 1989).
Furthermore, higher intrusion rates and overlap wéighbouring individuals can also
reduce growth rates (Stamps & Eason, 1989).

Finally, it may not only be beneficial for an imtlual to transmit signals more
effectively, but also to receive them. Use of thelter may have been a means of gaining a
vantage over the territory, allowing earlier datacf intruders. Early detection of intruders
is important, because it may become harder to eittders after they have spent longer

within the territory, and they may even take it o{figason & Stamps, 1992). In addition,



undetected intruders are likely to utilise resosrite owner is defending, such as food or
mating opportunities (Eason & Stamps, 1992). Otbeitorial lizards typically chose

elevated places as vantage and display posts witainterritories (Stamps, 1977).

Conclusion

Male C. jarnoldae readily interacted with one another during pairglg, showing a
range of aggressive and display behaviours. Hebd &od tail waves were used most when
opponents first interacted, and may be importargmaef assessment during the
establishment of dominance. However, the use @ratlsplays such as raised postures and
throat flashes involving the exposure of colourchaes did not decrease over time,
suggesting that individuals were still threatendagh other. This is consistent with the fact
that escalation did not decrease even after relialxés to contest outcome were available,
suggesting that males of this species will notreakeintruders in their territory.

After dominance was established, dominants digglajgnificantly more than
subordinates, supporting speculations that didpddnaviours in this species are used to
signal territorial ownership.

Finally, the lizards chose to display in enviromtad contexts that maximised the
conspicuousness of these signals, possibly a thetitas evolved to enhance efficiency of

territory defence.
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ABSTRACT

Animals frequently use color patches as signalsnecanicating fighting ability or
territory holding capacity. Typically, scincid limss are cryptically colored, and thought to
have rudimentary social behavior not involving ests or territoriality. Male jewel skinks
(Carliajarnoldae), however, exhibit three bright color patchesegrblue throats, blue
dorso-lateral spots, and orange flanks. We detenivhether body size, the color (i.e., hue,
value, chroma) of any of these patches, or thedigtee orange flank patch were associated
with dominance during paired male encounters. \We tasted the prediction of “sequential
assessment game” theory that contests should beesoalated when opponents are most
similar in body size or color area. We found thadlyosize was a very strong predictor of
dominance irC. jarnoldae, but that the colors of the three patches wereAgaend for
dominants to have larger orange patches relatitteeio body size than did subordinates
approached significance, suggesting that colorhpsize may also influence the outcome of
dominance relationships. Orange patch size maydye important in nature, acting as a
long-distance visual cue to territory ownership &gtting ability, allowing individuals to
avoid escalated conflicts by assessing each athwer &far. Escalation increased rather than
decreased with the difference between opponerisdyg mass, suggesting that dominant
male jewel skinks will not tolerate intruders witttheir territory, and continue to escalate

contests even with repeated intrusions by the sadindual.

INTRODUCTION

Selection for male competitive ability may favoe thvolution of conspicuous cues
or “badges” of fighting ability, especially in pdations with frequent interactions (Rohwer,
1982). Both contestants benefit from the use offi diaaiges if costly fights with predictable
outcomes can be avoided (Maynard Smith, 1974; Patk&4). Poor fighters can acquiesce
without being injured or killed, while good fightecan save time and energy, and avoid
risking injury themselves.

In addition, contests often involve certain seqasnaf displays in which opponents

gain progressively more information about each rgHeghting ability (Parker 1974). Such



contests generally begin with the least costlyldis before progressing to more costly, but
also more accurate, means of assessment. The fosetyanatched opponents are, the
longer a contest should last and the further itBhescalate, because it will take longer to
assess who is the strongest (Enquist and Leim8&8; Fayne, 1998). Thus, contests should
only escalate to actual fighting when opponentssarg closely matched (Stamps &
Krishnan 1994; Molina-Borja et. al 1998; Earleyat2002; Olsson 1994). This is called the
“sequential assessment game” (Enquist and Leind&3)1

Reptiles employ a variety of sexually dimorphicpdisy structures and signals to
advertise their competitive abilities to oppondi@arpenter and Ferguson, 1977; Cooper and
Greenberg, 1992; Pough et al., 2001). A recent enatiyve study of display complexity in
iguanid lizards suggests that intensity of maleent@impetition has been a significant factor
in the evolution of complex signals in lizards (@tdal, 2001). In many lizards, males
develop brightly colored patches on the body dutirgbreeding season, the time when they
frequently engage in contests, either directly deerales, or over resources needed to
attract females, such as territory (Cooper and @rex, 1992; Stamps, 1977). Many authors
have suggested (Noble and Bradley, 1933), and @enement studies have shown (Olsson,
1994; Thompson and Moore, 1991) that male lizas#stbese badges to assess each other’'s
fighting ability (reviewed in Pough et al., 2001).

Nevertheless, no study has yet examined the uselaf badges during male
contests in skinks. This is probably because skankgenerally regarded as being cryptic,
non-territorial, fossorial and secretive (Cooped &reenberg, 1992; Stamps, 1977).
However, we report in another paper (Maclagan.eM#) that when paired and confined in
enclosures, male jewel skinkSarlia jarnoldae, behave aggressively, using a variety of
behavioral displays to threaten and assess eaeh &ilirthermore, males of this species are
very colorful, possessing a series of blue spotimva black dorso-lateral band, and
developing bright orange flanks and blue-greendtsrduring the summer breeding season.
Meanwhile, females are cryptic brown. Males appeaefend their home ranges from other
males, and males with the largest territories iaedyl to overlap with the home ranges of
more females (L. Schwarzkopf, unpublished datayelekinks also have an extensive
repertoire of display behaviors (Langkilde et ial press), some of which appear to be
involved in the establishment of dominance andaigg of territorial ownership (Maclagan
et al.,MS). Therefore(. jarnoldae represents an excellent model species in which to
investigate the role of coloration during male-madenpetition in skinks.

In this study, we examined whether body sizectler of the flank, throat or spots,
or the size of the orange flank patch, are usenies to fighting ability in mal€. jarnoldae.

We did this by staging male-male encounters in setural outdoor enclosures and



determining which traits were associated with dange. In addition, we tested the
prediction of the sequential assessment game timésts should be more escalated and
costly when opponents were most closely matchd&wdly size, color, or size of the orange

patch.

METHODS
Study Animals

Adult maleCarlia jarnoldae were captured by hand from Campus Creek on the
James Cook University campus {19'N, 146'45°'E) in Townsville, Australia, between late
January and early April 2003. Only healthy indivatkiwith no outward signs of parasite
infestation were used.

Individuals were weighed to the nearest 0.01g,thait snout-vent length (SVL)
and tail length were measured to the nearest 0.09rmhmnumber and positions of any bite
scars were noted. The hue, value and chroma ofafdbhee color areas — flank (orange),
dorso-lateral spots (blue) and throat (blue-greevgre scored using the Methuen Handbook
of Color (Kornerup and Wanscher, 1963), either oatd under full, unfiltered, natural
sunlight, or indoors under two 100 watt halogerbbiivhich emit wavelengths covering
100% of the visual spectrum) mounted on the cefliagn opposing angles.

To measure the area of the orange flank patchrjghehand-side of each individual
was photographed using a Nikon Cool-Pix™ 990 digitéenera. If a bite scar marred an
individual's right-hand-side, his left-hand-sidesyahotographed instead. Photographs were
all taken under standardized conditions, in a gfigeid booth consisting of a white box (60
x 50 x 55cm), with a smaller white box (32 x 224ct) inside it. The smaller box served as
a platform upon which the lizard was placed duphgtography, and had a ruler on its front
surface to allow calibration of size of objectdhie photograph. The camera was mounted on
a tripod at a fixed distance (20cm) from the phaapy platform. The macro setting and the
camera’s built-in flash were used for all photoseBrea of the orange patch was then
estimated from the photos using the “magic wandbtrcselection tool in Adobe Photoshop
5.5 (Adobe Systems, Inc., 1999), in conjunctiorhwiite object area estimation function in
UTHSCA Image Tool for Windows (Wilcox et al., 1996)

Paired Trials

We conducted paired trials in semi-natural outdmaosures in order to observe
the establishment of dominance relationships. iddais were assigned to pairs
opportunistically. Partners were randomly markethwither one or two small dots of white

correction pen (Pentel CO. LTD., Fine Point CotimtPen, Tokyo Japan) on top of the



head and snout, taking care to avoid the parigtal Ehis allowed them to be easily

identified from a distance, and did not appearatose any changes in their behavior. A
previous study of behavior @. jarnoldae found that similar markings did not influence the
lizards (Langkilde, 1999). Furthermore, becausedtite were placed on top of the head, and
most skink displays involving color are orientetétally (Carpenter and Ferguson, 1977), it
is unlikely that they influenced the lizards’ pgrtien of each other.

We were unable to catch enough lizards to use engipl, so some lizards (n=14)
were used in two trials. During their second triiards were placed into a new enclosure
with a new opponent for whom this was also a set¢ald Dominance status of individuals
in their first and second trials was not signifitamelated (Fisher's Exact Test, Fisher
statistic=2.695, p=0.3257, n=14).

At the conclusion of each trial, individuals weseamined for new bite wounds, re-
weighed, and their colors re-scored. Eventualijzdrds were individually toe-clipped so

that they could be excluded from future trials, agléased at the site of capture.

Enclosures

Trials were conducted in four large (220 x 110 gr&? oval, semi-natural outdoor
enclosures. Each enclosure could be divided intoagual halves by a removable partition
consisting of a flexible plastic board painted gi@ynatch the walls of the enclosure.
Enclosures were situated within 1km of the sitenfrehich lizards were obtained, and
received direct natural sunlight between approxatys@700 hrs and 1830 hrs each day.
Each enclosure had a lid consisting of a light galye frame supporting a combination of
50% and 80% shade cloth, which was propped up appabely 50cm on one side. This
ensured that both full sun and a variety of shadesities were available within the
enclosures. A strip of galvanized metal flashingaunded the top rim of the enclosure and
extended approximately 10cm inwards, preventirgydig from escaping. The substrate was
sand with a sparse covering of leaf litter. Food weaailable in the form of invertebrates that
entered the open tanks, and was supplemented ampptteky every three days by live
mealworms Tenebrio molitor) and cricketsAcheta domestica). Water was availablad
libitumfrom a plastic tub (30 x 20 x 10cm) sunk into thbsrate at each end of the
enclosure. Each water tub contained at least omegamt rock, facilitating easy access to
water and providing raised basking and displayssiteaddition, each half of each enclosure
was provided with a wooden shelter (35 x 26 x 4adjacent to the removable partition.
This provided a retreat site, and served as ad@isgform for basking and displaying.

Each pair was randomly assigned to an enclosaodegae individual was randomly

allocated to each side of the partition. Both indlirals were placed into the enclosure at the



same time, at least 36 hours before the first easien took place. This period allowed
individuals to recover from any stress caused Inglirag, to explore their surroundings, and
to begin establishing a territory.

On the first day of the experiment, the partiticaswemoved 35 minutes before the
first observation. The two wooden shelters were esnoved at this time, and a smaller
wooden shelter (24 x 14cm) was placed into thereeitthe enclosure. The lizards were

then left to recover from the disturbance and wim@teracting with each other.

Behavioral Observations

Lizards were observed from behind a freestandiragjoe blind at the western end
of each enclosure. Blinds were never moved dutiegekperimental period. Five minutes
before the first observation began, the observiatigumoved into position behind the blind
and began watching the lizards. This allowed ligaodhabituate to the presence of the
observer and continue with normal behavior.

Observations were made between 0730 hrs and 1&0€hbrperiod when lizards are
most active in the wild (Langkilde, 1999). A fewoceptions occurred when morning
observations were prevented by rain, and in thases; observations were made as soon as
possible after rain had ceased, but never afted ha€

Initially, pairs were observed for four days (n=1Hpwever, as it became apparent
that dominance relationships were almost alwayabéshed and stable by the second day,
observations were restricted to two days for subsetrials.

Both lizards in a pair were observed for 15 min@ash per day, providing a total of
30 minutes of observation time per pair, per ddye $econd observation was made
immediately after the first, and the order of olvaéipn was random. If a lizard was not
visible (i.e., hiding under the shelter or undewies) on his first observation attempt, the
observer returned every 30 min until he had emerged

Observations were made using a custom-written enemutrding program on a
Hewlett Packard 200LX palmtop computer. The progesuabled the start and end time of
all behaviors of the individual being observed @adter known as the ‘focal’ animal) to be
recorded continuously, in units of seconds pashightt. By visually dividing the enclosure
lengthwise and widthwise into nine sectors (3 X3, observer was also able to record the
location of the focal animal. In addition, the beloa and location of the second individual
(hereafter known as the ‘stimulus’ animal), andcdggsions of any interactions that occurred
were recorded using the program’s note-taking fonct

All areas of the enclosure were visible throughhitied, except for the closest half

of the ‘near center’ section, behind the water thit any time the focal animal could not be



seen, and he was not known to be under the shiekdvehavior was recorded as “can’t see”.
Where possible, if an individual was not visible &oportion of his observation period, the

observation was continued until 15 minutes of Vesliehavior had been recorded.

Determination of Dominance

We defined dominance as the ability to win at poof conflict (Hand, 1986). Thus,
we identified dominant and subordinate individuajscomparing the number of interactions
they won and lost during the combined observatieniogds of each individual on each day.
An ‘interaction’ was defined as any incident where individual moved to within 50cm of
his opponent in a deliberate manner, and ended whetizard (the ‘loser’) moved away.
An individual was considered ‘dominant’ if he womajority of interactions, while his
opponent was considered ‘subordinate’. If bothvitilials won an equal number of
interactions, and at least two interactions weigeoked, they were considered ‘equal’. If
fewer than two interactions were observed, thdiogiahip was classed as ‘unknown’, since
it was impossible to determine the relationshipveet the lizards.

Because most pairs had established a stable dorsnbhordinate relationship by
day 2, the dominance score calculated for day 2used as the final dominance score for
each individual, except when observations couldoeatnade on day 2, and the dominance

score from day 1 was used.

Statistical Analysisof Traits

Only pairs in which a clear dominant-subordinaiationship could be determined
by day 2 were included in statistical analysesaifs (n=20).

Overall differences between dominant and subordimatividuals in size traits
(mass, SVL, tail length, size of orange patch), (midlank, throat and spots) and chroma (of
flank, throat and spots) were tested using a noametric multivariate paired differences
test (“Multi-Response Permutation Procedure forcBénl Data”, BLOSSOM version
W2003.2). When the multivariate tests indicateat tominant and subordinate individuals
differed for a group of variables, we determinedohhindividual variables differed using
Wilcoxon'’s Signed Ranks tests. We performed tlveseparisons at comparisonwise
significance levels ofi=0.05, since the initial multivariate tests enswadkexperimentwise
Type | error rate ofi=0.05. Because color value only varied in one cpéich (spots), this
was tested using a single Wilcoxon’s Signhed Raegs t

To determine whether the size of the orange pdftdred between dominant and
subordinate individuals, we conducted an analylst®wariance (ANCOVA) relating log-

transformed values of area of the orange patclody mass and dominance status.



Contest Escalation

In order to establish whether contests escalated mben opponents were most
similar in body size or color traits, four estingmtd ‘escalation’ were generated. For each
pair per day we calculated: (i) the average nuroberteractions per minute, (ii) the average
number of ‘intense’ interactions per minute (defirges interactions during which opponents
were less than 20cm apart, or which ended in aeg¢hasd (iii) the maximum ‘escalation’
level that was observed. ‘Escalation’ could takelaie of O (meaning there was no
interaction between opponents whatsoever), 1 (aamsrdisplayed to each other, but did
not interact directly), 2 (opponents had at least interaction), or 3 (opponents had at least
one intense interaction). The final escalation memawas (iv) the sum of the number of bites
received by both individuals in a pair over therseuwof the trial.

Correlation analyses were conducted between edtle ddbur escalation measures
and the standardised differences between oppoimealisbody size and color traits
(calculated as the absolute value of the differdoetereen opponents, divided by the mean

value of the two individuals).

RESULTS
Twenty-three trials were conducted using 48 lizaTagenty of the 23 pairs

exhibited a clear dominant-subordinate relationglyiplay 2.

Size Traits

Dominant and subordinate lizards differed sigaifitty in size traits (MRBP,
standardised test statiséis-7.083, p<0.001, n=17). Dominant individuals weignificantly
heavier (Wilcoxon’s Signed Ranks test, Z=-3.594).081, n=20; Fig. 1a), larger in SVL
(Z=-3.316, p=0.001, n=20; Fig. 1b), and had lage@nge patches (Z=-2.485, p=0.013,
n=17; Fig. 1c) but did not differ from subordinatedail length (Z=.952, p=.341, n=20).

The area of the orange patch was significantlyetated with body mass {R0.582,
p<0.001, n=42; Fig. 2). The ANCOVA analysis shouleal there was a strong relationship
between log area and log mass£33.695, p<0.001), and suggested that this relstipn
depended on dominance status (intercepds#.459, p=0.072; slope; k=3.737, p=0.062).
Because this result is not significant, we canooictude that the relationship might not
disappear in a larger sample of pairs, howevenérpairs we examined, it is clear that the
size of the orange patch increased with mass fatr€lift rates in dominant and subordinate
individuals. Separate regression analyses for damén(regression equation: |g@rea of
patch) = 4.101 + 1.487(legmass)); =0.564, p<0.001) and subordinates (regression
equation: logy(area of patch) = 4.575 + 0.744(lelgnass)); ¥=0.406, p<0.004), indicated
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that the size of the orange patch increased mepidlyavith body size in dominants than
subordinates. This implies that dominants tenddthte larger orange patches relative to
their body size than subordinates did.

Only in one pair did a slightly smaller male dontaa larger male, and this small
male had a particularly large orange patch. Intemdiin two pairs where lizards were

identical in mass, the individual with the largearge patch was dominant.

Color Traits

There were no overall differences between domiaadtsubordinate lizards in
either the hues (MRBP, standardised test stadsti@.088, p=0.37, n=20) or chromas
(MRBP, standardised test statishie-0.032, p=0.423, n=20) of the three color patches.
Furthermore, the flank and throat values were idehtor all individuals, and there was no
significant difference in spot value between domtsand subordinates (Z=-1.461, p=0.144,
n=20). Slight variation in color occurred withiretsame individual between repeat
measurements, which were often conducted only alBes apart. Individuals tended to

become gradually duller in color, until they modltend were once again brightly colored.

Contest Escalation

There were positive correlations between the statizied difference between
opponents in mass, and both the maximum escalatiatay 1 (Pearson correlation=.501,
r’=0.2512, Ruo-ailed=0.024, n=20; Fig. 3) and the number of bites ssthover the trial
(Pearson correlation=.483:=0.2446, Bvo-ailec=0.019, N=23; Fig. 4). This is the opposite of
the relationship predicted by the sequential asseissgame. Note that the second
relationship is due to the presence of an outlied, disappears if this point is removed. The
outlying point represents a pair of lizards thateweery disparate in size, in which the larger
individual bit his small opponent repeatedly, evatly killing him before the second day of
the trial. Consequently, we did not pair such diafiy sized lizards again.

There were no other significant correlations betwaay of the four measures of

escalation and the difference between partnersyiroathe other body size or color traits.

DISCUSSION
Body Size
Body size is a very strong predictor of dominaimcmaleC. jarnoldae when
opponents are symmetrical with respect to priadesgy. This result is not surprising, since

body size has been found to be an important pi@dattdominance in many other lizards
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(reviewed in Pough et al., 2001), including thenkkiEulamprus kosciuskoi, E. quoyi (Done
and Heatwole, 1977Eumeces laticeps, (Cooper and Vitt, 1987 arliarostralis (Whittier
and Martin, 1992) antdampropholis guichenoti (Torr and Shine, 1996).

There are many possible reasons why large bodyrstat confer greater fighting
ability. Firstly, as male lizards generally fight biting one another (Pough et al., 2001),
larger individuals with bigger heads and more pdwgaws should be capable of inflicting
greater damage (Bull and Pamula, 1996; Cooper &nhdl'987; Hews, 1990). Body size
may also be correlated with age (and thereforgifigtexperience), general health and
vigour, strength, and endurance, which are allyike be important during fights
(Andersson, 1994).

Orange Patch Size

Because the size of the lateral orange patch ie @gbrnoldae is correlated with
body size, it may serve as a visual cue facilitpgasier assessment of body size. In addition,
it may function as an honest cue to individual vigsince orange coloration in animals is
usually carotenoid-based (Lozano, 1994; Olson andr@, 1998). Vertebrates cannot
synthesise carotenoids within their body, but nalsain them from the diet (Lozano, 1994;
Olson and Owens, 1998). Therefore, both the exedtintensity of carotenoid pigmentation
may reflect the ability of an individual to obtaphysiologically transport, process and
deposit carotenoid pigments, tasks which are likelgepend on aspects of individual
vigour, such as nutritional condition, parasitastsice, and immunocompetence (McGraw
and Hill, 2000; Olson and Owens, 1998; Pryke et28l02; Pryke et al., 2001). The
signalling properties of carotenoid pigmentatioménbeen well established in birds. For
example, in male red-collared widowbird&uplectus ardens) the saturation and extent of
carotenoid-based plumage reflects individual figgptability, and opponents use this to
assess each other during male-male contests avigorie(Pryke et al., 2001).
Consequently, males with bigger and brighter cpliches defend bigger territories, spend
less time in territory defence, and yet receivedieintruders (Pryke et al., 2001).

Finally, orange coloration in lizards is often@dated with high levels of
aggressionEumeces fasciatus, E. inexpectatus, E. laticeps, (Cooper and Vitt, 1988 arlia
rostralis, Whittier and Martin 1992Psammodromus algirus, (Martin and Forsman, 1999);
Uta stansburiana, (Sinervo et al., 2000). For example, male skivfkhe genugumeces
develop bright orange heads during the breedingpseavhich is the only time they exhibit
aggressive behavior. The orange coloration is iaduxy androgens, which also activate

sexual and aggressive behavior in this genus (CaomkVitt, 1988). Androgens are also



likely to be responsible for stimulating seasormbration in other lizards (Cooper and
Greenberg, 1992).

Body size, vigour and aggression are all likelypéomportant determinants of
fighting ability, so the lateral orange patchdnjarnoldae may function as a visual cue to
fighting ability. We found that body size and sofeorange patch were both significantly
larger in dominant than subordinate lizards, howebese traits were also correlated with
each other, so it is difficult to say whether tharge patch would have influenced
dominance on its own. However, in the pairs we eéwmad) there was a non-significant trend
for the size of the orange patch to increase nmapilly with body size in dominants than in
subordinates, implying that dominants had largange patches relative to their body size.
Thus, patch size may become an important prediédtdominance when differences
between opponents in body size are small.

Studies on other lizards have successfully sepaithe effects of badge size from
body size using manipulation experiments. For exan®lsson (1994) found that male sand
lizards that had the extent of their lateral greelor patches enlarged with green paint
dominated individuals of the same size that had green areas reduced to one third of their
original size with brown paint. Similarly, Thompsand Moore (1991) found that male tree
lizards,Urosaurus ornatus, use the color of the dewlap (extensible throa} ta assess each
other’s fighting ability. Adult males have polychnatic dewlaps, which are either blue,
yellow, orange, or bicolor combinations of an orig yellow perimeter around a central
blue spot that varies in size (Thompson and Mat®81). When the size of the central blue
spot was manipulated, males with larger blue sposistently won against males with
smaller blue spots or dewlaps painted orange (Tsompnd Moore, 1991). This pattern has
also been observed between individuals with natlifedrences in dewlap color (Carpenter,
1995). Manipulation experiments could reveal whethe size of the orange patch is used as

a signal of fighting ability in mal€. jarnoldae.

Color

Hue, chroma, and value of the three colored patfflaesk, throat and spots) did not
differ between dominant and subordinate lizarddis study, suggesting that color is not an
important determinant of dominance in m@lgarnoldae. Instead, it is likely that in this
species, variation in hue, chroma and value istdumoulting stage, rather than to variation
in fighting ability (or any other measure of fitisgs

Bright coloration inC. jarnoldae may simply function as a cue to sex, allowing sex
recognition from a distance, as has been foundainynother lizard species (Cooper and

Greenberg, 1992). Such cues may act as triggeegyfiressive behavior in conspecific



males and of courting behavior in females (Carpeamd Ferguson, 1977). Furthermore, in
species where both males and females partakeraagakual aggression, distinctive male
coloration may exempt males from aggressive behdom females. To investigate this
possibility inC. jarnoldae, females could be painted to resemble males, anciponses of
males observed.

In addition, color may be used to communicatettaiel ownership. Even though
color itself does not vary between individuals, dwemnt individuals may appear brighter by
using behaviors that expose their coloration. Kengle, many malénolis lizards
incorporate extensions of their colorful dewlapititeir territorial displays (Cooper and
Greenberg, 1992). I8. jarnoldae, dominant individuals are significantly more likety
engage in behaviors that expose their colored pajduch as raised postures (basking high,
body lifting) and throat presentation (throat flastand head tilts; Maclagan et MS).
Meanwhile, subordinates are more likely to adofattened posture (bask flat) that conceals
their coloration (Maclagan et. al., MS). Thus@rjarnoldae, exposure of coloration by
territory owners may allow intruders to recognismnf a distance that an individual is male
and a territory owner, and in this way steer ctdaoccupied territories and avoid costly
fights.

Contest Escalation

In this study, the prediction that interactionswdd be more escalated and costly
when opponents were similar in size or color wassapported. In fact, escalation measured
as both the maximum escalation observed on daydlthee number of bites received over
the trial, were positively correlated with diffe@nbetween partners in mass.

These results contrast with the predictions ofseguential assessment game
(Enquist and Leimar, 1983), and the results ofroghedies in lizards, in which greater
similarities between opponents in body size (Eagkegl., 2002; Molina-Borja et al., 1998;
Stamps and Krishnan, 1994) and badge size (014884, result in more escalated contests.

Nevertheless, results similar to ours have perplegeearchers during other
experimental studies in lizards (reviewed in Staamps Krishnan, 1998) and fish (Maan et
al., 2001). Unnaturally high levels of escalatioaymesult from certain artificial aspects of
experimental situations (Maan et al. 2001). Firsttpged encounters are often highly
symmetrical, with opponents being matched for seg, territoriality and payoff. Such
symmetric contests are probably rare in natureyevhseymmetries such as ownership of
territory can strongly influence chances of winniRigwever, in staged conflicts, both
opponents may consider themselves territory owtngirgg to expel an intruder, resulting in

long and escalated conflicts (Maan et al., 200hg ymmetry of the lizards with respect to



prior residency may therefore have contributedhéoltiigh escalation levels we observed in
this study.

Second, unlike interactions in the wild, loserstaged conflicts are unable to escape
from their opponents. As with many studies of teryi acquisition in lizards (Stamps and
Krishnan, 1998), our experiments were conducteshilosures that were smaller than the
lizards’ natural territories, leaving the loser rim#re to retreat. Thus, the dominant individual
may have continued to act aggressively towardsti@oause he failed to leave the territory,
as would presumably occur in the field. The positterrelation between maximum
escalation on day 1 and the difference betweenrmge in mass probably reflects the fact
that dominant individuals were more likely to cllysepproach and chase opponents that
were much smaller than themselves.

Because of the high levels of escalation we obseithe importance of the orange
patch size as a signal of fighting ability may haeen underestimated in our trials, while
that of body size may have been overestimated. Evba lizards initially used visual cues
to assess each other, they inevitably escalatela®es, which although costly, are a more
accurate way to assess fighting ability.

In order to avoid the above limitations in futgtedies, experiments could be
conducted in much larger enclosures, providing gh@pace for the dominant individual to
set up an ample territory, while still leaving adate space for the subordinate individual to
retreat. It would also be interesting to make oalé d&f the enclosure more desirable (i.e. by
providing more shelter sites or food), to determirither subordinate individuals are

forced to retreat into the less desirable habitat.

General Discussion

Effective territorial defence requires the terjtomner to detect and expel intruders
in a timely fashion (Eason and Stamps, 1992). Thatgr the number of intruders, or the
harder it is to detect them, the more time the owmast spend actively patrolling his
territory. However, patrolling is a costly activijtgnd field studies have found that
individuals who travel greater distances sufferdogrowth rates, probably because of
increased energy demands and reduced amount oétiailable for foraging (Stamps and
Eason, 1989).

The costs of territory defence may be substantialtiuced if an owner can deter
intruders simply by sending signals from within teeitory to show that it is occupied and
that he is willing to fight for it. Intruders shalibenefit from taking heed of such signals,
since the owner of a territory or other resouragailg wins conflicts over it. There are three

main reasons why this might be the case (Krebdawiks, 1993): (1) owners are often



better fighters, since better fighters tend to bezo@wners in the first place; (2) the resource
may have greater value to the owner (who knowthalbest basking and feeding spots, for
example), so he is willing to fight harder forat; (3) the evolutionarily stable strategy may
be to accept a conventional rule, such as “owrvesys wins”. Thus, colors and other
signals may enable residents to defer intruders f&tar, and consequently defend larger
areas than they would be able to by active patgbilone.

It appears likely that long-distance visual cuesiarportant for territory defence in
maleC. jarnoldae. Firstly, coloration as exposed by certain behawoay signal territory
ownership. In this species, dominant individuals efevated postures and behavioral
displays to appear more conspicuous, while subatéindisplay significantly less and use
lower postures that conceal their lateral coloraffdaclagaret. al MS). Thus, territory
owners appear to advertise their status using écunsps behaviors, while intruders or
subordinates adopt less conspicuous posturesattempt to evade detection.

Secondly, the orange patch may provide long-digtanes to fighting ability. In
maleC. jarnoldae, the size of the orange flank patch may functiea &isual cue to body
size, which is directly related to fighting abilityr addition, the size or intensity of the
orange patch may indicate individual vigour or &ggiveness. Such a cue would allow
individuals to assess each other from afar anddacastly escalated conflicts.

Visibility is often a major constraint on the atylof a species to defend territories
(Stamps, 1977; Eason and Stamps, 1992; Fleishr@8@).1in fact, poor visibility both of a
fossorial habitat, and of cryptic intruders is tkason commonly used to explain why skinks
lack territoriality (Stamps 1977). Howevé?, jarnoldae are not fossorial, but inhabit rocky
habitats such as dry creek-beds and creek bartty stlerophyll forest and savannah
woodlands (Cogger 2000). The open rocky habitatabably very good for the
transmission of visual signals such as displaysoldr patches, since a variety of raised
display sites are available (rocks), and therétie egetation to obscure view. Furthermore,
the lateral orange patches of m@lgarnoldae are significantly different from the color of
the rocky backgrounds the skinks normally selecis@R 1998). The combination of open
habitat and bright coloration may be the key tlzat énabled. jarnoldae to defend
territories while other skinks do not (Stamps, 1977

In conclusion, during escalated interactions betwealeC. jarnoldae, body size is
a very strong determinant of dominance. In the wildividuals may use behaviors that
expose coloration and the size of the orange @dbng-distance visual cues to territory
ownership and fighting ability, allowing them tosass each other from afar, and avoid
costly escalated conflicts. Manipulation experinsembuld be useful in revealing whether

this is indeed the case.



Final Report:

The establishment of dominancein malejewel skinks,
Carliajarnoldae: theroles of displays, body size and
colouration

1 INTRODUCTION
This study represents a detailed examination oftielr during the establishment of
dominance relationships in male jewel skinkar{ia jarnoldae). Unusually amongst skinks,
this species shows striking sexual colour dimomphi€ooper and Greenberg, 1992).
Females are cryptic brown, but males possess Wrlgatspots on a black a dorso-lateral
stripe, and develop bright orange flanks and bheeyg throats during the summer breeding
season. Jewel skinks are endemic to northeastezar3land, occurring in rocky habitats
within dry sclerophyll forest and tropical woodlan@ogger, 2000). Although they forage
actively amongst leaf litter (Cogger, 2000), they most commonly found basking and
displaying on rocks (Rose, 1998). Most skinks lekitoriality, a pattern that has been
attributed to their ground-dwelling habit and liedtability to detect nearby conspecifics
(Stamps, 1977). However, field mark-recapture daggest that both male and female jewel
skinks may be intra-sexually territorial, as madesupy home ranges exclusive of other
males, females occupy home ranges exclusive of t#h®ales, and males and females
overlap with each other (L. Schwarzkopf, unpublétata). Finally, although most skinks
are secretive, non-social, and lack complex behaalalisplays (Cooper and Greenberg,
1992; Stamps, 1977), recent work suggests that kiriks are highly social, with a wide
repertoire of display behaviours that appear tade to communicate with conspecifics
(Langkilde, 1999; Langkilde et al., in press). Téwel skink therefore appears to be a highly
unusual member of the family Scincidae, and praesamiexciting opportunity to expand our
understanding of the diversity of social behaviwithin this understudied taxon.

| staged paired contests between male jewel skin&eder to observe their social
behaviour during male-male contests, and to determvhich physical traits are related to
dominance in this species. | also conducted a gilaty in which | manipulated the size of
the lizards’ orange flank patch in order to detenif this is an important determinant of
dominance independent of the effects of body size.

My specific aims were to:

1. Describe the social behaviour of male jewel skitiksng paired contests.
2. Describe how the lizards’ behaviour changes owee tifrom when they first

encounter one another to after a stable dominaaganship has been established.
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3. Determine how the behaviour of dominant and sulbatdiindividuals differs, and
whether dominants are active over a greater argagceive priority of access to
important resources such shelter and basking sites.

4. Examine whether the lizards choose to display intiqudar environmental contexts,
such as different substrates, levels of light adtion, which might maximise the
conspicuousness of their displays.

5. Examine whether certain physical traits - body ,sizéour (hue, value or chroma) of
the flank, throat or spots, or the size of the geaflank patch - are associated with
dominance in male jewel skinks, and whether arthe$e appear to function as cues
to fighting ability.

6. Test the predictions of the “sequential assessg@ne” (Enquist and Leimar, 1983)
that contests should be more escalated and coséy wpponents are more closely

matched in body size, colour, or size of the orgrageh.

2 GENERAL METHODS

2.1 Collection Site

| caught healthy-looking adult male lizards by h&man Campus Creek on the James Cook
University campus, Townsville, (199'N, 14645'E), in a section approximately 1km long,
between the School of Tropical Veterinary Scierargbthe North Queensland Cyclone
Testing Facility. This stretch of creek has beamtbin previous years to be good habitat for

jewel skinks.

2.2 Measurements
| weighed individuals to the nearest 0.01g usinglaotronic balance, and measured their
snout-vent-length (SVL) and tail to the nearesbh. At this time, | also noted the

number and positions of any bite marks.

222 Colour

I quantified the colour of the lizards’ three caled areas (orange flanks, blue dorso-lateral
spots and blue-green throat) by estimating thed; kalue and chroma using the Methuen
Handbook of Colour (Kornerup and Wanscher, 1968)tae Munsell Book of Colour
(Munsell, USA, 2003). | initially used only the Meten system, because | did not have
access to a Munsell colour chart until halfway tlylo the sample season. | used both
systems for the remainder of the sample seasdwihdpe that they would be easily

translatable, and that | could convert my earli@tiien measurements to Munsell values at
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the end. Unfortunately this was not the case, dratiito use only the Methuen colour
estimates in my final analysis.

The recommended light in which to take measuremeitksthe Methuen system is
outdoors under unfiltered, natural sunlight (Koupeand Wanscher, 1963), so that is what |
initially did. However, when the wet season arriyedrly February), outdoor measurements
were often impossible due to heavy cloud or rain, lsegan measuring colour indoors under
two 100 watt halogen bulbs mounted on the ceiligifopposing angles. These emit
wavelengths covering 100% of the visual spectrumd, @ovide a good approximation of

natural sunlight.

2.2.3 Orange Patch Size

In order to measure the area of the orange pattheoiizard’s flank, | developed a
standardised method of photographing individuatsestimating their patch size from the
photographs. | took photos in a specialised bootisisting of a large white box (60 x 50 x
55cm), with a smaller white box (32 x 22 x 24cngide it. The smaller box served as a
platform for the lizard, and had a ruler attacteeid front surface to allow calibration of the
size of objects in the photograph, and on whichdterthe lizard’s identification number and
the date for later reference using non-permanentenal took photos using a Nikon Cool-
Pix™ 990 digital camera mounted on a tripod akadidistance (20cm) from the
photography platform. Using the camera’s self-tifiueiction so that my hands were free, |
immobilised the lizard by gently holding its peléisd head to ensure the flank was not
twisted. For all photos, | used the camera’s hniflash (to provide full-spectrum light) and
the macro setting. | photographed each lizardstfigand-side, except when a bite scar
marred it, in which case | photographed his leftehaide instead.

| estimated the size of the orange patch by detémothe number of pixels it
covered in the photograph, and then convertingtthmillimetres using the ruler for
calibration. First, the ‘magic wand’ function in slde Photoshop 5.5 (Adobe Systems, 1999)
with a tolerance setting of 110 was used to séhecbrange patch. This shape was then cut
from the photo and pasted into a new image. Angaeparts that were selected but were not
part of the orange flank patch (such as the lizahihd leg, my fingers, etc.) were erased at
this point. Because the forearm was often orangatdfully included a patch representing
the estimated size of the base of the arm, by rergdtae remainder of the arm with the
‘eraser’ tool. | also had to standardise for thet fhat in some individuals, the dark patch
representing the axilla was fully surrounded bynges and was therefore contained within
the final orange patch, while other individuals dat have a complete ring of orange around

their axilla, meaning that this area was not corgdiwithin in the final orange shape.
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Therefore, | decided to include the axilla of alilividuals by using the paintbrush tool to
carefully draw around its perimeter, creating a sthedge.

| then imported the shapes to UTHSCA Image TooWindows (Wilcox et al.,
1996) and used the ‘analyse objects’ function terdeine the number of pixels they
covered. To convert pixel area to millimetres, @édishe ‘distance’ tool to measure the
number of pixels per selected number of millimeteghe calibration ruler in the original
photograph, using the maximum number of millimetnsgle in a continuous sequence
(usually around 25mm). For each photo, | took tiseadce measure three times, and used
the average of these as the final measure.

Finally, | calculated the area in MifA ) of the total orange area on a lizard’s
flanks using the following formula, wherg, s the area in pixels of the orange shapasL
the length in pixels of the section of the calitmatruler, and k., is the length in millimetres
of the section of the calibration ruler:

Amm2 = 2Ap(L /L p)°
Note that the value was multiplied by two to estienthe total area of orange on both sides
of the lizard.

At the conclusion of each trial, | examined indivads for new bite scars, and re-
weighed them so that | could calculate their averagss during the trial. All lizards were
then individually toe-clipped so that they couldebeluded from future trials, and released

at the site of capture.

2.3 Manipulation of Orange Patch Size

Because | found that body size and the area dfrfiege patch were strongly
positively correlated, | conducted a pilot studséparate the influence of these factors by
manipulating orange patch size with paint. The Btep was to find a type of paint that
would adhere to the skinks’ smooth scales, thatdvoat wash off in water (since they
frequently ran through the water tubs when chagatidir opponent, or by me when |
attempted to catch them), and that would not affesit health. | tested various types of
paint, including non-toxic acrylic fabric paint (Kart, Plaid Enterprises, Inc., USA), oil-
based paint marker pen (Uni Paint Marker, Mitsuibifdncil Co. Ltd., Japan), acrylic model
paint (Tamiya Colour Inc., Japan), and enamel mpdgit (Tamiya Colour Inc., Japan). |
painted both flanks of one lizard with each typgaint, then held these individuals within
small enclosures in a controlled environment roorddsely monitor their health for the
next three days. None of the lizards showed agyssof ill-health. The enamel model paint
was deemed to be the best choice for use in myriexgets, since it was superior to the

fabric paint and acrylic model paint in that it waaterproof, and it was easier to apply and
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was available in more appropriate colours tharmptiet marker pen. However, | still had to
ensure the paint was a good approximation of tinksknatural colour from another skink’s
point of view. | therefore had some painted chigenged with a spectrometer by Dr. Justin
Marshall at the University of Queensland, and camgbahese scans to scans previously
done on live skinks at James Cook University bynkdday. There were no significant
deviations between the two.

Using “buff” paint (XF-57, Tamiya Colour Inc., Japal reduced the orange patches
of the slightly larder male in each pair to appnoaiely 25% of their original size. This male
was designated “dull”, while his partner, “brigldid not have the size of his orange patches
altered. However, to control for the effect of gaig, | painted the flanks of the bright
individual with transparent paint (X-22, Tamiya Gof Inc., Japan). Trials with painted

individuals were otherwise exactly the same asrdtfads in which lizards were not painted.

2.4 Behavioural Observations

| observed pairs of male jewel skinks interactivithin semi-natural outdoor
enclosures (for detailed description of enclosuses,Chapter 1 or 2). Because prior
residency can influence dominance in lizards (Staam Krishnan, 1998), | needed
opponents to be symmetrical with respect to pesidency so that | could determine what
physical features determine dominance. Therefqreoents were initially held for a
minimum period of 36 hours on opposite sides obpaque removable barrier that divided
the enclosure into two equal halves. During thidiamation period, each individual was
provided with a wooden shelter (20 x 30cm) poséibadjacent to the centre barrier. On the
morning the trial began, | removed centre partiiod allowed the lizards to interact for the
first time. | also removed the two wooden shelterd placed a single small wooden shelter
(15 x 20cm) in the centre, providing a resourcetherlizards to fight over. Thirty-five
minutes later, | began recording the behavioumaf lizard (the ‘focal’ individual) from
behind a blind, using a custom-written event-recwgrogram on a Hewlett Packard
200LX palmtop computer. While this program was lingnthe computer screen displayed a
key relating each of the lizards’ 46 possible bétarg (devised by Langkilde, 1999) to a
button on the keyboard (or a combination of “shéftid one of the buttons). After a few
practice observations, it was possible to recdrtulthe least common behaviours without
having to look down. The program recorded the stadtend time of each behaviour of the
focal animal in units of seconds past midnight,ahirallowed both the frequency and
duration of each behaviour to be calculated ldteaddition, substrate (sand, rock, on
shelter, half on shelter, under shelter, half ursthetter), location (one of nine equal-sized

sectors into which the enclosure was visually didid or light (full sun, partial shade, full
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shade), could be recorded continuously as wellalt also possible to add comments on the
behaviour of the second lizard (the ‘stimulus’ indual), and to describe any interactions
that occurred between the lizards.

| observed both individuals in a pair for 15 mirsugach per day, totalling 30
minutes observation time per pair per day. ObseEmatwere conducted during the morning
(07:30 — 11:00), when the lizards are most actiugtially conducted trials for 4 (n=7), 5
(n=3), or 6 (n=1) days. However, | found that tleenthance relationships observed on day 2
never changed on subsequent days, so for the rdemadhtrials (n=24), | restricted

observations to 2 days.

2.5 Determining Dominance

| assigned each lizard a daily dominance scoredbasé¢he number of interactions
he won and lost each day. An ‘interaction’ was mydent where one individual moved to
within 50cm of his opponent in a deliberate manaed ended when one lizard (the ‘loser’)
moved away. An individual was considered ‘domindirite won a majority of interactions,
while his opponent was considered ‘subordinatdiolth individuals won an equal number
of interactions, they were considered ‘equal’ eliver than two interactions were observed,
the relationship was classed as ‘unknown’.

Because most pairs had established stable donsnaotdinate relationships by day
2, the dominance score calculated for day 2 wad asé¢he final dominance score for each
individual, except when observations could not laelenon day 2, when | used the

dominance score from day 1 (n=3 pairs).

Chemo-Sensory Trials

After noticing that the lizards often scraped tiies of their heads on the shelter or
substrate (‘mouth scrape’), usually during boutsoofue-flicking, | suspected that this was
a form of scent-marking. In order to find out, baged an experiment to test whether skinks
varied their tongue-flicking rates when presentét wotton swabs containing five different
stimuli: the side of the mouth, the cloaca, thesdor (a control of the skink’s body), distilled
water (a control for something liquid) and perfugaeontrol for something odorous). | used
20 individuals, who housed in small enclosures fi%c35cm x 10cm) and held in a
controlled temperature room.

My first attempt involved placing the skink intdaage, clean plastic container,
holding the cotton-bud in front of its snout, aedarding the number of tongue-flicks
performed within 60 seconds after the first tonflisd= Unfortunately this method was

unsuccessful, as lizards were very fearful of me, @mpletely ignored the cotton bud.
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To resolve this problem, devised a specialiseddsodlind consisting of two
wooden panels fixed upright approximately 1m apare with a small oval viewing hole,
and the other with a mirror attached above itehtblaced the cotton-bud into the container
with the skink, then retreated immediately behimel blind and looked through the hole in
the first board at the mirror above the secondoseove the skink’s behaviour in the
container below. This method also proved unsucuaksss the skinks simply watched me in
the mirror. As their natural predators are birtgs likely that skinks are particularly good at
detecting overhead movement using their parietl Bgvertheless, | found that when
remained completely out of view for around 30 sgeralepositing the cotton bud, the
skinks were less likely to notice me.

However, at this point | encountered yet anotheblam. The skinks often tongue-
flicked when they were far away from the cotton badch seemingly exploratory manner.
Although they did occasionally tongue-flick the tooi-bud directly, | found it extremely
difficult to draw a distinct line between exploratdaongue-flicking and direct tongue-
flicking of the cotton-bud. The rate of explorataongue-flicking was highly variable
between individuals, and was not related to the tyfoscent on the cotton swab (individuals
tongue-flicked as much with the distilled water ttohas with a cloaca smear). At this point,

| felt I had spent too much time on what was supgddse be a minor side-project, and | gave

up.

2 ANALYSIS, RESULTS & DISCUSSION
| staged 35 trials (with 25 non-painted pairs a@gdinted pairs) using 52 lizards, recording
42 hours of behaviour over 165 observation sessBesause | was unable to catch enough
lizards to use one per trial, some lizards (n=18)enused in two trials. However, during
second trials, | always placed lizards into a neala@sure with a new opponent for whom it
was also a second trial. Dominance status of iddads in their first and second trials was
not significantly related (Fisher's Exact Test,Hasstatistic=3.228, p=0.2321, n=16).

The data from painted trials was included in analgs behaviour, but excluded from
analysis of traits related to dominance. Two tnatse excluded from all analyses because
one member of each pair died shortly after thé, fp@ssibly due to heavy parasite

infestation (which only became apparent after leeldi

3.1 Social Behaviour
Male jewel skinks readily interacted with each otthering paired contests, frequently
engaging in aggressive interactions, and usinggeraf display behaviours to signal to each

other. Common displays were ‘head bobs’, ‘tail wayvthroat presentations (‘throat flashes’
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and ‘head tilts”), and raised and tilted baskingtpces (‘bask high’, ‘body lift’ and ‘lateral
tilt'). Throat presentations revealed the lizarolsie-green gular colouration, while raised
and tilted postures exposed the bright orange calimm on the lizards’ flanks. A full
ethogram folC. jarnoldae is available in the literature (Langkilde et ai.press), and in the
Glossary.

Fighting (wrestling) was never observed, but thartis did engage in close “face-
offs”, which often ended with one individual lungiat the other and chasing him around the
enclosure. Although bites were hard to see asdheyery fast, they apparently occurred
during lunges and chases, as 21.6% of individ@al®4 of dominants and 30.4% of
subordinates) exhibited fresh bite wounds at tliecéithe trials.

By the second day of trials, 26 pairs had estdétisclear dominant-subordinate
relationships, while five pairs appeared equal, iarittie remaining two pairs the relationship
could not be determined because the lizards didghtertact during observations. Thus, the
majority of pairs established dominant-subordimatationships within 48 hours of contact.

These relationships remained stable in all of thiesd observed for more than two days.

3.2 Changesin Behaviour Over Time

In order to see how the lizards’ behaviour charegdominance relationships emerged, |
compared the behaviour of individuals on the frstl second day of the trials (n=43). | also
tested whether contest behaviour of pairs was mscalated on day 1 or 2 (n=25; see
Chapter 1 for escalation measures).

Trends for lizards to spend more time head bobbimhtail waving on the first day
approached significance (see Figure 1, Chaptdut their use of other displays, postures
and movement behaviours did not change over timaddition, escalation remained as high
on the second day as the first.

The greater use of head bobs and tail waves o daggests that these may be
especially important during initial assessmentgganents, perhaps to signal residency
status. Behaviours that expose the lizards’ breghduration seem likely to be threat
displays (as in the closely-relat€drlia rostralis; Whittier and Martin, 1992), so their
failure to decrease over time indicates that treerdis were still threatening each other even
after a stable dominance relationship had beeiblesiad. This coincides with the sustained
escalation level on day 2.

It is initially surprising that lizards continued tlisplay and engage in escalated
interactions after dominance was settled, as thestkely to be costly activities. However,
this may indicate that dominant individuals ar@letant of other males in the near vicinity.

Jewel skinks appear to be territorial in the wild $chwarzkopf, unpubl. data), so in the
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enclosures, the dominant individual may have cansid the subordinate to be an intruder
within his territory, and therefore continued tdhbaee aggressively towards him. Thus,
although the lizards may have initially used digplto try to settle contests without physical
aggression, they inevitably escalated to this beeadf their confinement within the

enclosure.

3.3 Behavioural Differences of Dominants and Subordinates
| compared the behaviour of dominant and subordilzards on day 2, when dominance
relationships had been established. Only pairshthatestablished a clear dominant-
subordinate relationship, and in which both pasred been observed on day 2 (n=19) were
included in analyses. | compared the use of variffisrent behaviours, as well as duration
spent on different substrates and in each sectitreenclosure (where the enclosure was
divided into three equal-sized sections: ‘own sig@ which the lizard was initially held,
‘centre’, and ‘partner’s side’, on which his partmes initially held). | also compared an
index of activity range (the number of enclosuret@es visited) and an index of movement
(number of sectors entered per minute).

| found that dominants and subordinates differeghany ways, both in their
behaviour and in their use of substrates and emaasections (see Figures 2-7 in Chapter
1). However, dominants and subordinates did néeifi their activity range or movement.

Dominants displayed more than subordinates, hebbibg, head tilting, and tail
waving (both distal third and full tail waves) a&grsficantly higher rates, and spending a
significantly greater amount of time head bobbind &il waving. They also used more
elevated postures, during which the bright orarajeuration of their flanks was exposed.
Meanwhile, subordinates used lower basking postaresthey rarely displayed. While
dominants appeared to be enhancing their conspoess, subordinates seemed to be trying
to remain inconspicuous.

Dominants and subordinates also differed in the& of general activity behaviours,
with dominants ‘*head turning’, ‘tongue-flicking'¢rawling’, and ‘crawling & tongue-
flicking’ significantly more. Although both domingand subordinates scraped their mouths
on the substrate, possibly as a scent-marking l@lraw@ominants tended to do so more
frequently. These behaviours may reflect the ireedaalertness of dominants as they
surveyed their territory for intruders. Meanwhsebordinates tended to spend slightly more
time patrolling the enclosure perimeter and hangimghe enclosure wall, presumably trying
to escape. However, dominants and subordinatesadidiffer in the number of times they

jumped up the enclosure wall.
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Dominants and subordinates also differed in thegr ef movement behaviours that
were directly involved in aggressive interactiogigher by initiating (approach, chase) or
terminating (run, dart, flee) them. Dominant lizaapproached and chased significantly
more than subordinates, who very rarely approadadinever chased their opponents.
Conversely, subordinate lizards spent significamtbre time running and fleeing, and also
tended to spend more time darting. These reswtaatrsurprising, given that | used
behaviour during interactions as the basis forrdgteng dominance.

Dominants and subordinates also differed in theuarhof time they spent on
different substrates and in different sectionshefénclosure. Dominants spent significantly
more time half on, under, and half under the shelthile subordinates spent significantly
more time on the sand. Dominants also tended todspm®re time on the shelter and on the
rocks than subordinates, although these differeacegaot significant. Dominants therefore
appeared to gain priority of access to the shéligis provided the most secure retreat site
available within the enclosures, and was probablgt&ractive basking site.

Finally, dominants and subordinates differed inrthee of the three different
sections of the enclosure. While subordinates sggmtoximately equal proportions of time
in all sections, dominant individuals spent moneetiin the centre. This may reflect the fact
that dominants spent more time on the shelten tre centre where they could display more

effectively and survey the tank for intruders.

3.4 Environmental Contextsof Behaviours
Because signal production can be costly, seletéienurs signals that are emitted at the
places, times and environmental conditions thatimi@e transmission to the intended
receivers (Endler, 1993). In order to see if jeskéhks select environmental contexts to
enhance the conspicuousness of their displaysreed whether they displayed at
different rates or for different amounts of timedifferent substrates, light levels or in
different sections the enclosure.

| found that displays did not occur randomly wiéispect to any of the contexts.
Rather, lizards displayed most on the shelter (ledd and tail waves) and on the sand (tail
waves), more in the full sun than in either pauiafull shade (head bobs and tail waves),
and more in the centre of the enclosure than la¢eégnd (head bobs and tail waves).

The preference of the lizards for displaying intaer contexts seems likely to have
been used to enhance the efficiency with whichr tsighals were transmitted through the
environment. The shelter represented a raisedptatirom which the lizard’s displays were

probably more conspicuous to another lizard withimenclosure. Tail waves also occurred
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frequently on the sand, possibly because they are nonspicuous from ground level than
head bobs, and therefore do not rely so heavilg mised displaying point.

By choosing to display most in the sun, lizardy inave made themselves, or their
orange colouration more conspicuous. During disptaych as head bobs and tail waves,
they often used raised postures, which exposeftaeks. Because sunlight contains
abundant wavelengths in the orange part of thetspe¢Endler, 1990), direct sunlight
probably enhanced the brightness of the lizardmge flanks.

Finally, by choosing to signal from the centretef tank rather than at one end
(even if that end is more familiar), lizards mayé&ancreased the distance over which their
display signals were effective. However, the tergdn display most in the centre may be
confounded by the fact that the centre containedkielter.

In jewel skinks, the significance of increasing éfiiciency of signal transmission
may be that an individual could defend a largenttey, or at least, spend less time
patrolling and displaying from different points amal the territory boundary, which are

costly activities (Eason and Stamps, 1992).

3.5 Traits Related to Dominance

In order to determine what physical traits aretegldo dominance in male jewel skinks
when opponents are symmetrical with respect ta peisidency, | compared the traits of
dominant and subordinate individuals. | used omitadrom non-painted pairs in which a
clear dominance relationship was evident by day=20).

| found that dominant lizards were significanthakier, larger in SVL, and had
larger orange patches than subordinates (see Fig@ieapter 2), but dominants and
subordinates did not differ in tail length. Theestf the orange patch was positively
correlated with body size (see Figure 2, Chaptes@)n order to determine if the
relationship between body mass and the size afriduege patch was similar in dominants
and subordinates, | conducted an analysis of cawee. There was a trend for the size of the
orange patch to increase more rapidly with bodg BizZlominants than in subordinates (p =
0.062), implying that dominants tended to havedagyange patches relative to their body
size.

There were no overall differences between dominamtissubordinates in any of the
colour measures (hue, value, or chroma) of anfi@three colour patches (flank, spots and
throat).

Thus, of all the physical traits | measured, badg svas the strongest predictor of
dominance in male jewel skinks. This is consisteth the results of many other studies in

lizards (reviewed in Pough et al., 2001). Body simy confer higher fighting ability, since
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male lizards generally fight by biting one anotterd larger males have larger heads
capable of inflicting greater damage. In additioogly size may be correlated with other
factors that determine fighting ability, such as &and therefore fighting experience),
general health and vigour, strength, and enduréhogersson, 1994).

However, my results suggest that the size of thage patch may also be related to
dominance, especially when opponents are similbody size. Because the size of the
orange patch is correlated with body size, it me&ye as a long-distance visual cue to body
size. It may also be a cue to individual vigouncsi orange pigmentation is usually
carotenoid-based, and carotenoids are usually aeshandication of aspects of individual
vigour, such as nutritional condition, parasitastesce, and immunocompetence (Lozano,
1994; McGraw and Hill, 2000; Olson and Owens, 19®2§ke et al., 2002);. Finally, the
orange patch may reflect an individual's level ggeession, as orange colouration is
probably stimulated by androgens (Cooper and Gexgnth992), and is associated with
aggression in a number of other lizards (Coopenétid1988); (Whittier and Martin,

1992); (Martin and Forsman, 1999); (Sinervo et2000).

Precise colour parameters of the three colour patappear unrelated to dominance
in jewel skinks, as variation in colour is probadblye to moulting stage rather than to
variation in fighting ability. Instead, the distiine colouration in jewel skinks may be a
long-distance visual cue to sex, as it is in a nemab other lizards (reviewed in Cooper and
Greenberg, 1992). Furthermore, because dominaividodls are more likely to engage in
behaviours that expose their colouration, wildrilsamay expose their colouration as a

signal of territorial ownership directed at consfieg in the vicinity.

3.6 Manipulation Experiment Results

Painted trials were conducted near the end of theding season (early April), and
unfortunately, the lizards were less active and &gressive towards each other than in
earlier trials. Dominance relationships were ordtablished in six trials, while partners
appeared to be equal in another two trials, ariddrremaining two trials the relationship
could not be determined because the opponentsotlidteract. Furthermore, in two of the
trials in which a dominance relationship was essaled, individuals varied slightly in mass
over the course of the trials such that the brigimdividual ended up being larger than the
manipulated individual with the smaller colour gagize. In both of these trials, the now
larger bright individual was dominant. However, doembiguity, no conclusions can be
made from these two pairs. The results of theriistin which the bright individual was

smaller, and in which the relationship could beedwined are shown in Table 1, below:
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TABLE 1: Outcomes of six painted trials.

Outcome Number of Trials
‘small bright’ dominant 1
opponents equal 2
‘large dull’ dominant 3

Even when the size of their orange patch was refjlasger individuals still tended
to win trials. However, it is interesting that ineotrial the small bright individual won, and
that in two trials the opponents were equal, sindbe twenty non-painted trials in which a
dominant-subordinate relationship was evident, allemindividual dominated a larger
individual in only one trial. Thus, if colour manifation had no effect whatsoever, we would
have expected that large individuals with smalbaoolpatch sizes would win in all of the six
trials. However, large lizards with manipulatedazol patches were clear winners in only
half.

Although these results are inconclusive, they eagthat when mass differences
between opponents are small, the size of the cplatch may become an important
determinant of dominance. Although individuals wiglluced colour patches are of course
unaware how they appear, ‘bright’ individuals magltenge them more often, eventually
winning because of their higher aggression lelsther painted trials should be conducted

in order to find out if this is truly the case.

3.7 Sequential Assessment

The more closely matched opponents are, the Iangentest should last and the further it
should escalate, because it will take longer tesswho is the strongest (Enquist and
Leimar, 1983; Payne, 1998). In order to establibletiver contests between male jewel
skinks are more escalated when opponents are moktran body size or colour traits, |
calculated four measures of escalation (see Chaptand correlated these with differences
between partners in all of the body size and cali@its.

There were weak positive correlations between itfierdnce in mass of opponents,
and two measures of escalation: maximum escalahatay 1, and the number of bites
sustained over the trial (although this secondigglahip is dependent on a strong outlier:
see Figure 4, Chapter 2). Thus, escalation waghighen opponents were more different in
mass. This pattern is opposite to that predictethbysequential assessment game (Enquist
and Leimar, 1983), and contrasts with the resilttlwer studies in lizards, in which greater
similarities between opponents resulted in moralased contests (Earley et al., 2002;
Molina-Borja et al., 1998; Olsson, 1994; Stamps ldridhnan, 1994).
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However, as mentioned earlier, the high levelaggfression | observed may have
been caused by the dominant continuing to try fiekthe subordinate from his territory.
The fact that escalation was higher when the suatel was much smaller than the
dominant probably reflects the fact that it is Iesky for a dominant to harass an opponent
much smaller than himself. Thus, the ability of eng@wel skinks to settle conflicts through

visual assessment may have been underestimateelsa trials.

4 SUMMARY & CONCLUSIONS

When confined in enclosures, male jewel skinksitgauteract with each other and almost
always form dominant-subordinate relationships wi#8 hours of contact. Although they

do not appear to actually fight (i.e., wrestlegyttengage in close face-offs, lunges and
chases, which sometimes involve biting. They almaivariety of display behaviours, some
of which appear to be most important during theahstages of opponent assessment (head
bobs and tail waves), and all of which are usedemi@quently by dominants than
subordinates. These displays tend to be givenvim@rmmental contexts that maximise their
conspicuousness to other lizards, and may be igpioitr territorial defence in the field.

When opponents were confined in enclosures, bizéywgas the strongest predictor
of dominance in male jewel skinks, with larger nsaddémost always dominating smaller
ones. Neither the hue, value nor chroma of thestbodour patches (flank, throat, spots) was
an important predictor of dominance, and these @y some other role such as sex
recognition. The size of the orange flank patch mflyence dominance when differences
between opponents in body size are very smallthzutesults of the present study only
suggest this; further research is needed.

It is possible that the ability of lizards to resmlconflicts through displays and
assessment of orange patch size was underestimatesl study, because lizards inevitably
escalated to face-offs and chases due to theimeamént within the enclosure, and the
intolerance of dominants towards intruders. Thusyre experiments should be conducted in
larger enclosures to provide subordinate indiviswath the option of retreating before

escalated conflict.

4.3 Future Research

This study opens the way to many avenues foréuatudy. Firstly, it provides the
groundwork and methods for a manipulation experini@determine whether the size of the
orange flank patch in mal@ jarnoldae is used as a cue to fighting ability during male
contests. Such an experiment should be carefuligded to provide subordinate individuals

the chance to retreat from their opponents befondlicts escalate to violence.
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In addition, it would also be interesting to examthe whether body size or orange
patch size is correlated to territory size or gyaif lizards in the wild.

In order to find out whether the orange patchuby/tan honest signal of individual
quality, the relationship between patch size anmdgie burden could be examined.
Furthermore, skeletochronology could be used terdehe whether orange patch size is
related to age.

Another interesting manipulation experiment wourldalve painting femal€.
jarnoldae to resemble males (i.e., paint their flanks orangedl observing the response of
males towards them. If males behave aggressivelgrtis them, the importance of
colouration in sex-recognition would be confirmed.

Finally, the genu€arlia presents an excellent opportunity for comparatiudises
to test hypotheses about relationships betweem@ion and ecology. Species in this
group form a continuum of male brightness, fronsththat lack bright colouration, to those
with very bright colouration. This study highligtitee importance of conspicuousness for
territory defence, and suggests that the notablegiouousness of madg jarnoldae may be
the key to their ability to defend territory whitéher skinks do not. A comparative study
could be used to test whether the degree of camspéness is correlated to degree of

territoriality in the genu€arlia.
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