mainly when I address the question of why males have several secondary sexuval
characturs, For the main part, Thave only answered why mule cues are exaggerated,
and not what informatlton the cues provide to the female.

Guppies are small ovoviviparous fish native to streams of northenstern South
America and the nearby isiunds, including Trinidad (Foude 1987, 1988 b). For this
study, fish were drawn from a feral population existing in a smalt (0.5-2 m wide, 75
em to 20 cm deep at centre) stream about 500 metres upstream front the Beachwood
mangrove swamp in suburban Durban, South Africa, There is «ome doubt as to the
origin of this population, but iv is likely that Trinidadian guppies were introduced to
rivers and streams near heman habitation in Durban and north to Empangeni as an
attempt to control mosguitoes (Mr K Farghatson, personal communication).

I have structured the investigation as n series of papers which huve been
submitted to journals for publication. Tuken together, they nre intended to form a
coherent and thorough investigation of the possibility that the secondary sexunl
charncters, most notably colour spots, of male guppivs have evolved and are
maintained by female choice. Whilst why males bear ornaments at all is not beyond
controversy, several new theoratical nroblems are riised by the fact that males of
many species, including pupples, bear several ornuments, 1 have tried to Interpret the
results of this Investigation in the context of theories dealing with the presence of
multiple secondary sexual charnelers (see Mller & Pomiankowski 1993 q,
Pomiankowski & Iwasa 1993, Iwusn & Pomiankowski 1994),

The first chapter is intended to reproduce a mnte choice seenarlo similar to

that fuced by females in the wild, with the minimum of experimental manipulation,
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Guppies (Poecilia retlenlata) are possibly the most thoroughly studied species
with regnrd to mating behaviour and the interploy of naturat selection and sexual
selection (Andersson 1994) Despite this, we still do not have a elear understanding of
how or why the preferences of female guppies or the orpaments of males evolve and
are maintained. There are remnarkuble inter-population differences in female mating
preferences and male ornamentation, with most mule seeondary sexual churacters
relnted to female response in at least one population (see summarised data i Table
A}, This is thought to be n result of opposing selection for crypsis to avoid predators
and for conspicuousness in aticacting mates, The strength of these types of seleetion
varies between populations aceording to local predation pressure (Endler 1980,
Breden & Stoner 1987, Stoner & Breden 1988), background gravel patterns (Endler
1980, 1983, 1987}, lighting conditions (Endler 1987, Reynolds & Gross 1992) nnd
strenm turbidity (Luyten & Liley 1991),

In this thesis I Investigute fenale choice « s & selective pressure for the
multiple secondary sexual churacters of males in a feral South Afrlean guppy
population, I oo Investignte some aspects of the inheritanee and ontogeny of the
female preferenees in this population, ineloding the intrlguing notlon that female
preferences may be tronsmitted culturally, by copying the ¢hoice declsions of other
fomales, rather than genetically (Dugatkin 1992), rather than genetlenily, What drives
the evolution and maintenanee of fensule choice is a more difficnlt and controversial
subject, especially in animals such as gupples in which there are no divest benelits to
choosing o given male (Kirkpatrick & Ryan 1991). Lenn only make obligue

contributions to the debate on the nature of the benefits to fomales of choosing,
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will refer vo from now on as ornaments and displays. Whilst female preference and
the preferred male character may be strongly correlated within populations (Breden &
Staner 1987, Stoner & Breden 1988, Foude & Endler 1990) or individuats (Houde
1994}, it is Important not to conflate the processes selecting for the female preference
and the selective pressures those preferences exert on the male character (Kirkpatrick
1987), This second selective process is the primary focus of this thesis,

Table A: The nomber of populations in which a velationship has been shown
between eaeh male gappy character and female vesponse,

Character Populations Relorences
Orange area 10 2,356,810
Orange intensity 3 7.9, 10

White arca 4 2.3,8,10
Yellow aren 2 3

Number of black spots 5 3

Bluc/green 4 3

Pattern complexity l 12

Brightness conurast 1 3

Colour contrnst 7 3

Bocdy size 5 313

Dorsal fin size 1 !

Caudal fin slze 4 1,3

Display rate 5 1,4,10,11, 12
Male dominunce 1 10

References: [- Bischoff ef al, [985, 2- Bndler 1983, 3- Endler & Houde 1995 4- Furr
{980 0, 5= Houde 1987, 6- Houde 1988 a, 7- Houde & Torie 1992, 8- Kodric-Brown
1983, 9-Kodrie-Brown 1989, 10-Kodric-Brown 1993, 11- MeMinn 1990, 12-
Nicoletto 1993, 13-Reynolds & Gross 1992,
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From the production of the gametes to the provision of parental care, it is usually
femules that invest mare, and whose [ifeth. e reproductive output is therefore more
constrained, As the requirements of parental care consteain lifetime number of
offspring, 50 an individual is likely to gain more from choosing her mate, Trivers'
inslght explalns why mutnal ¢holee occurs in monogamons species in which there is
biparental care, and why promiscuous oF polygynous specics show ferpale choive
only,

Ferale mating preferences are phenotypic charieters, expressed during
choice decisions (Fleisler ¢f af, 1987), which may evolve for one or both of two broud
types of reasons, Firstly, they niay be selected for in un eeologleal context other than
mate choice and thus provide a sensory bias which favours some males over others
{Busolo 1990, Ryan & Rand 1990), Secondly, u females preferences may be
adaptations to choose myu . that will contribute more to her fAtness than other males.
Thore are several such conteibutions that maies can make, from relntively direct
benefits such as the Falure to transmit ectoparasites durlng copulation (Hamilton
1990}, male parental cure (Searey 1982) and « high quality territory (Alatalo et al,
1980), to indirect and somewhat more controversial geactie benefits such as
attractiveness of mole offspring to females (Fisher 1930) and 'good genes' which
incrense offspring viability (Pomimnkowskl 1988, Grafen 1990 o, Hamilton & Zuk
1982),

The second important consequence of female mate ¢hoiee Is the seleetion that
fermale preferences impose on the male traits and Jdisplays that are preferred, The

most ohvious consequence of this is the exaggeration of these male teaits, which I
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Preface

"There s a second agency at work in most (bisexual) ammals ...,
it does not require the death of the less suecessfid, but gives to them fewer

descendants”

With these words, Darwin (1858) in his joint paper with Alfred Russel Wallace in
which they introduced the concept of natural seleetion to the Linnucun Soclety and
the world, first described what was later to become Rnown as sexual selection,
Sexual seiection has recently blossomed into onc of the richest fields of research in
behavioural ceology (see Bradbury & Andersson 1987, Andersson 1994 for
overviews, and Cronin 1991 for an aceessible yet thorough introduction). A
phenotypic character will be sexunily selected if there i a non-random assaciation
between it and somie component of mating success (Durwln 1871, Mgller 1994 ), In
a wide variety of sexual organisms, there is intense albelt sometimes subtie intra-
suxual competition for opportunities to mate. Iowaever, processes oiher than the
nequisition of mates such ng the mate's genetic quality, sperm competition,
infanticide and parental effort may also be sexually selective (Maller 1994 w),
Trivers (1972) accounted for the faet that in species where there is mate
choiee, it is aloost always the female that does the choosing, and where both sexes
choose it is usually fomales that are the more pacticular, 1Tis explanation drew on the

differcnce between the sexes in parental nvestment in ench individunt olfspring.
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Abstract

I investigated some e olutionary implications of female mate choice in & feral
population of guppies (Poectlin reticulata). I performed correlative and manipulative
experiments to establish the relationship between female mate choice and other
sexually selective forces including intermale aggression and snenk copulation, and
the exaggerated secondary sex charncters (ornaments) of male guppies, Orange
(carotenoid) ornamentation is the best predictor of male attractiveness and mating
suiccess, a relationship which held under manipwlution. Black (melanin) is sometimes
correlated with male mating success, Manipulatiag the black area of males reveals
thatt it is Important to male attractiveness, and this appears to be in the form of a
signal amplifier of male orangeness. This is the ficst experimental evidence for a
visual signal amplifier, For both orange and black arens, the relationship between
absolute area and fluctuating asymmetry is positive and significant, suggesting that
neither is a sighal of male conditlon. These results are interpreted in the context of
theories of the evolution of multiple male ornaments, Females are able to express
their preference for orange with the first mature male they ever encounter, suggesting
an important role for genetic determination in female preferences. This is
cotroborated by high repentability of female mate choice behaviour. Experience
modifies a female’s preferences as she is able to ndjust her response to 4 male in
relation to the ornpmentation of (at least) the previous male she saw, Mate copying

has no measursole effect on the outconte of female mate choice deeisions.
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hypothesis, no negative relationship between asymmetry and size is anticipated
(Mgller & Pormiankowski 1993 b, but see Balmford et al. 1993).

Fluctuating asymmetry of orange and biack colour areas was also examined ns
a potential cue for female choice because if it signals male quality it could be u
partieularly informative cue for mate choice (Mpller 1992 b; Swaddle & Cuthill

1994).

METHODS
We used gupples collected from a feral population in Beachwood, Durban, South
Afrles i February und April 1993, Mules bore a close superficial resemblance to
Trinidadinn wild gupples (from photographs in Endler 1983}, Males all had orange
(mean : S.; 8.0% of body nrea £ 0.5%) and black (3.5% 2 0.2%) spots but these
differed widely In number, position, shape and aren between males, Some males had
iridescent (white/silver, blue, green and violet) (44, 1% of sample) and yellow (30.5%
of sample) patches, None of these colours other than the occasional small black spot
were seen in females.

Fish were held in single sex stocks of about 40 per 100 | aquarium, the
temperature was kept at 25'C by controliing room temperniure and with
thermostatically controlled hicaters, Water was filteted through nir-dtiven box filters
filled with activated charcoal, filter wool and Siporax filter medium, A 12:12
light:dark cycle was maintained with dawn at 0900 hours, The fish were fed every

morning on Tetramin flake for tropical fish.
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clifferent aspects of the beaters condition. (it) The "redundant signei hypothesis”
nssumes that individual ornaments are noisy indicators of conditlon such that several
condition-dependent treits would be more relinble ndieators of vigour than one, (iil)
The "unreliable signal hypothesis® prediets that most ornaments of multiple signal
systens do not rellubly signel eondition but are maintained becouse they are retatively
uncestly and there 1s a wenk preference for them.

Our primary aim was to experimentally identify mate choiee cues in a feral
suppy population, Secondly, like Mgller & Pomiankowski (1993 n), we used
fluctunting nsymmetry (FA}) to attlempt to diseriminaie amongst thelr three
hypotheses, FA 15 u consequense of an Individuals inability to develop identically on
both sides of the budy due to environmental stress and genomie disroption (Van
Yulen 1962), Conditlon-dependent ornaments which signal male quality by imposing
o handicap (sensu Zahavi 1975) on the male will not only be largest in males of "high
genetic quality”, but alse most symmetrical (Mpller & Higlund 19915 Mgller &
Pomitankowskl 1993 b, Watson & Thornldll 1994), Meller & Pomiankowski (1993 a)
use the expected negative correlation between ornament size and nsymmetry to test
their three lypotheses, The first two (multiple messages and redundunt signals)
predict that multinle ornaments evolve because together they relinbly signal male
condition, und thus negative correlations between asymmetry and orhament slze are
expecled, at least for some characters (others mny not be sighalling condition at that
time, and under these conditions, the negative correlation is not expected), The
unreliable signal hypothesis prediets that several relatively uncostly omaments evolve

in n so-called runaway munner (Pomisnkowskl & Iwasi 1993) and thus under this
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Endler & Houde 1995) melanin and yellow (Endler & Houde 1995). The shape and
size of the caudal and dorsal fins 1s highly variable and often quite exaggerated
(Bischoff at nl. 1985; Nicoletto 1991) and has been shown to be important in female
choice (Bischoff et al. 1985), as has body size (Reynolds & Gross 1992).

In addition to the obvious advantages to a malke in having a futwtionally
effective intromittent organ, such structures are also often a cue for female mate
choice (Eberhard 1985, 1993), We investigate the possibility that the gonopuodia
{Intromittent nrgan, comprising the modified and elongated anal fin) of mule guppies
act as a cue for female choice,

There are several hypotheses that might oxpluin the nwltiplicity of sexually
selected characters in mal» guppies, Female choice cut be based on assessment of
different criteria at different times in the sampling pertod. Female fiddler crabs (Tey
wnnlipes) discriminate amongst males on the basis of size, however they then choose
amongst these larger males on tlie basis of burrow guality (Backwell & Possimore
unpublished), Female Juckson's widowbirds (Euplectes Jueksont) cug on display rate
and male tail length in making choies declstons, but the quallty of a male's display
court {(which he constructs) needs to exceed u certuin threshold if be i3 to mate
{Ande, son 1991). Our experimentu) design Is sensitive 1o the possibility that females
use different eriteria Lo assess males at various stuges in the series of behaviowes
between male display and mating.

Muller & Pomiankowskl (1993 a) put forward three hypotheses explnining the
nintenance of multiple sexunl ornaments relited to thelr ability to signal male

condition. (1) The "nwltiple message hypothesis" holds that different ornaments signal

1§



INTROTIUCTION
There is wide acceptance that sexunl selection (Darwin 1871) explains the presence of
exnggerated male secondary sexual characters in many species. There is, however,
Hetle clarity as to why males of many species have more than one exaggerated
secondary sexual character, especiaily when none is used in overt contests between
males. The presence of multiple secondary sexual characters appenrs to be related to
the intensity of sexual selection (Mapller & Pomiankowski 1993 a). For example,
polygynous or lek-mating bird species tend to have multiple sexual ornaments (eg.
Zuk et al, 1992) whilst monogamous birds tend not to (Meller & Pomiankowski 1993
o, but see Burley [981)

Gupples (Poecilia reticideta) are highly promiscuouns, with a heavily male-
biased operationnl sex-ratio due to the shor period of female receptivity (Kodric-
Brown 1993). The most successlul type of mating (display-asceptance, Farr 1980)
requires female caoperation, und the feinale receives no direct beneflts because of her
cholee of mate. These features, together with the bright colour patterns of males, have
made guppies a popular subjeet lor studying the vole of female choiee in sexual
selectivn,

Mature mules bear conspleuous colourad spots and patches due to the
presence of several different pigments: ir elanin (hlack/brown), curotenoius (orangs)
und lesssprevalent structural pigmeats for irldeseence (sllver/white, blue-green,
violet) and yellow coloration, All of these colours are Important to male attractiveness
or mating suceess In- one vl more populations: orange (Houde 1987 Long & Howde

1989 Kadrie-Brown 1983, 198Y), iridescence (Kodrie-Brown 1985; BEndler 198%;
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Chapter One :

Female choice in a fersl gupr:y population: are there

multiple cues?

Brooks & Cnithness 1995 a Animeal Rehavionr 500 301-307

ABSTRACT
Mating behaviour in a feral guppy (Poectlia retivulata) population from Durban,
South Africa was examined. Males bear carotenoid (orange) and melanin (hluck)
spots and low levels of iridescent and yellow plgment. Areas of colour, body size and
lengths of the dorsal fin and intromittent organ (gonopodium) were studied as female
mate choice cues, Attractiveness was positively telated 1o the degree of orange
colotation 1n all tests, and with the length of the gonopodium in some tests, We
investigate asymmetry of colour spots, nnd conclude that cither orange and black
spots are not condition-dependent ornnments or the expected negative relationship
between expression of condition-dependent ornaments and fluctuating asymmetry
does not oceur in these gupples. Several hypotheses regurding the maintenance of

multiple secondary sexual characters are diseussed,
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inheritance and experience to choice behaviour,

(‘hapter Seven addresses the question of preference herltability in a different
way. The repeatability of behavioural traits such as preferences is u convenient
estimate of the upper limit to which the «ait may be heritable, I have examined the
repeatability of female choice behaviour and how repeatubility measures are
influenced by the time interval between chivice trlals, I have also addressed the
controversial topic of mate copying (see Gibson & Hoglund 1992 for a review), and
its implications for repentability of female ehoice, the way in which preferences are
inherited (culturally or genctically), and how choice can select for male
ornamentation, This chapter asks hmportant questions about how female preferences
develop in individuals and evolve within populations.

! have kept the chapters intact ag they were published except for stylistic
stundnrdisation, and the references and acknowledgements which are presented once
{at the end of the thesis and the end of this preface respectively) for convenience and
continaity, My supervisor up to the beglnning of 1995 (and subsequently my
cosupervisor), Neil Caithness, was second author on the carlier papers to be
submitted, If the reader bears in mind that some of the papers were submitted by two
autliors, it will be clear why I have left the cotresponding chapters In the second
person,

I bave several people to thunk for the role they played, directly or indirectly in
this investigation, Grabam Alexander told me where to find the fish, and helped me to
think my way into the project. Marcus Byrne and Herman du Preez gave useful

technical advice, espectally at the boginning of the study, Herman also counted grid-
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reanalysis, and discusses the concept of signal amplification which may go a long way
to resolving the paradox of multiple ormamentation, both generally and in the specific
case of guppies.

In the final two chapters I have asked somewhat different questions. Rather
than focusing on the relationship between male ornamentation and atiractiveness, I
have tried to resolve some aspects of the nature of female preferences. The decision-
making processes and decision-rule used by females are very poorly understood, with
ordy a handful of theoretical models (Janetos 1980, Janetos & Cole 1981, Real 1990)
and almost as few empirical studles (eg Milinskt & Bukker 1992} existing in the
literature, Furthermore, the factors which influence the development of o female’s
preference, such as genetic inherltance (Majerus et al, 1982, 1986, Wilkinson &
Riello 1994, Houde 1994), the effect of (the ornamentation of) previous males
(Bokker & Milinski 1991) and copying the mate cholee of other fentales (Losey ot al,
1986, Pruett-Jones 1992, Gibson & Hglund 1992) are very poorly unlerstood,
despite their obvious importance to the form and intensity of sexual selection.

In Chapter Six I have addressed the problem of whether or not female guppics
are able to act upon their mating preferences without having experietice of othor
mules to use us a referent in cholee decisions, This addresses the question of whether
preferences can be expressed without previous experience such as learning from other
females or sampling the levels of ornamentation in the males of the population. It is
also important to know whether ferales can adjust their preference in relavion to their
previous experience of males, The two questions addressed in this chapter then form

an initial contribution to any debate about the relative contributions of genctie



eliminates the possibility that the observed relationship (say between cue magnitude
and male attractiveness) is due solely to mutual correlation with a third variable (e.g.
Collins et al, 1994), The third and fourth chapters are short manipulative experiments
designed to test relntionships between male attractiveness and ornamentation
observed in the earlier parts of the lnvestigation., In Chapter Three I test the
"preference” observed for orange (Chapters One and Two) in a manipulative
experiment, using the ingenious technique of changing the colour of incident light,
developed by Long and Houde (1992), This eliminates the possibility that the
correlative results observed in the first two chapters are spurious consequences of a
correlation between orange and some other determinant of "attractiveness”. Similarly,
the relationship between mating suceess und black area documented in Chapter Two
is examined in a manipulative 2xperiment (Chapter Four}, More importantly, in the
fourth chapter I have dealt with the question of whether or not n seemingly non-
preferred male ornament can be maintained by female choice. This is of interest
hecavse it is difficult to resolve whether female cholce or other selectiv forces are
responsible for the maintenance of these apparently non-preferred characters.

After the paper that comprises Chapter Four had been accepted for
publication, 1 encountered Hasson's (1989, 1990, 1991) concept of signal
amplification, This notion allows for the possibility that characte. ' that are not
themselves the object of female preferences may function to enhance (amplify) the
signal contained in other sexunl ornaments. Hasson's theoretical work made explicit
predictions about the outcome of manipulating amiplifiers or displays, which I was

uble Lo test using the dnta from Chapter Four. Chapter Five presents the results of this



This chapter serves three purposes in the investigation: First, it provides an
introduction to the study animals and a rationale for the decision to study sexual
selection in these guppies. Second, it serves as a preliminary attempt to docunient the
relationships (if any) between male attractiveness and secondary sexual characters.
Lastly, it introduces the topic of multiple secondary sexual charucters and attempts to
discriminate between several hypotheses for their origin and maintenance by means of
the relationship between character size and fluctuating asymmetry (after Mgller &
Pomiankowski 1993 a).

Chapter Two s central to the investigation in that it examines the importance
of female choice and other sexually selective processes, and o’ secondary sexual
characters to mating success. Darwin's (1871) sexuaily selective processes, male-male
competition and female choice, have proved notoriously difficult to disentangle in
many cases (Floude 1988 b, Mgller 1994 a}, Present function is not enough to infer
the selective history of a male trait, It is possible for male-male compecition to select
for ornaments that have no function in aggressive encounters simply due to the
incidental effacts testosterone has on other parts of the body (Ligon et al. 1990). In
this chapter I try to build an understanding of what it is that confers success in mating
on males in this population by pursuing three lines of evidence: male-male aggiession
and dominance interactions, female response to males and male secondary sex
characters,

Biologists cannot claim to understand the causative relationship between sets
of phenomena simply by documenting observed association, they must show that the

proposed relatlonshlp holds under expetimental manipulation (Dawking 1989), This



is no consensus in the literature as to whetlier or not the latter two processes huluence
differential repraduction of males (Farr 1980; Gorlick 1976; Houde 1988; Kodric-
Brown 1992, 993; Reynolds et al. 1993),

Male gupples have seversl exaggerated secondary sexual characters including
orange (carotenoid), blnck {melunin), iridescent and yellow colour patches and
exaggerated dotsal and caudal fins, Sexual selection is an obvious possible
explanation for te maintenance of exaggerated secondury sexual characters (Maller
1994 a). However, behavioral studies of this population (Brooks & Caithness 1995 &)
have shown only that orange coloration consistently relates to measur2s of mal
"attrnctiveness”, We investigate the relationship between secondary sexual charscters

Jrles {orange colorntion and other characters not preferred in behavioral
experiments) and mating suceess in order to infer the importance of these traits to the

sexunlly selective processes at work.

METHODRS
We used a pnirwise design for simplicity in statstical annlysis. Twenty pairs of males
and the same number of females were haphazardly chiosen from wild canglic (from a
feral population in Beachwood, Durban; deseribed miore {ully by Brooks & Caithness
19935 a) single-sex luboratory stocks (approximately 40 fsh/100 | tank), Fish were
kept In a temperature controlled (25° C) room and fed duily on Tetramin flake food
[or puppies. Lighting was provided by florescent tubes on a 12:12 h light:doek eyele,

with no varlatlon in lighting intensity during the "day".



INTRODUCTION
In formulating the concept of sexual selection, Darwin (1871) characterised female
choice and direct intrasexual contests ag its principle mechanisms, Sneak copulation
is u third phenomenon which may influence the mating success of individuals, Sexual
sefection has recently become a highly productive field of study in behinvloral ecology
(see Bradbury & Andersson 1987 for in overview), but it is olten difficult to
distinguish which sexually selective processes ure at work In the foenl taxon (Meller
1994 a), Tn this paper we examine the relative importance of sneuk copulation, mude-
male dominanee interuetions und female choice to male mating success in o fernl
guppy (Poecllin reticidate) population,

Studies of female mate choice often estimate the strength of preferences by
scoring female behaviours other than mating (eg. Houde [987; Swaddle & Cuthill
1994), Proximate measures of male attractiveness used In [male cholee studies must
be shown to be uselul predictors of muting success for two rgasons, Firstly, arbitrary
behoviours might be reified to the statas of sexual responses by the observer (for a
diseussion of such diffieultles, see Lowontin 1984}, More importantly, even if formnale
sexual response 1s really being measured, it must contribute to vartation in male
mating suceess to be importunt o sexunl selestion (Flowde 1988),

We explore the ubility of several fomale-response measures # predict mating
suceess in a feral guppy population. We aiso studied behavioral internetions between
roales, and other male-female interactions so that we could infer the refative
importanee of female choice, overt male-male nggression and sneak copulations

{"gonopodinl thrusts™, Fure 1980) to mating suecess, This is an important goal o there
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Chapter Two:

Female choice, male-male competition, sneak copulation and

sexual selection in guppies.

ABSTRACT
To test the relative importance of female maie choice, sneak copulation nnd mule
dominance to male mating success in a feral guppy population, we conducted a
paired-malo mating experiment using the colour patterns of male progeny to score
paternity, Sneak copulation and male-muale aggression had no noticenble effect on
male mating success which was strongly related to the Irequency of female behavioral
tesponses to both displaying and non-displaying males. Males with o greater relative
ared of orange coloration and more complex colour patterns were more successiul at
mating, This substontlates the observed behnvioral prefercnce for this teait, and
strenpgthens our claims regarding the importanee of female choice to male mating
suecess, Males in telals in swhich both females failed to produee offspring showed
lower levels of Black and possibly yellow coloration, suggesting n threshold eriterion
of mate "choice” for o cue (or cues) that are not the focus of discritnination between
males, Females appear to make complex mate-choice decisions based on the

pusessment of at Ieast two different eriteria.



coloration) (unpublished data : Appendix of this thesis). Iowever, this argument does
not preclude the possibility that less prevalent colours (Iridescence, yellow) are
present in some Individuals due to pleiotropy with the ornament of cholce,

The choice situation presented to females in this experiment ~~nresents only
one of several ways in which sexual selection could be maintaining male secondary
sexual characters. Models of muitiple sexual ornaments that attribute their origin and
maintenance in a populuation to sexual selection in different ways and ot different

times need w be gencrated.



The absence of a negative correlation between colour area and asymmetry (in
fact 1t is significantly positive) suggests (in terms of Mgller & Pomiankowski's
argument) that neither orange nor black area are condition-dependent ornaments,
However, orange spots have been shown to be exemplary condition-dependent traits
(Kotrie-Brown 1989, Houde & Torlo 1992), Either we must, like Mgller &

wnminnkowski (1993 g, for multiple ornamented birds), propose a Fisherian made of
avolution for multiple ornaments in guppies, or we must reject the universality of a
strang negativi: correlation between ornament size and asymmetry in condition
dependen: ornaments (Meller & Hoglund 1991; but see Balmford ¢t al, 1993).
However, the surplus carotenvids provided by commerelal flake food might eliminnte
(he vondition dependence of orauge spots in this experiment. Also, although orange
Intensity is known (o be condition-dependent (Kodric-Brown 1989, Houde & Torlo
1992) less is known about the condition-dependence of orange arca. Orange ares is
known to be under considernble genetic contiol (Ioude 1992), nnd it Is possible that
it hehaves as the hon condition~Jependent trait sug, asted by the asymmetry anafysis,

Because only ornnge was consistently related (0 male "attractivenaess”, the
results of this study do not favour an explanation for the multiplicity of male guppy
ornaments in which more than one ornnment ix nssessed al one time such ag the
multiple message and unrcliable signal hypotheses of Mgller & Pomiankowski (1993
n) and the "overall brightness" hypothesis of Bndler (1980) which postulates thet
other colours are malatnined as dishonest slgnals, Ornaments are expected to be
individually sexually selected beeause varfation in their expression cannot be

attributed to correlated expression with the ornament of prefer nce (orange
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As shown in figure 1.1, there was a significant positive correlation between
relntive aren and asymmetry (corrected for body size) in both orange (r,= 0,324, n=
73, 2-tailed p = 0,01) and black (r,= 0,328, n = 73, p < 0,01) coloration, There was no
significant correlation between female preference and the symmetry (cotrecteu for
body size) of bluck (orient response: r,= -0,035, # = 34, n.5,; glide response: r,= -
0.000, 1t = 34, n.8.) or orange (orient: r,= 0.069, n = 56, n.s.; glide: #,= 0,004, » = 34,
n.s.) coloration of males, If absolute asymmetry waes used, withovt correction for body

size, thoe results of the correlations were similar.

DISCUSSION

Orange is the most frequently reported preferred character in male gupples (Endler
1983, Kodric-Brown 1985, 1993; Houde 1987), In this study there is Insufficient
evidence to claim that females prefer different tradts at the orientation and the glide-
townrd stages in their response, Gonopodial length as a cue for female choice is
worthy of further investigation, because the cotvelation between it and female
response was not due to a mutual correlntion with relative orange nea. A preference
for longer gonopodia may evolve because of the enhanced mating success conferred
on & fenale's son in sneak copulations by  longer gonopodium (Reynolds ot al,
1993).

A weakness of the “tudy exists with regard to the mensurement of black aron
as this varles greatly over a time seale of minutes (Baerends et al. 1955), The single
"snapshot” method of measuring cues gives nn unreliable estimate of the information

avaituble to tie female durdng choice experiments (Sullivan 1990}
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with the rest of the populution in terms of the meusures of attractiveness. There was
no difference between those with and those without these colours in either proportion
“orient" response (Mann-Whitney U: iridescence 2= <1,33, n=37, n.s.; yellow z=-1.00,
n=37, n.s.) or "glide" response (Mann-Whitney U: iridesvence z=1.11, n=37, n.s.;
vellow 2= -1.69, n=37, n.s. [L-tailed]). Similarly, correlations beiween these colours
and response mensures for alf individuals, including those without the colours are
presented in table 1.1, The relatfonship between female response and variation in
itidescence and yellow in only those individuals in which these colours are expressed
is also not significant. Qrient response: iridescence rz(,249, n=16, n.s,; yellow rz=-
0.184, n=Y, n.a. ~lide response: irfdescence 1,=-0.131, n=16, n.8.; yellow 1,=-0.009,

n=9, n.s.

Table 1.1, Correlation between morphologieat and female response measures

Orient response Glide response
Patential Cue 1 L I-tP L, 14 P
body area 37 0.120 ns, 0.034 s,
relative orange 37 0.403 <0.01 0352 <002
relative black 37 0.158 s -0.056 n.s.
irdescence 7 0.157 .5 0075 s,
yellow a7 3,146  ns. <0286 n.s.
gonopodium 22 0.449 « 0,02 0257 s
dorsal fin 20 0.072 i, 0,070  na,
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conform to the assumptions of parametric tests or could not easily be transformed to
normality, and thus non-patametric statistical analyses were used.

Spearman rank-order correlution coefticients and Kendull's partinl rank-order
correlation coefficients and their associated significance tests (Siegel & Castetlan
1988) were used. Significonce tests were one-tuiled to test the hypothesis that
ornaments are maintained by female preference. The alpha level of acceptance for all

tests was 5%.

RESULTS

Only relatlve measures (proportion of body arca) of orange and black are reported in
Table 1.1 because relative orange was  better nredictor of mating success than an
nbsolute measure In al! coses and there was no difference in the predictive power of
relative and absolute measures of black, Female “crieat" response was significantly
and positively correlated with relative orange area and gonopodium size as was
femnle "glide" response with relative arce of orange In individual significance tests,
Using Kendall's pactini correlation annlysis to examine the corrclations of gonopodial
length and of orange area with orient response shows that the significance of the
relationships remain when the effects of their inter-correlutions with orange area are
partialled out (Kendall aumpoaumorent g = 3:200, n =23, one-tailed P< 0.05;
Tonogetriencoooodn = 303, 1 == 23, one-tailed » < 0.015).

Beeause only some Individunls had iridescent nnd/or yellow pniches,
correlations may not accurately reflect the selatlonship between these varinbles and

athers, For this reason we compared individualy In which these colours were present
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and her response was noted as described above. Attention was then shifted to another
male, and so on until each male had displayed ten times. This took between 30
minutes and 90 minutes,

The propottion of male displays that elicit at least a "glide” response has been
used in other studics (Houde 1987, 1988 a, b; Houde & Endier 1990; Houde & Torlo
1992; Nicoletto 1993; Endler & Houde 1995) to measure male atiraetiveness, and
relinbly predicts male success in siring litters by the responuing female (Houde 1988
b, Chapter Two of this thesis). In this experiment, frequency of orient response wis
used os an additional measure of attractiveness as it is conceivable that females nssess
different male cues at different phases duiing courtship, The propottion of displays
that elieit at least an orlent response 1s a relinble Indicater of male reproductive
success (Chaptor Two of this thesis),

Data frotm both observation sessions for each male were amalgamated, This
guve two different behavioural scores for each male: proportion “orient” response and
proportion "glide” response, Only one mating was observed during the experiment,
preventing analtysis at this level. To correct for the fact that some nales did not
complete 20 displays, scores were divided by the total number of displays. Two males
who did not displuy more than twlee were discarded from analysis, and one male died

before he could be photographed,

Statistical Analysis
Statistical anatyses were performed vsing SYSTAT for Windows version 5 (SYSTAT

Ine 1992) sofiware. Behavioural varlables and measures of asymmetry did not
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aren, was used in analysis, 36 individvals not used in the behavioural cothponent of
this experiment were included when fluctuating asymmetry was compared with cue

size to inctease the sample,

Measuring Female Preference

The degree of female preference was measured vsing variations of the method
described by Houde (1987) in which the initial female response indicates male
"ntiractiveness”. Fernale guppies respond to displaying males in a sequence of well
defined behaviours which may lead to mating (Baerends et al. 1955), The female may
ignore a displaylng male, or respond to him by ceasing her previous activity and
orienting unambiguously towaed him (orient response), Following this, the female
may break off the interaction or swim toward the male with a smooth gliding motion
using her pectoral fins, often with her tail curved up and to one side (glide response),
Lastly, 1n a few cases, the Interaction may continue until the female and male rapidly
circle one another and the male inserts his gonopodium into the female's genital
opening, this is often followed by “jerking" by the mals (mating).

Four males of varying ages apd nve fawale . ht and isolated very young,
and thus probably virging) were placed in an aguarr.a: (900 mm X 313 mm filled to
270 mm) which had brown paper stuck to three sides to standardise buckground
colour, and left for 24 h (after Houde 1987), A femule blased operational sex ratio
was used to minimise any possible effects of male-male competition for nceess to
females (after Houde 1987). The following two mornings, before [eeding,

observations were carrled out, A male was observed until he displayed .0 a femnle,
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Mpeasuring Potential Cues

Fish were placed in a clear plastic tissue-culture bottle (23 mm by 39 mm filled to 40
mm) and the left and right sides of each fish were photographed against a white
background using Fujichrome 100 ASA slide film vunder tungsten lighting, Colour
spots, with the possible exception of black did not appear to vary with handling or
with the change in lighting or from a brown (used in the experimental tanks) tc a
white background. A ruler with graduations in millimetres was included in each
phntograph for calibration. These slides were projected onto paper and the outline of
the fish as well as the dorsal fin, gonopodium, outlines of all visible colour spots and
a 5 mm section of the ruler were traced, The digitiser board of a personal computer
running Videoplan 2.1 digital image analysis software was used to mensure the
following from the tracings: body length, body area, arer of each colour spot, dorsal
fin length and gonopodium length, Menasurement etror (MLE.) was caleulated after
Yezerinae et al, (1992) and was not significant for length measures (%M.E, = 0.19,
Fr1.23=0.002, n.s.} or area measures (%M.E, = 0.26, F| 53=0.073, n.s.}.

Because tuctuating asymmeiries are defined as rar ' *m, normally distributed
devintions from bilateral symmetty (Van Valen 1962), we used 8 Kolmogoroy-
Smirnov test to compare the distribution of the differences between areas of a colour
on either side with a normal distribution about a mean of zero. Only black and orange
were expressed sufficlently in the population to perform tests using asymmetry.
Neither devinted significantly from a normal distribution, Mgtler's (1992) measure of
absolute asymmetry (the sbsolute value of the difference between the amount of

colour on feft and right sides), corrected for size of the indlvidual by dividing by body
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success in this population makes it difficult to explaln how the, 2 muintained in the
population, The apparent threshold requireient of black pigment hefore a female will
mate with a male is inleresting, more so because onee males reach this minimom
requirement, other cues become the focus of female chivice, Backwell and Passmore
{in press) showed that female fiddler erubs (Uea anmudipes) sumple lorger males but,
within that sample, mate (independently of male size) on the basis of a threshold
criterion of burrow quality, The possibillty that females guppics mate differentially
with oranger, more complex males within a sample of males who meet o minimum
criterion in another suite of cues further supports the notion that ferales make
complex mate-cholee decisions bused on assessment of different eriteria at different
times in the sampling period,

The mating advantage and positive female response (o males with more
complex patterns is intripuing, Puttern complexity in another population (Nicoletto
1993) varies with male condition und swimming performance, It s possible that
females somehow assess pottern complexity os nn nssay of male quality.
Alternutively, elaments of the colour patterm other than orange may serve to
emphasise the orange elements of a male's pattern. This provides an alicrnutive
explunution for our finding that females full to mate with males with o small relative
aren of black, Otherwise atteactive (large refative area of orange) ntales may foil to
uppear attractive due 1o the lack of hlack area to emphasise the orange patehes, Bodler
and Houde (1993} constructed the varinbles "colour contrast” amd "hrighthiess
contrast” in order to measure colour prttern I lerms of e contributlons of chroma,

value and hoe f ench spot to the overall "moassic” of colour perceived by the female.
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(Bischoff et al. 1985 Farr 1980; Kennedy et al. 1987), Qur study provides to
evidence for this in this population in that the number of male displays per unit time
dous not relate to mating success. However, the length of the display may be under
scrutiny during the sequence of female responses, suggesting a possible reason for the
evolition of this behaviour. Courtship can be encrgetieally very expensive (Higlund
at al, 1992; Klump & Gerhardt 1987; Velnencamp ot al, 1989, but see Wells &
Tuigen 1984), If the sigmoid displuys of male guppies impose high energetie costs,
only the most vigorous males can bear the handieap (sensu Znlavi [975) of repeated,
sustalned, displays. IT this is the cuse, the length of the sigmoid display could be a
means for the fernle to assess o male’s genetic guality, us suggested in the case of
costly urthropod, avian and anuran courtship (Halliday 1987; Foglund et al, (992,
Klump & Gerhardi 1987), However, female choice ns meusured hy the swim-toward
response of females is also o significant prediclor of mating success, This implies that
what mukes & male "nueactive” to a female Is (to some degree at leost) independent of
mule sigmoid display performanee.

In this population, males with a geeater aren of vrange pgment not oaly elicit
positive female sexudl responses (Brooks & Caithness 1993 a}, but they ure more
successful at obtalning matings thon males with n smaller aren of arange. This
corroborates muny female-choice studies performed to dute using gupples (Endler
1983: Houde 1987, 1988; Kodrie-Brown 19835, 1989, 1993), We are therefore
justified in our claim that the orange clements so characteristic of male colour
pacterns have been sexually seleeted hy fumale choice,

The fuct that other characters are not sigaificanty reluted to male mating
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and to predutors, resulting in a corresponding divrnal eycle in tnale mating behaviour
{Endler 1987), The relative importance of sneak copulation and courtship bnsed on
displaying visual cues thus varies direetly with light intensity (Endler 1987; Reynolls
et al, 1993), Similucly, male~male competition may be important under conditions
present ut some point in the diumal eyele, but not in the constant laboratory
conditions imposed during this experiment,

The Initlal {orient) female response and the second (ghide) response (which iy
always preceded by an orient response) may reliably be used as indlees of female
choice, This amounts to a progressive chain of bebaviours, threughout which the
femule hos o charce to assess the displaying mate and either continue toward
copulation or brenk off the intersction. Studics of other populations (Endler & Houde
1995; Houde 1987, 1988} used the glide response as their mensure of female
response. The fusther along the progression of responses used as & messure of female
sexual response, the more aceurate it i as o meosure of mating suceess. However, the
sampling effort requited to observe sufficient display-response interuetions in order to
preserve this aceuracy increases. It Is also posgible that fomales assess several
different eriteria at different times during the courtship-response interaction, This
favoury the use af as many behavioral varinbles as available in studies of female
choice in order to be sensitive to these differences.

We predict that the time Trom the onset of male display until the fornale breaks
off the Interaction relates strongly to muting suceess, The sigmoid display rate of male
suppies is related to male conditton (MeMinn 1990; Nicoletto 1993) and s thus the

type of eharncter thut should ve chosen by femaules, os demonstrated in several studies
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not significantly influence male mating success, The implications of this are twofold,
First, it Is possible to design experiments in which several females and several males
internct with one another, without concern nbout the effects of male~-male interactions
{see Nicoletto 1993) in circumventing feinale chioice, Secondly, and more
importantly, it is possible to study the basis of female choice knowing that it is an
important evolutionary force.

Some authors working on other populations have shown that male-male
jnteractions are not important to differential reproduction amongst males (Pare [980;
Houde 1988), However, others hiave shown that male aggression and dominnnce
{Gorlick 1976; Kodric-Brown 1992, 1993} and sneak copulations (Reynolds et al,
1993) are corcelated wii male reproductive success, Dominanee hierarchles appene
move likely to be established in small aquaria or when males are kept at high stocking
densitics especially when the same males are kept together for a long time (Endler,
personal communication), However, our stock ngnaria were of o similar size and ow
test aquaria were smaller than those used by Kodric-Brown {1993), and our breeding
trinds lasted for n {ull week, Alternatively, one could invoke the profound documented
differences between guppy populutions in female mate preferences (Houds & Bndier
1990; Stoner & Breden 1988), The relutive importance of femunle cholee, intermuie
uggrossion and sneak copulation may vary between populations due to differences in
locul conditions. Also, the relative importance of different sexually seleetive
processes may vary with time, The standardized lnboratory conditions in our study
niight negate the importanee of intermale aggression and sneak copulation, Divenul

varintion in Highting conditions influences conspleucusness of males both to females
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Table 2.3. "Winning" and "losing" males in paired mating {rials compared in
terms of secondary sexual characters,

df. Winner  Loser t Fil

% Orange 13 10,30 4.67 5.278 0.000"
(4.55) (3.26)

% Black 13 328 371 0.834 ns.
(1.44) (1.85)

% Yellow 13 0.54 0.51 0112 ns,
(G.82) (0.83)

% Iridesconce 13 1.34 0.66 0.593 .8
(1.42) {0.62)

Complexity i3 67.04 171 2,392 0.016
(17.3) (20,3}

Body aren i3 102,2 103.3 «0.030 1.4,

(rmm?) 7.8 QLN

Dorsal fin 0 7.36 6.71 0.742 0.8

{min} (1.83) (2.52)

Gonopodium a 571 5.96 -0.845 0.8

(mnt) (1.18) (1.68)

t = palred sumple Siudent's ¢
% = Significunt (p < 0,05) after Bonferron readjustment

DISCUSSION
A comman difficulty feced in sexunl selection studies is how to separate the
importance of female choice from that of mate-mule Intersctions (Howde 1988;
Matler 1994 a), and of mating tactics that circuravent female choice, By showlng the
low fruquency of male-male interactions and sneak copulations and (heir

unrelatedness to the paternity of Htters, we linve shown that in this pop ubation, they do
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{Brooks & Caithnesy 1995 a) did not deal with pattern cortiplexity, we estimaled the
correlation between complexity and femnle responge. Complexity was significantly
correlated with the propottion of displays eliciting an orient response (Spenrman r, =
0.480, 1 = 38, i-t p < 0.002) and the proportion glide response (r,=0.330, N = 38, 1t
p <0,025),

Table 2.2, "Winners'" of paired trisls compared with "losers” in terms of male
behaviotys,

Winner Loser z n

Display 20,06 26.43 0.85 0,39
{107 (12.3)

Gonopodial thinsts 1,313 1.813 <12 0264
{1.25) (L&Y

Nip female 4,750 4 125 0.25 0.80
(3.62, (1.42)

Nip male 0,063 (0.313 ~1.13 0.257
(2.5) {0.79)

Chase male 0313 0.375 0.07 £.94

{0.60) {0.80)

Dloplay to male  0.500 0250 0816 0414
089  (OT8)

T G g

N = 16 paies in all cuses
£ = Standurd norminl approximation of Wilcoxon rank-sum test statistie
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frequency ( 12, 8 and 14 times in 800 minutes of observation). As far as could be

tested, these interactions did not affect mating success.

Table 2.1, "Winning' and "losing" males int paired mating trials compared In
terms of female responses to displaying’ and non-displaying? males,

Winner  Loser  teststatistic p

Orient! 13.00 0.3% L5)F 0.0606
(6.93) (6.30)

Orlent/llsplays' 0443 0313 2.38' 0,005
{0.14) (0.16)

Glide! 3.56 1,938 2,33 0.010%
(2.48) (2.02)

Glifjefl:ii.t}r)llly'st 0,128 0,070 3.0 0.001%
(0.09) {0.08)

Swim toward* 3.38 1,75 2.06° 0.020%
(3.00) (1.5

N= 16 puirs in alf cases.

p = Ong-tailed Probability

z = standard normal approximation of the Wileoxon signed ranks test
Statistie,

t = Student's t-tost for paired samples

* = Sipnificant (P < 0,05) after Bonferrani vrendjusiment

Cuos for Female Cholce

Only percentages of total body area covered by each eolour are presented in table 2,3
because it waos o better predictor of tiating suecess than the absolute measare In
nrange, and there was no difference of any consequence for the other colours studied.
Both orange and pattern complexity were significontly higher in successful males than
in unsuccessful ones, but complexity was nnt significant after the Bonferroni
readjustrent, Beeuvse our enrlier study relating morphology to female response
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three cases neither female produced any offspring. We compared the secondary sex
teaits of the six unmated males with the remaining 34 males to see if they were
ignored by females due to an absolute preference for a particulat cue. Of the ten
marphological characters studied in this experiment, the relative areas of black and
yellow wete sighificantly smaller In the ignored males (2-sample Students £ using
separate variances: black ¢ = 2,963, Jf. = 15,5, individual one-tailed p = 0.005, yellow
t=2.418, df. = 33.4, one-tailed p = 0.011). The first of these results is significant
(one-tailed p = 0.045) and the second is not {one-tailed p = 0.105) after the sequential

Bonferroni readjustment.

¥emale "Response” to Males

Both "orlent" and "glide” responses of fernales to displaying males appear sound
predictors of male mating snceess (Table 2.1), In both cnses these behaviours are
more closely related t9 mating success when corrected for display rate, Also, the
female "swim toward" (& passing non-displaying rale) behaviour 1s significantly
more common for males that are successful ot fertilizing fernnles, and would seem o

genvine female sexual response,

Othier Behavioral Infernctions

Male behaviours are reported tn table 2.2, The number of male sigmoid displays per
unit of time, attempted sneak copulations and the frequency of nipping at the female's
gonopore did not predict mating success, Male directed behaviours such as displaying

to the other mule, nipping at his gonopore and winning chases oceurced at @ very low
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& Rohlf 1987) was used to transform relative areas of orange and black and the
prapostion of male displays eliciting a glide or an orient response. Cther behavioral
variables could not readily be transformed to normality, and T used non-parantettic
statistical ptocedures (Seigel & Castellan 1988) when this was the case,

I analysed the results using SYSTAT 5.0 for Windows (1992) statistical
sofrware, For each mating trial, the male who was more successful in terms of
nuber of math s was compured with the fe - successful male using paited sample ¢
tests for variables conforming to the assumptions of parametric tests or else
Wilcoxon's signed renks test for matched pairs using a corrective equation for tied
ranks. The aull hypothesis was no difference between the "winner" and the "loser”,
and tests wete one-tailed except in the case of the frequency of male-male interactions
where no directionality was anticipated, In addition, we compared males who did not
sire sons with males who sired sons by one female and by both females using the
Jonckheere test for ordered alternitives (Seigel & Castellnt 1988) including the data
from pairs where males did not differ in mating success, The results of this analysis
did not differ substantially from the results of pairwise analysis and are therefore not
presented here,

We adjusted the 0.05 «¢-ovel of aceeplance for the number of tests presented

In & table uslng & sequentlal Bonferroni readjustment (Rice 1989),

RESULTS
In four of the 20 trials (209%) nelther male enjoyed nn advantage in the number of

females mated with, Onee, both males sired sons by both females, and in the other
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Mensuring Potential Cues

The method of measuring morphological characters follows that of Brooks &
Caithness (1995 4). Briefly, each male was pluced in a cleat-plastic bottle (23 mm by
39 mm filled to 40 mm) and photographied on both sides aguinst a white background
under tungsten lighting. We traced the outlines of the fish and all colour spots from
the projected slide onto Ad paper. The digitiser board of a computer (Videoplan 2.1
digital image analysis software) was used to calculate the aven of the body and of each
spot ond the length of the gonopodium and the dorsal fin of each male. A short
sectlon of a plastic ruler included in ench photograph was used for calibration, This
method of measurentent shows less than 0.3% error (Brooks & Caithness 1995 a), We
used the mean value for the two sides in all bilateral teaits.

Some sfudies suggest that spot number rather than the srea of some colours
niay be important to females. We performed all analyses using the number of spots
and the total area for each colour, but the two types of measure showed similar
results, and 50 only results for aren measures nre presented, However. we did use spot
number data to create a measure of patterr somplexity (after Nicoletto 1993) by
ranking each male for the number of spots or patches of each colour (orange, black
and iridescent) and then summing those three ranks, This provides a measure of a

mule's complexity refative to the other males in the experiment (Nicoletto 1993),

Statistical Techniques
All morphological variables conformed o the assumptions of parametric tests, Some

tequired translormiation to their natural logarithms, The angular transformation (Sokat
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at his gonopore and dominance (i.e. ended up with the female) in chase/standoff
interactions (Floude 1988). The latter two huve been used by Kodrie-Brown (1993) as
measures of male dominance,

After seven days the females were isolated in glass and netting enclosures (90
mm x 157 mm) of a 100 1 tank, We inspected all enclosures beiween one and three
times a clay until the first fry were found for cach female, or until three months had
elapsed (8 of the 40 fernales used in the experiment) in which case that female was
considered not to have been fertilised. Fry were re wed in the enclosures In which they
were born and mothers were returned to a stock tank, Between five and six months
after bitth, we sexed offspring and establizhed the paternity of encl: male by
comparing his colour patterns with those of the two potential sires, Male guppy
colour patterns are highly heritable (Endler 1978), and in this population are very
similar between fathet and son, particularly in the size, shape and placement of
orunge spots (personal observations). In all cuses but three (from different broods,
those individunls were gnored during analysis), paternity could be clearly
established. Bach male was considered to have mated with a female if he sired at least
one son by her. Thus, males could obtain a score of zero, one or two for the number
of matings obtatned. This method Is rot a precise measure of male mating success for
two reasons: First because in two cases only daughters were produced, nnd it is
possible that in other litters where all the sons were sired by one male, the other male
sived one or more of the daughters. Secondly, and less Important to matiag success, a
male producing one son in & Htter seores the same whether he mated with the female

ouce or several times,
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Behavioral Measurements and Mating

We used females that were immature when canght, and isolated as soon s the “gravid
spot” became apparent, and were thus probably vieging. Each pair of males was
placed with two females in an aguarium (290 mm x 213 mm filled to 140 mm)
covered with brown paper on three sides to standardise background colour. The
mating trinks lasted seven days, with behavioral observations on the first two
mornings of the trinl. For each moie, these comprised two ten-minute sessions of
observation, ten minutes apart, We combined behavioral data from both days, We
scored the female response to every siginoid disnlay of the focal male as foliows
(described more fully by Brooks & Calthness {993 a, Houde 1987): No response,
"orient response” (female censes previous activity and orients unambiguously toward
male), "glide response” (female "orients" and then swims toward male with smooth,
gliding motion using pectoral fins) or mating (female “orients”. “glides” and then
male and female rapidly circle one another and male inserts gonopodium into female
genital opening), Mating was infrequently seen (2 times in 800 minutes of
observation), which is one reason breeding experiments are required to quantify
mating success. We used both the absolute number of gach type «.f female response,
nnd the proportion of the total number of displays by the male that they comprised as
response variables. We also used the "swim-toward” response (Houde 1987) in which
a female swims unambiguously and smoothly toward a non«displaying male as an
attractiveness measure, Nipping at a fomale's gonopore and attempted sneak
copulations ("gonopodial thrusts”) were noted,

Male-directed male behaviours include displaying to the other male, nipping
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METHODS

We used first and second generation laboratory-bred guppies from a feral population
in Durban, South Africa. Due to the high heritability of male colour patferns (Endler
1978), full sibling male guppies resemble one another in size and placement of culour
patches, One male from each of 25 sibling pairs of males was ussigne-to the
experimental group ond the other to the control, Bach male was placed individually in
o 10 | tank with three femntes, On the following morning, female resposse to each
male was scored in two five-minute observation sesstons, 15 minutes apart, Female
response to o disploying malc was seored oy positive if she stopped hor previous
activity and unambiguously "orfented” toward him (after Houde 1987), The
proportion of displays eliciting this respoase (herenfter referred to as his
"itroetlveness score") reliably prediets male mating suecess in this populution
{Chapter Two of this thesis}.

Male guppies' block areas comprize some relatively permanent spots, and
athers thut are expressed occasfonally such as during courtship (Baerends 1985,
Endler & Houde 1995), One of the relatively permanent blaek spots on each side of
each experimental male wa. removed by frecze-branding with dry ice under M8-222
anaesthetic (niter Hert 1988}, Control males were anaesthetized and freezesbranded
on an anpigmented part of the body of similor area, After i recovery period of ten
days in water containing Tetramin gene.ai tanie (to prevent ialestion), a second round
of behavioural trials was performed as above, No males died within 30 duys of freeze-
branding, but some males failed wo disploy to females after treatment and where thus

removed from anslysis, When studying female pr- ference for an omament sueh as
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retadonship between the extent of natural melanin pigmentation and femule response
(Bronks & Caithness 19953 a), Instead, females consistently respond o wadl mate with
males on the busls of relutive area of orange (carotenoid) pigment (Brooks &
Caithness 1995 d, Chapter Two of this thesis), However, we did find that maies that
did not obtuin matings possessed less blaek than those that successfully mated
{Chapter Two of this thesis), A threshold requirement or o wenk general fermale
preference for black pigmentation is one but by no meons the only explanation for
this result, Alternatively, the fow mating suceess of mudes with small black aren may
be due to o relationship with male inferitlity, or the intensity of mal2 courtship, The
lutter explanation is supported by the faet that black area of u male varies dramatically
over time, reaching its greatest expression when a male actively courts a femnle
{Buaerends et al, 1955, Endler 1983),

Munipulation of male ornaments is tho most satisfactory test for a female
prefereace for that teait (eg. Andersson 1982), Additionally, manipulation serves to
Jistinguish the contributions of different oraments to the choice decision {eg. Collins
et al, 1994), It is coneelvable that weak, relatively uwneostly female mating
preferences could malntaln ornements such as black that are not the obvious foeus of
choice (Iwasa & Pomiankowski 1994), Unlesy prefetence can be demonstrated,
alternative explanations for the presence of an ornament ¢annot be elminated. These
inelude erypsis (Bndler 1983, 1987), pleiotropy (Zuk et ¢, 1990), thermoregulation
(Godler 198+ and signalling i contexts sther than courtship, We test for such a
preference in o ferul guppy population by reducing the aren of black eolouration on

males und mensuring the corresponditg change in their sttractiveness o femules,
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INTRODUCTION
Despite wide acceptance that female cholee seleets for exuggeration of inale
secondary sexunl churacters (ornaments) (see Andersson 1994 for review), it s
uncertain whether current models of sexual selection can aecount for the evolution of
the multiple ornaments borte by individual males of several species. It hag been
suggested that female choice can seleet for several male ornaments (Mpller &
Pomiankowski 1993, Pomiankowski & Iwasa 1994), but in many species, one
ormanent is the only consistent predictor of female preference,

Frequently, if only a subset of the ornaments borne by males of n species are
shown in a particular study to be important to female choice, the evolution nnd
maintenance of ather male ornaments s attributed to natural selection pressures
imposed due to the presence of the "eue™ ormament/s (Endler 1983), or phenotypic
corretation with the cue/s (Collins et al, 19943, The possibility that weaker, or less
frequently expressed female preferences are malntaining the secemingly non-preferved
ornaments is seldom Investigated,

Male guppies (Poccilta reticilare) bear conspicuous colour patterns
comprising black (melanin) and crange (carotenoid) patches and (in some
individuals) struetural pigments which produce o varlety of irideseent and yellow
arens, The only study demonstrating female choice for males with liigh melanin
showed, using multivarinte statistical technigues, that a high block spot number was
meeferred In five of the eleven populaiions studied by (Bndler & Houde 1998), and in
ull Ilve cases there was o stronger relutjonship between remale preference und another

cue, In previous studies on the South African population we found no significant
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Chapter Four:

Manipulation of a seemingly non-preferred male ornament

reveals a role in female choice.

Brooks & Calthness 1995 b, Proceedings of the Ruval Socivty of London Series B
261: 7-10.

ABSTRACT
Post studies of u feral South Africun poputlativn bave shown thut females use the area
of orange colouration borae *.y nitles us o ceiterion for mate choice, Howevar, males
bear spots of other colours, the most noticeable ol which is blaek. We investigate
whether female preference can muintain the black spots of male guppies despite the
apparent unimportance of black to female cholee in corrclative studies. When part of
o mule’s black pigmentation Is removed, his "attractiveness® to femules decreases.
This supports the hypothesis that in mule animals with several ornaments, seemingly
nion-preferred omamenis can be malntatned by female choive. These fndings we
diseussed in the context of several models which seeuunt for the evolution of multiple

male sraaments.
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of choice, However, this is difficult to distinguish from two possible effects of orange
light on female perceptions of male patterns, Firstly, becin se unplgmented areas and
orango spots buth reflect all wavelengths of incident Hght, causing males to appear
uniformly orange, it should be impossible for females to choose using orange.
Alternatively, males may appeor uniformly lacking in ordnge due to visual adaptation
ancl bleaching (by overstimulation) of ferale’s orange-red phetoreceptors (see Long
& Houde 1989 for a fuller discussion), This could lead to n fuilure to meet a threshold
criterion of mate choice, If female guppies falled to choose on the basis of orange arex
for elther of these reasons, the redundant signal hypothesis prediets thut one or more
other characters will be used for choice (Muller & Pomiankowski 1993), At this
point, orange uten is the only featwte for which I have convinclngly convincingly

demonstrated the presenc of o female preference,



DISCUSSION
Our {inding that females prefer males with a greater relatlve aren of vrange under
white light, but not under orange light (when males Jook uniformly orange) supports
the notion that earotenold patches are the cue females choose. However, under blue
light, whicli contains liitle or none of the "ornnge” wavelengths reflected by ormge
spots (causing them (2 appear black), females show significant preference both for
orange (us Loitg & Houde found) and for black area, Both spot colours would then
appedr biack to females, making it possible that females from this population use the
complexity (Nicoletto 1993) or visual contrast (Endler & tHoude 19935} of males’
colour patterns rather than orangetess per se in mate choice. Pattern complexity is
related to mating suceess in this population (Chapter v of this thesis), but was
unrelated to male wittactiveness in this experiment, It is unlikely (as in Long & Houde
1989) that the blue globe eliminated all orange wavelenpths, and it is still possible
that "orangeness” of & male's cofour pattern contributed to his attractiveness.
Howoever, in sticklebacks, green light (complinmentary to red) eliminated the
importance of red eolouration to female cholee (Milinski & Bakker 1990),

The redundant-signal hypothesis (Muller & Pomisnkowski 1993) for the
presence of multiple secondary sexunl charactors postulutes several cues which
advertise phenotypie quality to femules, As Zuk et al, (1992) nunipulated the combs
of red jungle fowl cocks, hens switched to other secondury sexval charncters to
choose mates, The low fomale reeeptiveness despite sustatned nwle courtship

intensity under orange light may account for vur fuilure to detect a switch in the cue
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RESULTS
Females respoitded more positively to the oranger male of a pair under white and to a
lesser extent under blue light, but not under orange light (Figure 3.1),

Female response did not differ significantly between mules with greater nnd
lesser expression of any other secondary sexual character, inclugiing “pattern
complexity", measured under orange Hght 1s follows: black area (2= 0,447, s,
white ares (z = 1,069, n.s.}, iridescent blue (z = 0.000, n.s.}, yellow (2 =-1.000, n.s.)
aird complexity (& = 0,05335, n.s.). Femnles also did not respond signifeantly more to
males with greater expression of any other secondary sexual character under any of
the other lightlng conditions with one exception: black aren under biue light (z =
1,820, 1-tailed p = 0.035).

There was significant systematie variation in female responsiveness
{proportion “"glide" respunse) between light colour treatments (Kruskal-Wallis test
slatistic = 7.38, p = 0,025), Responsiveness was lowest under orange light (0,024 &
{1.06) and highest under white light (0,170 = 0.19), There was no signilicant
systematic varjation in the frequency of any of the mule sexual or aggressive

behaviours studied between Hghting trentments,
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“orient" towards male, "glide” towards male or "mate" (described by Brooks &
Caithiness 1995 o), The *swim townrd” (4 non-displaylng male) response (Houde
1987) was also noted, This response, the proportion (of displays that reeeived an)
"otient response” und the proportion “glide” response all sighificantly predict of
mating success (Houde 1988, Chapter Two of this thesis), Only results for glide
response ate presented here as it is the best predictor of mating success and other
measures did not provide substantially different results,

The colour patterns (under white light} of each male were drawn onto standard
guppy outlines (after Houde 1987) apd refative area of each colour spot was sstimated
using o grid of squares, This method of quantifying colour patterns, despite reduced
precision is sufflcient for discriminating which male of a pair had a greater relative
aret of a pigment, Also, iv provides o better measure of structural colour areas which
do not show up well on photographic film, Wo measured pattern complexity (after
Nicoletto 1993) by ranking cach male for the number of spots of each colour (orange,
blue, white, black and yellow) and then adding the flve ranks to glve a mensure of
male pattern complexity relative to the other males in the sample,

Non-parsmettic statistical tests (Slegel & Castellen 1988) were used because
behaviournl measures could not be transformed to normallty, We examined the three
treatments (orange, bive and white light) for systematic varition in the frequenes of
the various behaviours studied using « Kruskal-Wallis one-way analysis. Wilcoxon
rank-sum tests were used to cheek if the male with o greater relattve area of a

particular colour was prefevred over the other within treatments.



Previously, we found a significant positive cortelation between orange aren of
males and both femule preference (Brooks & Caithness 1995 a) and mating success
{Chapter Two of this thesis) in a feral guppy population from Durban, South Africa.
We designed the following expetiment both as a manipulative test of this trend and an
examination of the effect of other secondary sexual characters when the cue of choice

is factored out,

METIIODS

We used wild-caught or flrst generation laboratory-bred guppies, Two males (paired
to vary dramntically In the percentage r« their surface covered by orange spots) and
two virgin fernales were placed in a tank {900 mm x 315 mm filled to 270 mm, with
brown paper on three sides to standardise background colour) at noon, and
Lehavioural trinis took place on the aext three mornings, 10 h of light from
fluorescent tuba lighting was provided beginning at 12h00 each day, preceded by two
hours of either orange, bluz or whiie light such that each colour was presented on one
morning of the trinl, The lighting (orange, biue or white) durlng these iwo hours was
provided by two 60 Watt bulbs suspended 60 cm above the surface of the water, The
order in which the lighting colours were presented was random in cael of twenty
replicates,

After » fifteen-minute adjustment period, we watched each male for two ten
minute periods, 15 minutes apart, Gonopodial thrusts, ripping a females' gonopore,
chosing the female, and chasing, nipping snd displaying to the other male were all

noted, We scored the response of a female to a displaying male ay eithers no response,
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Chapter Three :

Female guppies choose oranger males when they can.

1993, South African Journal of Zoology 30 (4): 1-4.

INTRODUCTION
Evidence of female mate choice using visual cues is often correlative, failing to show
that the character studied is the object of preference rather than a correlaie of the real
cue, Distinguishing between correlation nnd causation s especially important when
males have several secondary sexunl eharacters, each of which may be sexually
selected. Oue solution is to experimentally manipulate the ornament in question (eg,
Andersson 1982), but fish colour patterns are not as easily manipulated as the tails of
birds, Long & Houde ( .989) devised an ingenlous test of whether the correlntion
observed between orange (carotenoid) aren ond female preference in o Trinidadian
guppy population indicated a real preference for orange males, Instead of ltering the
colour patterns of males, they varied the colour of incident light, thus altering female
pereeption of these patterns. We show that female guppies’ preference lor males with
# grenter aren of orange disappears when their ability to discriminate between males
using this character was hampered under orange light, Because the importance of
tfemale choice to mating suceess changes with lighting conditions (Raynolds et al.
1993}, we examined the cffects of light colour on other behaviours such as attempted

sneak copulations and mete-nwale internctions.

43



The importance of measures such as contrast and complexity of a pattern is that they
allow for tone possibility that female preferences can coevolve with a complex of
independently expressed motphological characters, rather than invoking individual
evolutionary histories for each secondary sexual character, Endler & Houde (1995)
found that fernales choose malss with higher colour contrust, Recent studies have
tried to explain the presence of multiple secondary sexual characters by treating them
uas mate-chotee cues that are individually assessed ir the process of choice (Mgller &
Pomiankowski 1993; Brooks & Caithness 1995 a). We propose a "composite
ornaments” rather than a multiple ornaments explanation for the presence of multiple
secondary sexual charncters, Such ornaments may be composite morphologicai traits,
comprising several secondary sexutl charneters under separate genetic and

ontogenetic control,
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Chapt: - Six:

Does a male's attractiveness to a female depend on her

previous experience?

Brooks & Caithness 1995 ¢. South African Journal of Science 91; 156-158.

ABSTRACT
Female guppies from a South African leral population display a strong mating
preference for males bearing large areas of orange plgmentation, We proviue
substantiation for this in pairwise choice trials, We show that nafve virgin femaies ae
capapble of acting upon their mating preferences in the absence of prior experience of
males on whicl to base this choice, This is evidence For a *fixed internal standard" of
preference, We also show that this standard of attractiveness {s modified by a

female’s previous experlence,
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networks (Bnquist and Arak 1993) has shown that the combination of colours in
signal is olten more important than the expression of indlvidual colour pattern
Jements, this experiment demonstrates practically for the first time the presence of a
visual signal amplifier. Sueh empirical support for the theoretical predictlon that
ornanients and displays can evelve to anplify (Hasson 1989, 1990, 1991) or improve
detectibility of slgnals (Seltuter & Price 1993) suggests that theoretical biology is
providing ever more useful models for understanding complex sexval signalling

systems and the effeets of sexual selection on them,
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Figure 5,1 Linear regression of the change in preportion "orient" response before dand
after males hod part of their binck (melanin) colouration remaved by freeze branding
on reladve aren of orange {carotenoid) pigmentation, a male ornament positively
related to female cholee, Ye-4,400X + 0,036, R = 0.289, N= 18, p = 0,011,

Reducing the expression of a pure signal umplifiers is not expected to reduce
male attractlveness on the whole within the population (Hasson 1991) a5 T have
shown for this datu set (Brooks & Caithness 1995 b). It is possible that metanin
pigment has become an smplifying indleator (Hasson 1991), and 1s thus to some
degree nt least o cue for fomale choice. However, the non-signilicant relatlonship
between natural Jevels of melanin and male attractiveness is not expected under o
model of mnplifying Indicators,

Whilst recent innovative work using both animals (Endler 1991) and neural
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females choose using orange ns a cue. Similarly, I used the relationship between ntale
attractiveness anu percentage bluck area as o tensure of the importance of black area
to cholee,

RESULTS AND DISCUSSION
Using analysis of covatiance (ANCOVA) 1 showed that the relationship between
orange and atlractiveness is stronger before than after treatment (before: slope = 3,62,
R=0.575; after: slope = 0.079, R = 0.0282; Fy; 1y == 5.84, p = 0.022), The deerease in
attractiveness of individual males was significantly related to the ares of orange botne
by those males and not to the amount of black removed from a male (figure 5.0).
Black was unrelated to attractiveness throughout this experiment.

However, females in this population have been shown to use black when
exercising mating preferences (Brooks & Calthness 1995 1), This paradox 1y resolved
f one argues that ornaments or displuys ean be Important to female choice without
being thie object of o female preference, One possibility is that binck colovation is a
signal amplifier which hay evolved because it improves the accuracy with which
femnles discriminoie between muales based on the extent of their orange eoloration,
Qur findings that fomale sexual response to mudes was relaied mote strongly (o
orange before than after black coloration was reduced and that the decrense in male
attractiveness with treatment is negatively related to the male's orange aren we
explicitly predicted by Husson's theoretical work on signal amplification (Hasson
1991), The incrense in attractiveness of mates with low propertions of orange is
predicted hecause female diserimination against these males beeomes less acute as the

amplificr s manipulated.
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amplifier is expected to effect mating success of tnales with greater expression of the
"quility” signal more tegatively than those with less (Hasson 1991), even to the point
at which males with smaller “guality” signals increase in attractiveness when the
amplifier is reducecl. I test these predictions post hog using data from an eadier study
(Brooks & Caithoess 19935 b), to empirically establish whether black coloradon
behaves like an amplifier of the orange area signal, Detail on methods used that are
not availabie in this paper are given in the report on the earlier study (Brooks &

Caithness 1995 b),

MATERIALS AND METHODS

1 piaced males Indlvidually in a 10 1 tank with three {emales, The next morning, 1
scored male "attractiveness” in two five-minute observation sessions, 15 minutes
apuet, Tused the proportion of a male's displays cliciting the "orfent” response as his
"attractiveness score", & mensure which reliably prediets male mnting success in thiy
population {Chapier Two of this thesis), I photographed the males under trleaine
methanosuipliate (MS-222) anaesthetic and then vsed a grid of squar s to measure
body aren and the aren of colour patches from the projecied slides, From this
Information, I caleulated urvos of black and orunge in relntion to body aren, I removed
one black spot on each side of cach male by freeze-branding (Tert 19%¥6) with dry fee
under annesthetic, After o recovery period of ten days, 1 performed n second round of
behavioural trials.

Lused the relatfonship between male attractiveness and the pereentage of the

total body area that was covered by orange as o measure of the aceuracy wit, 4 *high
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comprising black (melanin), orange {carownoid) and a variety of iridescent and
yellow areas, In guppy populations (Including it the feral population from Durban,
South Africa) studied in this experiment), the extent of orange coloration is the most
frequently preferred male ornnment (Kodrie-Brown 1989, Houde 1987, Brooks &
Chrithness 1995 a). It is also an indicator of mule condition (IToude 1987), foraging
ability (Nicoletto 1993) and parashte resistance (Foude & Torio 1992), and is thus
quite possibly o signal of male quality.

Understonding the evolution of blnck coloration is ..o diffleult. Natural
variation in melanin areq ir not cortelated with female response in this population
(Brooks & Cuithniess 1995 n), but in a recent manipulative experiment (Brooks &
Cuithness 1995 b), I showed that when melanin aren is reduced, mnle attractiveness
decreases, A male ornament can theoretically coevolve with female choice without
being atiractive to females ltself If' it acoontuates the pattern of expression of another
ornament which is preferred because it is o signal of male quality (Hlasson 1989,
1990, 1991). Such an orpament is known as i signal "amplifier™, The black nreas of
male gupples may well be amplificrs as they often "outhne” vrnnge arens and appear
{to the humin eye, personal observations) to make the arens of orange plgment more
eonspicuons.

Theories of slgnal amplifier evolution make three itmportant predictions, First,
they prediet that varwtion in mating success of males will (initially st least) not be
refated to the expression of the "amplifler" (Hasson 198Y, 1991), Secondly, it is
argued that famales will choose more aceurately in relation to the cue of quality

before the levels of the amplifice nte reduced than afterwards, Lastly, manipulating an

60



Chapter Five:

Melanin as a visual signal amplifier in maie guppies.

1996 Naturwissenschufien 83; 39-41,

INTRODUCTION
According to "good genes" models of sexunl selection (Zahavi 1975, Pomiankowski
1988, Grafen 1990 g, I, male secondary sex choracters (ornaments) evolve ns signals
of manle yenetic quality, and female preferences for them are favoured because
offspring derive enhunced vigour from the genetic quality of their sire. In an ideal
{error-free) signalling system, only one male ornament should evolve to signal male
quality (Johnstone & Grafen 1992, 1993), However, males of many species bear
multiple ornaments, Inaceurate feriale perception is one source of error which may
fuvour the evolution of multiple ornaments, either as redundant sets of "quality”
signals which reduce the overall probability of error (Zuk et al, 1992, Mgller &
pominakowski 1993a) or as signul nmplifiers which reduce perceptual error (Hasson
1989, 1990, 1991). I show that magiptlating a scemingly non-prefertad ornament
(melonin pigment) in male gopples reduces the ncourncy with which feninles make
mate eholee decisions based on a signal of male quality (corotenoid pigment), and
that this manipulation reduces the ttractiveness of males bearing high levels of the
quality cue more than those with low levels,

Mule gupples (Poeeilia reticilaia) bear conspicuous colour patterns

89



guppies’ ornaments do not appear to be redundunt signals used in the same choice
process,

Theoreticiang warn that multiple female preferences are unlikely to evolve by
the handicap process {Pomiankowski & Twasa 1993, Twasa & Pomiankowski 1994)
but rather that preferences for multiple Fisherian traits evolve in tandem with one
handicap preference. In this poptintion of puppies there is no evidence regarding the
relationship between male quality and cue mugnitude, However, in ather
populations, the intensity {Kodric~Brown 1989, Houde & Torlo 1992) and area
{(Nicoletto 1993) of orange ornamentation is condition-dependent, ns is pattern
complexity (Nicolstto 1993} (o which otange pigmentation contributes, Other male
ornaments have not been ghown to be indicators of male condition or quality, Qar
findings, and the knowledge we have of condition-dependence of male ornaments fit
the theoratical prediction (Twasa & Pomiankowski 1994) that secondary preferences
can evolve a3 Fisherian teaits or as signal "amplifiers” (Hasson 1989) together with
otie "handicap" preference - orange (carotenold) colouration, but this support

requires critical test,
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glternatives to measuring individval components of colour patterns, "Pattern
complexity" not only prediets male condition and vigour (Nicoletto 1993) but also
predicts male attractiveness and mating success in the guppy population we studied
{Chapter Two of this thesis). Petrie and Hallidey (1994) show that peahens assess the
number of spots in a peacocks train in order to choose 4 mate, providing an analog of
female preference for more complex male colour patterns in fish, Unfortunately we
found it impractical to incrense pattern complexity wh:lst redueing black aren in
order to separate the effects of black area from those of patrey » ~omplexity on female
choice, The overall contrast or conspicuousness of a male may be more important
than individual colour areas (Endler & Houde 1995), such that the efficacy of ornnge
areas a5 mate-attractant signals is mediated by the expression of black atcas,

Females may scrutinise ornaments separately, with the strength of the
relationship between cue size and attractiveness revealing ' 2 strength of the
preference, Zuk et al. (1992) showed that when comb size, which is the primary
determinant of mating suceess in red jungle fow), is manipulated, females revert to
another ornament as their cue for cholee, Our findings provide support to their
argument that female choice can select for an ornament that is at first apparently not
the object of preference (Zuk ef af, 1990, 1992), However, in our experiment, the
apparent preference for black was exerted in u situation in which the primary trait
(orange area) was not changed in any way. Likewise, when a femnle's ability to
discriminate between males on the basis of orange aren is Impaired (by keeping the
fish under orange light), she does not revert to another ornamont as a substilute

primary object of cholee (Brooks & Caithness 1995 ). Thus, unuke Jungle fow!,
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DISCUSSION
This is (as far ns we are aware} the first direct manipulation of a colour pattern
element in guppies (Long & Houde 1989 used light colour manipuiation to show
preference for orange males), If this technique proves successful for manipulating
other colour pattern elements, a clearer picture of the relative contributions of
different elements to male attractiveness must emerge.

By manipulating a secondary sexval character which is not the princlple focus
of {emale choice, we have shown that it is used by females exercising matiog
preferences, This supports the idea that in guppies, female choice is a subtle process
Involving the assessment of several different criteria (Kodric-Brown 1993), and
eliminates non-choice hypotheses for the maintenance of black ornamentation in this
population. More generally it is insufficient to claim that ornaments play no role in
female mate choice if they are not correlated with measures of attractiveness upon
first inspection.

Female choice explanations for multiple male orpaments fal) into two broad
groups: those suggesting that females scrutinise a composite trait to which several
male characters contribute (Chapter Two of this thesis), and those postulating that
separate female preferences select for each ornament (Pomiankowski & Iwnsa 1993,
Iwusa & Pomisnkowski 1994), Our findings are consistent with explanations in both
of these categories.

Composite measures of male colour patterns such as colour contrast {Endler &
Houde 1995} and pattern complexity (which is a function of the number of spots of

each colour in a male's pattern, Nicoletto 1993) are beginning to provide useful
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Figure 4.1. Change in female orient response to males with black (experimental)
ard unpigmented (control) arens freeze-branded. Values are means =1 SD

RESULTS
Males that have had part of their black colouration removed by freeze branding are
significantly less attractive to fernales than before branding in terms of female orient
response (# = -3.444, d.f. = 20, adjusted p = 0,006), but this reduction in attractiveness
is not seen in males freeze branded on an unpigmented area of similar size (£ = 0,242,
df. = 15, ns.) (figure 4.1). The decrense in "orient” response was significantly greater
in males with reduced black aren than full sibling control males (Paired-sample ¢ =

2.194, d\f. = 12, adjusted p = 0.049),
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melanin pigmentation which varies over the sampling period, the investigator shouid
take both the females sampling period and the information available tv her throughout
that pertod into account (Sullivan 1990). The strength of our design is that by
removing one of the relatively permanent spots, we reduce both the maximum and
minimum area of black that a male can show, whilst keeping all other morphological
variables the same,

Male attractiveness scores before and after treatment served as paived
comparisons, and the control served to distinguish the effects of annesthetic and
freeze branding per se from the effects of manipulating black area, Whilst male
attre ctiveness scores (per session) were neither normally distiibuted nor
transformable to normality, the differences in female orient and glide response to a
male before and after trestment in both experimental and control groups did not differ
from a normal distribution (control: Lilliefors test p = 0,718; experimentnl; p =
0.647). This permits the use of a paired-sample t-test ns this test involves the
comparison of differences between paired samples with o normal distribution with a
mean of zero. Paired-sample /tests were used in this way to test the null hypothesls
of no decrease in male attractiveness after experimental or control freeze-branding. A
paired-sample #-test was also used to compare the change in attractiveness of siblings
jn the experimental and control groups. To correct for the inereased possibility of type
I error because this approach requites three t-tests, we adjusted the 0.05 «-level of

significunce for three tests using a sequential Bonferroni readjustment (Ricc 1989).
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INTRODUCTION
Despite the populatity of sexunl sclection, and particularly female mate choice as a
field of study (see Andersson 1994 for a thorough overview), the inheritance and
ontogeny of female mating preferences are still pootly understood. Models of female
choice have traditionally treated female preferences as characters that are entirely
determined by genes (Lande 1981, Crafen 1990 a, b). Whilst this served to simplify
some difficult questions regurding how male displays and feinale preferences for
those displays might evolve, we still Inck insight as to how famale preferences are
inherited 241 hiow they are shaped during growth, Recently, the forces influencing
female mating behaviour and preferences have begun to receive niore attention (see
Rosenqvist & Berglund 1992), In particulus, the genetic basis for female preferences
(Majerus et al. 1982, 1986, Bakker 1993, Houde 1994, Wilkinson & Rielo 1994) and
the effects of female expetience in sampling males (Janetos 1980, Brown 1981,
Bakker & Milinksl 1991), imprinting on early experiences (ten Cate & Bateson 1988,
1989, Laland 1994 b), and using Information about the choices made by other females
when choosing mates (Losey et al, [986, Wade & Pruett-Jones 1990, Gibson &
Hoglund 1992, Kirkpatrick & Dugatkin 1994, Luland 1994) have enjoyed incrensed
theorctical and empirical attention.

In this chapter [ ncdress two processes fundamenta! to the way preferences
evolve in populations and develop within individual females: (i) the repeatability of
choice hehaviour - which is an indicator of the heritabtlity of mating preferences, and
(11) the importance of mate cepying, by which mating preferences can be transmitted

culturaily rather than genetically, This p.y  therefore tepravents n flst attempt ot

77



Chapter Seven:

Copying and the repeatability of mate choice

ABSTRACT
Models of sexual sclection by female ¢hoice tequire heritable vardation in female
mating preferences in order for sexval selection to operate, However, recent
theoretical work shows that female preferences which are transmitted non-genetically
enn result in exaggeration of male ornamentation. Guppies exhibit both mate copylng
and considerable heritable variation in female preferences. I studied the importance of
these phenomena by measuring repeatubility of female mete choice, which tets ng an
estimate of the upper limit to which a feature mny be heritable, and the incidence of
mate cholee reversal in paired-trial binary mate choiee experiments. Mate chofve was
significantly repentable except in the treatment where females were given the
opportunity 10 copy a female that contradieted their orlginal choice, Otherwise, [
Found no evidence that females copy the mate cholee of others, The differences
between males in ornamentation had no effoet on the consistency of female mate
cheice or the probability that they would reverse their originat choiee decision (in
hoth controls and the copying experiment). The interval between choiee trials Jid not
influence repeatiblity significantly, indieating that the Independenee of choiee

deeisions 1s not reliated to the time interval between then
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to act on their preferences in the absence of experience of males? Bukker & Milinski
(1991) provide evidence in favour of this, although their feinales could have had
experience of males before they were collected from the wild, Qur results
demonstiitte For the first time in u vertebrate (Moore & Moore 1988, showed this in
an inseet) that female gupples possess fixed internal standirds of male attractiveness
which enable thent to express their mating preferences in the absence of experience of
males,

The adaptive significance of decision-rules based on experience of past males
Is twofold. Firstly, if standards of aceeptability are reduced with decrensing marginal
value of prolonging the search perlod, a femnle can avoid missing an entire breeding
eyvele if she has the misfortune to sampie several relatively deal mudes. Secondly, a
female can take advantage of a distiibution of male ornaments that is higher than
‘expacted’, and mote with the most bighly ornamented of those males, We suggest that
stochnstic decision-tule models are more biologically meaningful than optimuadity

motels of mate choice eriterin,



response to him would exceed that expected due strictly to his ornamentation.
Secondly, the change 1n ornamentation from the first to the second male a female
encountered is significantly correlated with the change in her response, suggesting
that females do compensate in such a manner.

Bakker & Milinski (1991) found that femnle three-spined sticklebacks
(Gusterosteus aculeatus) use a stochnstic decision rule based on the relative
autractiveness of the present and previous males (previous male effect), In our study,
the previous male observed by a fenule influences her response to the present male,
However, due to the nature of our experimental design, our findings cannot be used to
Infor the decision rule used by female guppies. We Jo not argue, however, that
females bage their response to a given male only on the ornumentation of the previous
male she sampled. In fact, our results show that under a strict previous-male dectsion
mile, aecuracy «of choice is likely to be extremely poor, Male guppics can decide on
which male conspecifics to associate with based on itformation that has been
remembered for at least 4 b (Dugntkln & Alfleri 1991). If similar cognitlve cupacities
are availuble to females for mute discrimination decisions, they may be able to base
their stundard of nttractiveness on the ornamentation of several males, If this is the
cuse, we predict that the aceutacy of her respanse relative to a male's ornamentation
in the population will improve as more males are sampled, Statistical solutions to
problems of choice based on the ‘quality’ of previously sumpled males abound
{Ferguson 1989), and we suggest that models of female shoice nmong two
vonsceutively sampled taakes will benefil from reference to these solutions,

Do females have a flxed internal standurd of atteaetiveness which allows them
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second male presente:d fo uch female was positively and signifieantly corretated with
the chiange in her responsiveness (r,= 0,387, n = 56, l«talled p < 0,0025), In the two-
male trials, male atteactiveness was significantl, and positively correlated with orange
otnamentation (r,= 0.270, 2 = 36, I-tiled » <0 025), Females were no more or less
likely to respond positively to a the first male than the second male she encountered
(Willcoxon signed .unks test: orlent « Z= -0.369, # = 55, n.s,; plide - Z=-0.536,n =

536, n.s.).

DISCUSSION
In this guppy population the ‘collbration’ of female mate preferences is, to some
degree at least, based on standards of attractiveness that are independent of n femuale's
past expericnce of majes. However, we also showed that a female's experience is
importani to her response to a given male, We base this on two Inferences from the
rank-order correlntions between ow nge colour aren and the second part of the single
male trinls, In the second part, the significant positive relationship between orange
and male attractiveness disappears, This appears counterintuitive to the notion that
Females use experience as a basis for deciding whether or not to respond to a given
mule, hiowever we could not Infer this unless the significont relutionship dissppenred.
The 'nofse’ introduced to the mate-chioice situation by the females experience of just
one mate could suffice to make a female's assesstent of a given male less qecurate
thun if she had no experience of males at afl, For example if a given fernale saw two
males thut wero below the population mean {(or some other biologically meaningful

standnrd), and the second was better endowed in terms of the cuce of choiee, her
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RESULTS
Percentage of male body aren that wag orange was the only male character that varied
sysiematically hetween winners and losers of paired male trials (Tuble 6.1). Likewise,
it was the only character positively correlated with femaie 1esponse to males in any of
the phases of the experiment, and so is the only charueter discussed with reference to

the importance ol fixed Internal standards of attractivencss and female experience.

Table 6.1, Difference between "winners” and "losers” of mixed male mating trials in
magnitude of secondary sexunl churueters.

orient response

Potenttal Cue df.  teststatistic  l-p

body aren 27 0.458 n.s,
relative orange 27 3784/ 0.001
relotive black 27 0,073 0.4,
Iridescence 20 085 s,
yeliow 16 0024 s,
gonopodium 13 0916 s,
dorsal fin 16  0.267 L8

¢ = Student’s ¢ (paived sample test)
z= normal approximation (Wilcoxon signed ranks test)

The correlation between relative area of orange and mule attractivencss to niive
virgin feales was positive and signifieant (r, =0,309, n = 56, 1-tailed p < 0.025),
When males were switched, this relationship became wenker, and was no longer

significant (.= 0,060, nt = 56, n.s.). However, the difference between the first and



puirwise tests were used to test a null hypothesis of no difference in cue magnitude
between the winner and the loser, Paired sample Students tests (Sokal & Rohif
1987) were used in the case of measures that conformed to the assumptions of
parametric tests, otherwise Wilcoxon's signed ranks tests (Siegel & Castellan 1988)
were used,

In order to infer the relative strengths of female's internal standurds of choice
and the ef” .<ts of expetience on her cholee, we pecformed a series of Spearmun rank-
order correlations, as response measures could not be tansformed to normality.

In the first paet of the single male trials, we test the null hypothesis that the
responsiveness of natve virgln females is randomly associated with the expression of
an ornament for which there is known to be cholee (relative orange area, Brooks &
Caithness 1995 a, Chapter Two of this thesis), Similurly, we caleulated the correlation
between female responsiveness to a male in the second part of the single male trlals
an the relative area of his body that Is orange. We then caleufated the change in
orange ornunentation experienced by each female when the males were switched and
related this to the change in her responslveness, Lustly, we compared the mean
attractiveness of the male In paired-male tests with his degree of orange eolouration
ns u basis for comparison with the strengths of the other relationships, Our arguments
relating the impartance of experience to the expression of female preferences nre
based on the relatlve strengths of the various correlations. All tests of sigaifieance are
one-tailed tests of the null hypothesis of no positlve association between ornament

mugnitude and femnale response. The a-level of signiffeance was 0,05,
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Two-male trials

Both femates and both males were then placed together with a third fernale in a tank
and left unti! the following morning, Each male was watched for two five minute
periods and the responses to his displays scored as described above. This part of the

experiment enabled females to directly und simultaneously compare 1nales,

Mensuring cues

Each male was placed in & clear plastic bottle (23 mm x 39 mm filled to 40 mm) and
photographs of his left and right sides wers taken using Fujichrome 100 ASA slide
film under tungsten lighting, We projected thie slides onto white paper and truced the
outlines of the body, dorsal Iin and gonopodium ag well as all visible colour spots and
a 3 mm section of the ruler which was included in the photograph for callbration, The
digitiser board of n personal computer was used to measure whe following from the
tracings: body length and ares, Jength of the gonopedium and of the dorsal fin and
aren of each colour spot, Measurement eeror using this method is very low (0.3%) and

not significant (Brooks & Caithness 1993 q),

Statlstical Analysis

Statlstical tests were performed using SYSTAT for Windows 5.0 software. When
lotal aven of n colour wis divided by hody area to xemove the effect of body size,
thexe variables were aresiee transformed (Sokal & Rohlif 1987}, Measures of length
were transformed to thelr natural Jogurithms to satisfy normality, To investigate the

relationship between female choice and male ornaments in the mixed muole trials,
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Single male trials,

Females were ' aised in mixed sex cohorts of the same age and removed to single-sex
stocks as soon as they showed evidence of the "gravid spot" which signifies sexual
maturity, Males were removed from these cultures as soon as their anal fins showed
signs of differentiating into gonopodia, Males wete chosen by one of us to differ in
relotive orange area were paired, Paired males were put into different tunks (900 mm
% 315 mm filled to 270 mm) and each was introduced to a viegin female that had
never been exposed to mi ture males (i.e, nafve virgin female), We gave the fish five
minutes to adjust and then watched the female for two five minute perfods with five
minutes in between (patt one). Males were then switehed and once again femaley
were watched for two five minute periods (part two). Males were presented to
females in random order. Part one allows us to ask whether or not fenales are abie w
act on their mate preferences when they have no previous experience of mature males
and no other males are present for the purposes of comparison. Part two is a trial in
which the females huve prior experience of one male, the phenatypic atteibutes of
which are known (see "mensuring cues” below), and the change in her response can
be nitributed to the differences between males,

Female response 1o each dispiay was scored in terms of the proportion of
sigmeid displays eliclting "orient”, "glide” and "mating” responses from females
{described by Houde 1987, Brooks & Caithness 1993 a). Only the proportion of orient
responses was wsed In analysis as this provides a larger behavioural sample than
either of the other two measures, but is still positively refuted to male mating success

{Chapter Two of this thesls).
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favours a model of mate choice in which females do not have fixed internal standards
of attractiveness and are thus only able 1o make cholce decisions after sampling a
number of males, We use a unique inductive *o. linique to assess whether females are
able to act on their mate preferences without experience of other males and the role of
comparative Information in making choices, We study only the first two males
encountered by natve virgin females ta resolve the question of whether or not females
use fixed internal standards, experience of other males or both to make mate-choice
decisions.

Guppies are ideal animals for the study of female response to a sequence of
males becouse a males altractiveness to any receptive female cun be quantified us a
continuous variable which approximates the probability of her mating with him,
without mating necessarily taking place (IHoude 1988 b, Clupier Two of this thesis).
Moreaver, the well documented relationship between ornnge colouration and male
attractlveness (Kodric-Brown 1945, Houde 1987, Brooks & Caithiness 1995 a, d,
Chapter Two of this thesis) provides a convenient yardstick of n femules ability to

choose males based on ormameniation,

METHODS
We used first generation laboratory-bred individuals from a feral populution in
Beachwood, Durban, South Africa, They were kept ut a density of approximately
20/Mish on o 12:12 light:idark photoperlod in o tempecature controlled (25°C) room.

We provided Tetramin flake food once u day,
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exert their mating preferences without any prior experience of males.

Fixed internal standards can, int both threshold and comparative choice
situations, lead a female to mate nonrandomly with males based on cue magnitude,
and thus sexually select for exaggeration of those cues (sensu Darwin 1871) even
when she has no experience of males with which to compare the focal male.
However, in a population of lasger-than-average cued males, a female would often
end up with a relatlvely drab male unless she were able o adjust her standard of
attractiveness to account for the distribution of cue magnitude in the population
(Bakker & Milinski 1991).

The best strategy for choosing in the absence of costs associated with
searching for mates is to sample several, and then mate with the best of those (the
‘best of n' rule, Janetos 1980, Janetos & Cole 1981), However, often there are costs
which increase throughout the sampling period (eg. the impending last time of
spawning or larval release, Bakker & Milinski 1991, Backwell & Passmore
submitted; energetic costs of moving between males, Milinski & Bakker 1992, or
predation risk, Hedrick & Dill 1993} or if it is impossible for a female to return to n
male once she hns moved on to another male, In these cases, other sequential
decision-making rules are often optimal (Real 1990, eg. Brown 1981), Also, simple
stachastic decision-making processes which return fitness benefits slightly = low
those of optimal solntions are expected to be common in nature {Janetos & Cole
1981),

Nuive virgin female gupples (Poecilia reficutata) male very soon after first

introduction to males, which may be due to low initial choosiness (Houde 1987), This
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INTRODUCTION
Female choice is a major selective pressure for the exaggeration of male secondaty
sexual characters (Mgller 1994 a), but less is knowa about how female preference.:
evolve. One controversial aspect of this problem is how females decide whether or
not to mate with a given male, especially when there is no oppottunity for
simultaneous comparison with other males (Milinski & Bakker 1992), This is not
problematic when fixed threshold choice criterin are vsed by females, because
females are expected to exert mating prefcenges -+ en courted by those and only
those males that meet the threshold requirement (eg, Zuk et al. 1990), Several models
have been formulated to explain non-threshold (comparative) female respotise across
the range of variability in a male cue, Lande (1981) distinguished two such choice
processes, absolute chioice, in which a female compares availeble males directly, and
chooses the better endowed without regard to it's absolute cue magnitude, and relative
choice, in which females compare a given male with a standard of attractiveness (eg,
the population mean for cue expression) which she holds. By far the more perplexing
of these two phenomena is relative choice. Even when preferences are "open ended”,
they must be "calibrated" so that females are choosy enough to derive benefit from
choosing, but not so choosy that they [t to find a mate. Two types of standard may
be usr {in the "calibration” of a female's preferences: fixed internal standards of
aitractiveness which are independent of past experience, and the female’s experience
of mules. Female's have been shown (Milinski & Bakker 1992, Brown 1981) to
tespond to tales based on theli previous experience of males, Only one account

(Moote & Moore 1988, or cockroazl mate cholee) shows thot females are able o
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trentments (figure 7.3). The increase from part 1 to part two was not significantly

greater in the copying treatment than in the two day treatiment (¢ = 0.076, d,f. = 39,

n.sl)l

IR Consistent T Reversal

Percentage of females

Copying

3} Minates 1 Day

Figure 7.2, The percentage of {focal) females choosing the same m He (consistent)
and reversing their cholce (reversal) between the flrst and second trial in ench
experiment. In all four treatments, significantly more females consistently prefer the
stne male than change their choice of muole. This consistency Is signilicantly different
from n random model of choice for all experiments (2 duy G, = 8205, df = |, p<
0.01; copying G,; = 6.501, dfl = 1, p < 0.02; 30 minutes &, = 4857, dif = |, p <
0,05; 1 day G = 4857, dft = 1, p <0.05). The number of females reversing their
choice in the copying treattnent did not differ significontly front the pattern shown in

the 2 day trentinent (G, = 0.625, df. = 1,

0-063| dl}‘: = 11 !'l-S-).

n.5.) or the 30 minutle teatment (G, =
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Table 7.1, Results of one-way ANOVA's of the proportion of time a female spends
with one (randomly picked) male in a binary choice triad, and thie repeatability
estimate and standard error thereof for ench of the four treatments,

ANOVA Repeatability

Treatment  Source of virigtion 88 df  MS F P " S

2 day Between femules 6.4‘)9 ¥ 0069 2.088 00t7 0352 0052
Within temales 319! 40 0.080

Copying Between females 4321 39 0,111 L1114 0367 0056 0012
Within females 3.977 40 0.099

30 Minute  Between females 5199 29 0179 2.057 0027 0346 0059
Within females 2614 30 (0.087

1 Day Between females 3,899 29 0,134 1924 0040 0315 0,050

Within femnles 2096 30 0.070

In ol four treatments, females chose the snme male significantly more often
than expected under  random model of choice (ligure 7.2), Furthermore, ia the
copying treatment, the relative frequencies of consistency and reversul did not differ
significantly from those observett in the 2 day treatment or the 30 minute treatment,
ng predicted If femnles reverse their cholee due to copylng. Whilst females did not
copy the “madel” femnle, they did not avoid copying her either.

Although females did not reverse their prefers.i-e in the copylng treatment,
the proporton of the total time near males that they spent with the male that had been
near the model female (as opposed to their originally preferred male) incrensed
(figure 7.3), However, signifleont inerenses in time spent with the toser of the first

chodee trinl also oceurred from the frst to the second trfol in all three of the other
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obtained ia e copylng treutment with the ratios observed in the 2-day treatment (in
which the same female was used with each pair of males) and in the 30-minute
treatment (in which the same time elupsed between cholee trials),

To compare the increase in proportion of time a female spent with the loser of
the first trinl in the first and second trials of a treatment, I used patred-sample
Students #tests,

Tused o Mann-Whitney U test o compare the magnitudes of the difference in
various secondaly sex characters between the two males for replicates in which the
fernnle reversed her choice versus those in which she chose the same male in both
teials, Lastly, I estimuted the correlation between the above differences and the
absolute change In the measure of female prefetence in a replicate using Spearmans
rank-order correlution coefficient,

Where tables of results are presented, I have used the sequential Bonferroni
readjustment (Rice 1989) to correct the 0,05 a-level of neceptance for the number of

test performed.

RESULTS
The repeatability with which n female chooses one nile over the other Is signifleantly
greater than zero in all treatments exeept the copying treatment (Table 7,13, None of
the repeatability estimates differed significantly from any of the othiers, the largest
difference being between the 2«tlay and copying treatimients (2= 1,34, o =(.232, |-

tailed p = 0,090},
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different results from those obtained for the separate colour dimensions, and is

therefore the only colowr measure presented,

Statistical analysis
[ annlysed duta uslng Statistica for Widows (v 4.5, Statistica ing, 1993) statistical
software. T tested all variables for normality using Liliefors' test, and used the angular
teansformation (Sokal & Rohif [981) before using proportional data in parmetrie
tests. Where nortnality or other assumptions of parametric tests were not satisfied, I
used non-parnmetric tests,

I estimated repeatabllity alter Falconer (1981), Lessels and Boog (1981) and!
Boake (1989), using a one-way analysis of variance (ANOVAY) to partitlon the total
varianee in female choice of one (randomly chosen) male in a pair over the other Into
the added vardance due to differences between femuales (5%,) and the variance within
Individuals (S? or error varlanee). The ratio of between-individual varfance ($2,) to
total phenotypic vartance (5° + §%,) is equivalent 1o », the coefficient of Jatra-class
correlation which 1s 0 measute of repeatability. I used Becker's (1984) method to
enleulae the standare error of the repeatability meusure, I compared the repeatibilites
of difTerent pairs of treatments using Zni's (1984) method for comparing correlation
coefficients.

Tused the G-test (Sokal & Rohlf 1981) to compare the eatio of females
reversingirernnining consstent in their “decision” between trinls with different
models of cholve, I compared a't treutments with a model of no cholce (half the

females switch their preference und hall are consistent), I also compured the ratlos
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performed for the first two treatments, but unfortunately, during the period between
the first two and the last (wo treatments, muny of the males contracted fin-rot or died,
If & male had visible fin-tot, L did not use him in a trinl in case females avoided him to
prevent contracting the infection themselves, thereby influencing the outvome of the
trinls. Therelore of the originat 40 pairs of males vsed in the first two treatments, only
24 remnined intact, 12 healthy fish from the 16 “broken” pairs were atbitrarily paired
up 1o make the sample for these two trials up to 30 paivs.

The design of this experiment is therefore similar, except for superficial
differences 1n choice tank design, to other expetiments investigating female choice
{Bischoff et nl, 1985, Kodiie-Brown 1983) and in particular repeatabillty of fomale
cholce (Godin & Dugatkin 1995) nnd female copylng (Dugatkin 1992, Dugatkin &
Godin 1992, 1993) in puppies.

Measuring male oinamertation

1 measured omamentation by tallny slide photographs of male (Ishes under tungsten
lightlng nnd then tracing the projected slides onto white A3 paper, including part of o
section of plastic ruler which I included in the photographs for calibeation, This
enabled me to measure the aren of each fishes body nand of each colour pateh using a
grid of squares, The orangeness of cach male was estimated visually using Munsell
colour chips, The hue, value and chroma of the colour chip that most closely
resemibled each colotr pateh wos noted, In analyisis, all three colour dimensions were
used, and In addition an “orangeness” variable was construeted by scoting hue from |

(2.5 Y) to 6 (10 R) and multipaying this by chroma, This did not provide substontially
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female vhoice behaviour have been used before, and shown to aceurately predict
success in mating encounters (Kodtic-Brown 1985).

Fot each treatment, 1 swopped the side of the tank (hat ir *»s were In between
trialy in haif of the weplicates, and left males in the same tubes In the other half, There
was no significant side preference either gencrnlly or within males. The time between
choice trials varled between treatments, In treatment 1 (“2-day™) 48 hoves elapsed
between choice trlals, In treatment 2 ("ecopying™) the second choice trial from the 2-
day treatment made up the frst put of the trentment, and the second trinl followed 30
minutes later, The difference between this and the other treatments was that during
the first ciglt minutes of the 10-minute “viewing time” (when the foca] fomale was
confined to her tube) a second, “model” female was placed in a {(similar) glass tube
adjncent to the maic that had “lost” the first telal, I removed the model female and her
tube after 8 miuntes sad 2 misutes later released the focal female to swim fieely for
ten minutes during which I docwmented the time , The model female was targer than
any of the focal females used in the experiment (model = 36.60mm , foeul = 32,54 -
20.48 mm total body length) , ns a female is mare likely to copy a larger (and thuy
older) female than one smaller than herself (Dugatkin & Godin 1993),

Tused the same n, ae palrs in treatment 3 ("30-minutes™ ), In which 30
minutes clapsed between cholee trials, between 10 and 30 days after treatments 1 and
2. Whilst in trentments | and 2 Fused the same female with a given male pair, Tused a
different foeal femsale in the 30 minute treatment for a given pair of males than in the
first two, I then used yet another different female in treatment 4 (*1 - diy™), in which

24 hours passed between the [irst and second choiee telal, Forty replicates were
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METHODS
This stucly comprised four treatments, In each treatment two choice trials were
conducted, using one female and two males, Choice trals were conducted in a 100 ¢

aquarium as shown in figure 7.1,

J'A 2 B

- - 385
| 325 mm
| 907 mm |

Figure 7,1, The aquarium used in choice {rials, Background and bottom colour were
standardised by placing 2 cm of fine light brow= river sand on the botton of the tank
and tan paper on three sides (the fong side faclng the observer was left clear), Three
open ended glass tubegs 90 mm in diameter and 350 mm in length were placed in the
longitudinal midline of the tank. The tube (2) which contained the focal femnle was
in the centre of the tank, with tubes bearing mules (F'A & &*B) 290 nun away (centre
o centre),

I placed a male in cuch of two “end” glass tubes and o female (the “focal”
female, after Dugatkin 1992) in the central glass tube. Alter ten minntes, I slowly
lifted the central wibe until the female swam elear, and then placed the tube gently
down in the tank again, The female was watehed for 10 minutes, and the tme spent
within two body Jengths (horizontally) of each male’s tube and within three

centimetres {(vertically) of the male in that tube was recorded, Similar measures of
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Kirkpatrick and Dugatkin (1994) argued that widespread copying Is unlikely to favour
thie origin or maintenatice of multiple sextal ornaments, but will ruther favour the
most common male ormnament at the expense of others. The multiple ornaments borng
by male gupples contradict this prediction, such that Kirkpatrick and Dugatkin were
forced to invoke some unidentified form of selection ay the agent favouring multiple
ornaments in opposition to the effects of mate copying.

Virgin female guppies from the papulation I used in this study are able wo
exereise their mating preference for more orange males (Brooks & Caithness 1995 ¢),
This precludes the possibility that femule mating preferences are transmitted entirely
bv cufture as in the models by Laland (1994} and Kirkpatrick and Dugatkin (1994),
However, I have also shown that o female’s previous experience of males s important
to her choice decisions (Brooks & Caithness 1995 ¢) in that a female adjusts her
response to a made based on ber experience of the level of ornamentation in the
population,

I have therefore attempted, In this chapter, to undeistand the extent to which
femaole mating preferences could be heritable by quantifylng the repeatability of a
female's cholce between two males, I bove further exunined soma aspects of copying
hehoviour in order to understoad if female preferences could be, at least partially,
culturally transmitted, Lastly, Lhave looked at how male ornamentation is related to

the repeatability of choice and the likelihood of mute copying.

82



the likelihood of copying.

Guppies are well suited to attoripts to resoclve the repeatability of female
mating behaviour, and the effects of copying on the outcome of choice decisions, for
several reasons. They are something of & model organism in studies of sexual
selection due to their highly promiscuous, non resource-based mating system and the
impartance of female choice to paternity, Male aitraciiveness can be mensured as a
continuous, rather than discrete, variable by measuring the time a female spends near
cach male in a choleo trial (Bischoft et al, 1985, the approach used in this study), or
the proportion positive female responses a displaying male ellcits (Houde 1987),
Female choice is responsible for the evolution and maintenance of several of the
otmaments borne by male gupples includlng orange (enrotenoid) pigment (Ioude
1987, Kodric Brown 1985, 1989, Brooks & Caithness 1995 ), black {melanin)
pigment {Endier & Houde 1995, Brooks & Caithness 1993 b, Brooks 1996) iridescent
(struciurnl) pigments (Kodric-Brown 1985, Endler & Houde 1995) exaggerated fins
(Bischolf et al. 1985) and enlarged body size {(Reynolds & Gross 1992, Endler &
Houde 1995), There is evidence from selection experiments that there is additive
genetic varlation in (at least) the female preference for orange spots on males (Houde
1994, but see Breden & Hornnday 1994), Studies on guppies have produced the best
evidence yet for the joint evolution of female preferance and male ornament within
populations (Breden & Stoner 1987, Houde 1988 a, Stoner & Breden 1988, Houde &
Endler 1990, Endler & Houde 1995),

To date, the best experimenta! evidence for female mate copying has been

obtained uslng guppies (Dugatkin 1992; Dugatkin & Godin 1992, 1993), However,

&1



1979), 1t also raises the possibility that if preferences are entirely culturally (as
opposed to genetically) transmitted, a female preference and the corresponding male
ornament or dispiay can coevolve rapidly (Kirkpatrick & Dugatkin 1994, Laiand
1994), Furthermore, the spread of a preference is likely to be faster than under steictly
vertical (genetic) inheritance because preferences can also be transmitted aiagor . ity
or horizontally, This may result in more rapld exaggeration or {ixation of the male
arnament on which the preference is based than is the case with preferences that are
only inherited genctically (Laland 1994), and even the loss of all but the (initially)
most comirnon male traits and female preferences (Kirkpatrick & Dugatkin 1994, but
see Findlay et al, 1989).

The effects of ornamentation on repeatability of choice nnd the operation of
mate copying have not been examined previously, A functional explanation is that
copying reduces costs associated with the time taken to assess males and that some
fernales are poorer at disctiminating between males thun others (Dugatkin & Godin
1993, but see Glbson et al, 1991), and that it is these fomales who have most to gain
from copying. In a mixed copying / independent choice strategy, there may be a
tradeoff for fermules between following their own ehoice decision and copying others
when the two are contradietory, I therefore nsked whether copying is stronger or
weaker than independent choice, and whether the similarity of the ornamentation of
males contributes to o female's decision to copy or stick with her ariginal chioice,
When males are most similar, choice is expected to be at its least repeatable nnd
copying is expected to be common, I relate, for the first time, the differences in

ornamentation between males in binary cholce trials to the consistency of choice nnd
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Mate copying is a form of nonindependent choice which occurs if the
probability of a fernale choosing a particular male increases if he has already been
chosen by other females and decreases if he has not (Pruett-Jones 1992), Apparent
copying behaviour has been documented in several taxa, In man. nest-building fishes,
females prefer to spawn in nests which already contain eges (Ridley & Rechten 1981,
Marconato & Bisazza 1986, Unger & Sargent 1986, Krank & Groothuis 1994),
Females of the marine isopod Purucerceis seulpta prefer to live on sponges which
contain other females (Shuster & Wade 1991), Lekking birds (Lill 1974, Héglund et
al. £990, Gibson et al, 1991} and fallow deer (Clutton-Brock et al, 1989) also show
apparent female copying, However, in at least fallow deer (MeComb & Clutton-
Brock 1994), and quite probably some other cases (see Gibson & Hoglund for & more
thorough discussion) females are not copying but associating with other females.
Females may ui™o be responding to the enhanced display rates of males that have
already mated, although this has recently been ruled out in nesiing fishes (Kraak &
Groothuis 1995). In guppies, however, these confounding possibilities have been
eliminated (Dugatkin 1992) and copying has been demonstrated to such an extent that
females will reverse thelr coiginale - males in binary mate-cholee trinls to copy
the choice of another female (Dugatkin 1992, 1993),

The possibility that there is a cultural {after the analogy with human cultural
transmission of behaviour by observing the behaviour of others) component to the
transmission of mating preferences has important evolutionary consequences.
Copying is likely to result in an increased vartance in niale mating suceess (Wade &

Pruett-Jones 1990), and therefore increased opportunity £+ sexual sclection (Wade
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trying to understand the relative contributions of genetic and cultural determinants to
female choice behaviour in a single species (Poecilia reticulata).

Despite the importance of additive genetic variation in female mati +
preferences to most models of sexual selection (Lande 1981, Grafen 1990 a, b,
Pomiankowski et al, 1991, Iwasa et al. 1991) only a handful of experiments have
shown evidence for this (Majerus et al, 1982, 1986, Moore 1989, 1990, Bakker 1993,
Houde 1994, Wilkinson & Riello 1994), The repeatability of a behavioural trait such
us a mating preference describes the contribution of within-individual variability in
the traii (which obviously cannot be heritable) to the total variability within the
popatation (Boake 1989). Therelore repeatability estimates an upper limit of the
extent to which a teait can be heritable (Falconer 1981, Boake [989), In fact,
repeatability is thought to overestimate herttability (Boake 1989). This may be
because not wll between-individual variability is the result of heritable differences
between females, because social and developmental differences between females are
not factored out, Also, within individual variability may be underestimated if trials
conducted on the same female within the time - straints of a normal experiment are
nonindependent. This may occur if preference expression is influenced by fnctors
such oy condltion and recent experience (eg Bakker & Milinski 1991, Brooks &
Caithness 1995 ¢} . In this paper I test the influence of the interval between mate
choice trials on the mensureable repeatability of female preference by varying the
time interval between choice trials In different treatments, I also examine the effects
of one socini phenotmenon - the opportunity to copy the mate choice of others, on

repeatability.
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relationship between male quality and carotenoid-based mgment expression. If males
hore severnl cues each of which revealed quality under different environmental
stresses (multiple message hypothesis), these handicap traits would not ali be
expected to relinbly reveal male quality simultaneously (Maller & Pomiankowski
1993 a).

Very little s known about whether black colouration and struetural pigments
signal male quality in a fashion similar to the way orange area and intensity do
{Endler 1983, Kodric-Brown 1989, Nicoletto 1993), which counts against the
“redundant signals" hypothesis, However, the dearth of knowledge as 1o whether and
how male ornaments signal male quality (if such evideace can be found {or any
animal) limits our ability to discriminate the three condition-dependent signalling
hypotheses of Mgller & Pomiankowski (1993 a),

If males possess redundnnt suites of cues for signalllng condition, these cucs
should not become the focus of cholee untit the primary cue has been factored out (as
shotvn by Zuk ot al, 1992), However, I'showed that when o female's ahility to
diseriminate on the basis of orange aren was removed, females did not switeh Lo any
other ornnment us their cue for choiee (Chapter Three), Moreover, by manipulating an
ormament that does not appess to be related to choice (black aren), thut chan, - in
ornament magnitude reveuled o corresponding change in mulo attrnctiveness Chaptee
Four), This constitutes o weak refutation of the redundant signals hypothesis i th,
ease, but reinstates the posyibility that females serutinise several cues simultaneously
(see “Composite traits or single preferences?” below), but the effects of chunges in o

males visual contrast should be examined belore this can be elaimed.,
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relntionship between male quality and carotenoid-based pigment expression. If males
hore several cues each of which revealed quality under different environmental
stresses (multiple message hypothesis), these handicap traits would not all be
expected to relinbly reveal male quality simultaneously (Maller & Pomiwkowski
1993 a),

Very little is known about whether black colouration and structural pigments
signal male quality in & fashion similar to the way oronge area and Intensity do
(Brdler 1983, Kodric-Brown 1989, Nicolatto 1993), which counts agalnst the
“redundant signals” hypothesis, However, the dearth of knowledge as to whether and
how male ornaments signal male quality A such evidence can be found for any
unitmal) linits our ability to discriminate the three condivion-dependent signulling
hypotheses of Maller & Pominnkowskl (1993 a).

If mples  ossess redundant suites of cues for signulling condition, these cues
should not become the focus of cholee until the primary cue has been factored out (s
shown by Zuk et al, 1992). However, I showed that when a Temale's ability to
diseriminate on the basis of orange arca was removed, femiles did nat switeh to any
other ornatient as their cue for cholee (Chapter Thiee). Moreover, by manipulating an
ornnment thot does not appear to be related (o cholee (black area), that change in
arnament magnitude reveated o corresponding change in male atiractiveness (Chapter
Four). This constitutes a weak refutation of the redundant signals hypothesis in this
case, but relnstates the possibllity that females serutinise several cues simvltaneonsly
{see "Composite tralts or single preferences?™ below), but the effects of changes in n

males' visual contrast shoald be examined belore this cun be ¢loimed..
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Condition dependent signalling

Mpuller & Pominnkowskt (1993 a) offered three alternative hypotheses for the
presence of multiple male oraments, drawing on the ability of ormaments to signol
male condition and thus male genetic yuality: the "redundant signals”, "multiple
messages” and "unreliuable signals™ hypotheses. I have provided no direet evidence
regarding the ability of male ornaments to signal male condition, however there are
several lines of inference that may be followed to gnin a broad understanding of the
importance of these three processes to the evolution of muliiple male ornaments,

The only evidence T have presented with respect to the condition-dependence
of ornaments iy the assessment of fuctuating nsywmmetry (Chapter One), The
significant positive correlation between ornament slze and asymmetry for both blacl
and orange pigmentation suggests that neither is condition dependent (necording to
Muller & Pominnkowski 1993 a), However, this line of reasoning must be viewed
with oxtreme scepticlsm beenuse orange brightness, at least, is a condition-dependent
teait (Kodric-Brown 1989, Houde & Torio 1992), and there is evidence that orange
area and pattern complexity are similarly condition-dependent (Nicoletta 1993), in
other guppy populations, Amongst other ornaments and displays, only body slze
{Reynolds & Gross 1992) nnd display rate (Nicolletto 1993}, neither of which are
reluted to male atteaetiveness in this population, are known to refleet male quality, 1t
the ornnments are not condition-dependent in their expression, they are unlikely to be
mainteined by female cholee for o handicapplag trait (sensu Zahavl 1978), unloss
some ¢ues are simply not presemrdy stgnals of made quatlty. For example, in laboratory

stocks of guppies, corotenolds wre expected to be abindant, wuw Gis may dismapt the
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artifact of laboratory conditions (J.A. Bndler, personal communication) as such
hierarchies have been observed in other guppy populations (Gorlick 1976, Kodric-
Brown 1992, 1993), Therefore it is concelvalle that sneak copulation and male
dominance are significant contributors to male thistess under conditions other than

those in this study and that they therefore may select for some male ornaments,

FEMALE CHOICE AND MALE ORNAMENTATION
Femnle cheice is the only potentinlly sexvally sclective phenomenon that significantly
influenced male mating success in this study (Clrapter Two), Tt is clear that the area of
arange colouration borne by a male is an important cue for female choice (Chapters
One and Three), and an important determinant of male mating success (Chapter
Two), It is less obvious whether o not other male ornaments have evolved or e
maintained by female choice.

By showing that black, which dogs not normally correlate with lemale
response I8 Hmportant to female clivlee under manipulation, T show how apparently
non-preferred traits e be present dug to female choice (Chapter Foar), One way in
which this can oceur is for the non-preferyed ornoment to act us a signal amplifier for
another ornament or dlsplay (Hasson 1989, 1990, 1991), Bluck (melanin)
pigmentation apears to net as an amplifier of orange (colotmtion) in this population
(Chapter Five),

In arder to answer how the multiple ornaments of male goppies ean evolve by
fenwle choles it is necessary to examine nmy findings in the context of some of the

more suceessful modls for the evolution of fomale cholee,

o8



Conclusion

In this thesis, [ have investigated several different nspects of female mate choice
behaviour and its importance to the evolution of male secondary sexual characters
and courtship behaviour, I have addressed two prineiple questions: “How important is
female cholce as an explanation for exaggerated male secondury sexual characters?”
and “Flow Important are genetie inheritance and experience to the expression of
female mating preferences?” 1 have attempted Lo answer these questions bearing in
mind that male guppies have several exapgerated ornaments, In this conclusion I will
nitempt to review the possible explainations for why male gupples have multiple

secondary sexunl characters, highlighting the role of female choice,

NON-CHOICE EXPLANATIONS FOR MULTIPLE ORNAMENTS
Firstly, it is wseful to first diseuss the possibility that fernnle cholce Is not responsible
for the evolution of sorhe or all male ornatnents, a4 this shoukd be the null hypothesis
for the investigation,

Neither maje dominance nor s;eak copulation relate significantly to male
mutlng stecess (Chupler Twoe), However, the caveaty velced In that chapter need o be
reiterated before we can eliminate these sources of sexual selection [rom
consideration, Most notably, maie mating strategy changes with lighting conditions
wiiteh influtieces the costs and henefits of the courtship-displey stratogy (Bndler 1987,

Reynolds ev ol 1993} Also, the failure to observe dominance hierarchies may be an

97



ornament, as onty the most commnion ornament will be selected for, The apparent lack
(or extreme weakness) of mate copying in this population allows for the posstbility
that female cholee is the agent selecting for the multiple ornuments of male guppies in
this populntion {(see Brooks & Caithness 1995 n, b, Brooks 1996),

Since Fisher (1930) it has been aceepted that female preferences evolve (and
coevolve with male ornamentation) genetically, It scems possible from recent models
(Laiand 1994, Kirkputrick & Dugatkin, 1994} that similar results cotld be obtalned
even if the female preferences were inherited in a steietly eultural fashlon, At this
polnt, the evidence points to 4 role for both genetic Inheritunce and experience (see
also Brooks & Cuithness 1995 ¢) but not cultural determination, in shaping female

choiee behaviour in this guppy population,
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is the reason for our failure to find strong evidence for copying, it may be true that
previous studies overestimated the Importance and strength of imitative behaviour in
determining the outcome of female mating decisions, This would Favour the
hypothesis that copying s an important aid to females having trouble diseriminating
between tmales on the basis of their ornamentation (sce Gibson & Hoglund 1992 for a
fuller treatment of this hypothesis and its alternatives).

The above explanation is unsubsinntiated, however, as males in all trentments
including the copying treatment in replieates where females reversed their choice
decision were no more or less simikir to one another than In replicates where females
chose the some male twice, L -wise, the change in female behnviour was not
significantly correlated with the difference in male ornomentation, These two types of
analysis were used because they were expected to reflect the “certainty” with which a
female chooses a male. I males do not differ o great deal in the cues that a female
uses for choice, and we know that the femules 1n this population use at least orange
(Brooks & Caillness 1995 n) and black (Brooks & Cuithness 1995 b, Brooks 1996), 1
predicted there would be larger changes In preference sco,es and a higher incidence of
chofee declsion reversad than if the moles are extremely different. This Is because the
chances of recelver error and failure o discriminate effectively (Seliluter & Price
1993) are higher if the males oo offer are similar than if they are very different, It
seems that within-female variabllity in mate choiee beliaviour cannot be explained by
reeeiver error or inability to effectively discriminate between males,

Kirkpatrlek and Dugatkin (19%4) argue that the nature of sexual selection if

copying is widespread will not favour the evolution or maintenance of more than ong
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seen n this study, This prediction remains to be tested.

The time between choice trials does not appear to influence the repeatability
of choice. The slightiy (but not significantly) jower repeatability in the 30 minute and
1«dny treatments than in the 2-day treatinient may well be due to the reduced sample in
the former treatiments due to illness and death of fishes. This fends credibility to
measures of vepeatability in which the repeated measurer are separited by ¢ relatively
short time interval, such as that obtained by Godin & Dugatkin (1995), However, the
time intervals used in this study are all relatively short, and certalnly several orders of
magnitude smaller than 4 female's reproductive lifespan, T suggest that repeatibilities
should be estimated using longer intervals b een measures before firm conelusions
nre drawn in this regard.

Ironically, whilst the copying trentment shows such low repeatability, there is
no direct support for any claim that females in this population copy the mute choice of
others, Femnle s do not reverse thelr ehoice decision when [aced with a female that
chooses another male, as shown by Dugatkin and Godin (1992, 1993) in a wild
Trinidadion guppy populntion. Similarly, although femaltes In the copying ireatment
puy relatively more attention to the male that they hud observed with the “model™
{emale, this Incrense is not significantly larger than the inerease in attention pald to
the “loser” of the {irst trial in nther trentments. IF copying does oceur, it {5 cortainly
much weaker than independent mate ehoice, The predominance of individun! mate
eholee over copying (3f it oceurs) may be due to the fact that T did not mateh male
pales for similavity in slze and colouration ns was the case in expetiments where

[emales did copy one another (Dugatkin 1992, Dugatkin & Godin 1992, 1993), 11 this
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{except in the copying treatment), The repeatability of a female's preference for -
male over another is the maximum to which a female preference for any pucticular
male trait may be heritable, because it is unlikely that, even in the simplest mate
clholce systems, one factor (the cue) alone is the only determinant of & female’s
response to o male, The repeatabilities obtained in this study are higher than the non-
significant values for preferences for < ¢ ic ornaments in flour beetles (= 0.0,
Boake 1989) and barn swallows (r = 0,152-0,24 1, Baitbura 1992}, but not as great as
those obtalned in sticklebacks (r = 0.65, Bakker 1993) and, interestingly, another
study of burn swallows (r = 0,57, Mapller 1994 b), The repentability meastwes that I
obtained in this study are lower thun we repeatabllity of (Quaré river, Trinldad)
femun gupples’ preference for brighter males (0,577 x 0,107) reported by Godin &
Dugatkin (1995), but not significantly so (compared with the 2-day trial: Z= 0,125, ¢
= 2,32, 2-tailed p = 0.216) except for the copying tiearment (Z = 0,259, o = 2,32, 2-
tuiled 2 = 0,011). Therefore in this populntion, as in others, female choice behaviour
shows slgnuficant repeatability, & result necessary but not sufficient to claim that
additive genetic vatiation for femule mate preferences is present in the population,
Repeatability of mate ¢hoice benaviour is reduced when a female observes
nnother female contradicting her mate cholee declsion, The negative effect on
repeatibility that was seen In the capying treatment is not heceysarlly the same as the
effect expected in & wild gituation, This Is because, I feranles Inu population share
sirailar prefevences, copying is more likely to corroborate o female's independent
decision than contradlet it. T therefore predict that if there Is copying and it has any

effect on repeatabillty in the wild, it increases repeatability rathet than decreasing it as
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Table 7.3. Correlations of the absolute value of the difference between males in each
potential ciie with the absolute value of the difference between preference for one
(randomly chosen) of the males in the first and second parts of the treatment.

l"‘.l’
(N}
p
2-day  Copying 30 minute 1-day
Body size 0,030 0.071 -0,244 -0.483
(30) (30) 19 (19)
0.1 >0, =0.1 0.02
Qrange dren -0.424 0,069 0,054 -0.123
30 30 (1 (1%
0.01 >0.1 >0l >0
Orangeness 0.172 0.095 -0.037 0.217
(34} (34} (28} (28}
>0.1 >0.1 >0.1 >0
Black area 0,083 0.210 0.000 0.269
(30) (30) (19 (19)
>0.1 »>0.l1 > 0,1 >0.1
While aten ~(.322 -0.107 0,022 0.211
(30) (30) (19) (19)
0.04 =01 »0.1 >0,
Enttern complexity 0.301 -0.262 0.043 0.153
(30) {30 (19) (19)
0.05 » 0,05 >l >0.1
DISCUSSION

[ have shown that not onbly do females prefer the sume male significantly more often
than they reverse thelr cholce duecislon, but that the variability between femules in

their mating behaviour Is significantly greater than the within female variability
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Table 7.2. Results of Mann-Whitney U tests in which the absolute value of the
difference between males in each potential cue was compared for trials in which
females reversed their choice versus those in which females chose the same male both
times. None of the differences ure significant after the sequential Bonferroni
adjustment.

v
Zoy
1- tailed p
2-day  Copying 30minute |-day
Body size 75 85 47 36
(1.044) (0.310) (1.415) (2.038)
=01 >0.1 >0.05 0.028
Orange arca 76 83 61 46
(1.001) {0.406) (0.623) (1.472)
>0, >0.1 > 0.1 > 0,05
Orangeness 100 104 84 79.5
(0.924) (0.497) {0.456) (0.684)
>0l >0.1 >0, >0
Black area o1 69 68 64
(0.348) {(1.04) (0.226) {0.453)
>0.1 >0.1 >0 >0,1
‘White aren 97 85 55 39
(0.087) (0.316) (0.963) {0.736)
>0.1 >0.1 >0l >0,1
Pattern complexity 96 87 35 62
{0.131) (0.203) (0.963) (0.567)
>0l >0.1 »>0.1 >0.]
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Figure 7.3, The proportion (of the total time n female spent near both mries) time
that a female spent with the loser of the first trial of each trentment in the first (left
bar) and second (right bar) trials of that treatment. Differences are all significant (2-
day: paired-sample ¢ = 1,893, df = 39, 1-tailed p = 0,033, copying: = 4,076, 4f. =
39, p = 0,000; 30-minute: = 3.219, dif. =29, p = 0,002, l-day: t= 2,566, o\f. =29, p
= (.008),

Males in trials where females reversed their choice decisions were nelther
mote nor less similar to one another than in trinls when females remained consistent
in any of the potential cues measured (table 7.2}, Similarly, the absolute value of the
change in fermale preference between trials did not relate consistently to any of the
potential cues (table 7.3),

The possibility that the model female influences the outcome of behaviour
trials because females are more likely to investigate the male she was “with™ first than

they are the other male Is refuted as the focal female went first to the side where the

mode] female was only 16 tmes out of 40 (GG, 4= 1161, dfi=l, p >0.1),
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least) the previous male they cocountered. This is probably an adaptation to allow
females to mate with the best mnles on offer regardless of the mean levels of
ornamentation in a population, There Is only the most equivocal evidence that mute
copying has nny cifect on the outcome of female choice deelsions (Chapter Seven),
despite robust experimental evidence for it in othet populations (Dugatkin 1992,
Dugatkin & Godin 1992,1993), If copying does occur in this population, it is certainly
far weaker than independent cholce. This gives me reason to doubt the importunce of
culttiral transmaission to the spead of female preferences in 1his population,

There con be little doubt that female choice {8 an important source of epigamic
selectlon in this population, thereby selecting for at least some of the multiple
ormtments botne by males, It appears thot fomales are able to choose basad on

genetically inherited preferences that are modified by recent experience,
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The above three classes of explanation are not mutually exclusive, but Thave
tried to contrast three very different sclective phenomena, I predict that by viewing
multiple male ornaments as a single pattern, the way females and predators see it, we
can break new gound in lenrning how male ornamentation evolves, However, It is

often still useful to study the different ornaments ns indpendent characters as well.

INHERITANCE AND ONTOQGENY QF FEMALE PREFERENCES
The second major aim of this investigation was to learnt about the inheritance and
ontogeny of female preferencey, subjects which have nat been priorltised sufficiently
until recently (Rosenqvist & Berglund 1992),

The fuct that ratve vigin females are able to tespond to the orangeness of o
single male (Chapter Slx) indicutes that female preferences are genetically
determined, and that experience can only modily prefererces if It plays any role at all.
Similarly, the signlflcant, and relatively high 1 pentibility of female mute cholee
behaviour (Chapter Seven) suggests signilicant additlve genetic variution in fomale
mating preferences, Only seleetion umd cross-oultural experiments will reveal the true
extent to which female pret- .rences aie herltable, but it appears that the genetic
varintion in preferences that is required for their biologicul evolution and coevolution
with mule ornaments (Lande 1981, Pomlankowskl 1988, Grafen 1990 a,b) is present.
This study does not, howevar, address the guestion of the herltability of peeferonces
for particuiar male tralts,

Chapter Six also reveads o role for experience in faimale choice, Fomales

appear to adjust their response to males based on the degres of ormnmentation of (at
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"good-genes" models of sexual selection, Endler (1983, 1987) suggests that secondary
male ornaments have evolved to exploit the female preference for an honest slgnal -
orangeness in the case of guppies. This ‘mplies that femnles assess male
oramentation impetfectly, therefore permiting ¢heating, as has been shown to be
theoretically plausible by Johnstons and Grafen (1992, 1993). Recelver error can have
two effects on the evolution of ornementation: 1t can select for nmplifiers ns discussed
tbove, to reduce reciever crror, or it can permit other ornaments to “hitchihike” on the
otiginal signal, by stimulating the female {n similar ways, The amplifier option Is
intuitively more likely to be stable and widespread us it benefits the female and the
fittest mnles, and not just the feast fit males (nlthough formol modelling is necessary
to develop confidence in this assertion). Endler (1983) hints at « role for cheating ia
maintaining structural pigments, a possibility which ¢an neither be refuted nor
corrobotated by my work, If dishonest signals have evolved to exploit preferences for
honest advertisements of mate quallty, these signals are expected to be less prevalent
than the honest signal, Tn wild guppy populations (Endler 1983) and this feral
population (Chapter One) all males bear orange spots, but far fawer bear structural
pigmeitts,

3) Ploiotropy between different ornaments in male guppies is a well studied
phenomenon (see Badler 1978), However, If non-prefersed ornaments are present due
to pleiotropic expression with the ornament of cholee, there should be u strong
correlation in expression between the ormament of choice and the focal ornament
{Faleoner 1981} There appenss to be no such correlation (Chapter One and

Appendix),

104



be pssessed by a female in making her choice decision, Endler (1987) deseribes a
tradeoff between sexunl selection for contrast with the background gravel and
predation-mediated natura! selection to cryptically mimic that gravel background,
Therefore contrast may be the important parameter when investigating the evolution
of the signal.

Composite mensures of male patterns have recently proved to be very
successful indices of male ornamentation, and are not only good predictors of male
attractiveness (Nicoletto 1993, Endler & Houde 1995), but uf male vigour too
{Nicoletto 1993), The significant relatiorship between pattern complexity and male
mating success in this population (Clapter Two) tndicates that there may be a reul
female preference for wiales with more complex patterns, My caveat is that
complexity is (by definition) correlated with both orange and black colouration and
ingenious tests are required to disentangle the effects of complexity and individual
ornitments.

Constructing composite trait variables Is a useful, but should not be the
exclusive, way to understand (e importance of ornamentation to female chotee, The
cvidence I presented in Chapter Five that binck pigmentation functions to amplify
orange as g signal is cvidence that two independent traits can be the result of
preference for only one of them - orange. The manipulation did effect composite trait
mensures such as complexity nadl contrast, but considered apart, and manipuluted
independently, these traits taught us a great deal more about how signals evolve than
they would have, had they been amaigamated into one composite measure,

2) Dishonest signailing is the traditionai thorn in the side of advocates of
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and black have evolved by this ronte, I have shown convincingly that orange is the
object of preferences, and by showing a role for black under munipulation, probably
ns an amplifier rather thaa a signal, Thave demonstrated that other omaments can
evolve by female choice despite an apparent lack of relationship between choiee and

ornament size.

Composite teaits or sigle preferences?

In Chapter One, I argue that, because only one cue consistently predicts male
nttructiveness, this does not favour explanations for myltiple ornnments in which
severnl ornaments nre assessed simultaneously. These explanations include the
"multiple messoges” and "unreliable signnls” hypotheses, as well ns the "overall
brightness" and "dishoaest signals” hypotheses (Endler 1983, 1987). So far in this
diszussion, I have treated male secondary sexual characters as distinet characters
under separate genetic and ontogenetic contro! and with distinet selection histories,
This assumes multiple female preferences have been responsibie for multiple male
ornaments, a mini-paradigm taken to lts logical endpoint by Tomlinson and O'Donald
(1989} in their model in which preferences and ornnaments evolve in a “gene-for-a-
gene” fashion, However, there Is a group of explanations which do not require
muitiple preferences for multiple cinaments to evolve, It is possible that a single
female preference car lead to the evolution of what we classify as several male
characters, and {t is almost certain that black and orange at least are favoured by one
fomale preference.

1} Brighiness, cor.trast o complexity of the males entire colour pattern may
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The Fisher process
Theorntival biologists have made several positive strides toward understanding how
female preferences for muliiple male criteria can evolve. Pomiankowslki and Iwasa
(1993) demonstrated that multiple preferences can evolve by Fisher's {1930) classical
self-reinforcing runaway process of sexuel selection if the costs of choosing
according to several criteria do not substantially exceed those associated with exerting
a single pr.ference. Iwasa and Pomiankowski (1994) then showed that multiple
preferences for handicapping traits are theoretically implausible, but that it s quite
possible for one handicap preference to evolve in tandem with several, relatively
uncostly, Fisherinn preferences. The predictions of both of thegse theoretical studies
are consistent with the results of this investigation, It is difficult at the best of tinies to
discrirninate empirically between Fisherlan and “good-genes™ models, and I can build
no strong argument regarding the relative strengths of these two processes. Hlowever,
of the ornaments borne by mnle gupples, the stinngest case for a signal of male
quality can be made for orange colouration (Kodrie-Brown (989, Houde & Torio
1992, Nicoletto 1993, but see Reynolds et al. 1993 who argue For body size), If
orange is the single, strong "handlcap” preference, it is quite possible that other
characters are maintained by weak Fisherian preferences in the fushion suggested by
Iwaga and Pomiankowski (19943, However, the preferences for them would have to
be so weak as not to have been detected in the various correlative chupters (one, twa,
six and seven) of this thesis,

Although T am discussing male ornar;:nts as though they could all evolve due

in some part to female cholee, I um not nrguing thut any chatr <ters otier than orange
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of secondary sexual characters other than the correlations that rre due to allometry, If
apparently non-preferred characters are not sexually selected in some way, the extent to
which they are influenced by the same genes is expected to be high because any other genes
for non-preferred characters should be eliminated by natural selection. In sneh a case, the

correlation between the two characters within individuals should be high (Falconer [989),
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Appendix

Corvelations between morphological variables

Body otnnge  relative  black relative  yellow Iridescence  ponopodinm
_area freg orange black
orange  {.556
(5%
0.000~
relative 0,139
orange  {59)
nA.
black 0546 0333 (142
(59) (59) )
a.000* (005 ns
mlative 0,024 0.007  0.038
binck  (59) (1)} 3
s 8, .S
yellow -0.154 0,300 <0271 0,167 0.237
59 (30 (59) (3] (5%
S, & n.s. N8, 8,
iridese  ~0.025 0.026 0,146 -0.147 0,168  -0.0%4
elice {59 {59 (59) (5% (59) (5%
8. n.g .8 N8 n.s. s,
gonop  0.726 0518 0326 0.134 0,150 -0.069 0,304
odivm  123) {23) (23) (23) h {23 23}
0.000* 0.006 n.s n.s. n.s. X8 s,
dorsnl  (.260 0376 0.331 0.134 0069 0560 0,123 0.167
fin 1} (41} “@n 40 (G} (1 (41} 1)
0,050 0.ong 0017 LS. _Ds& s s f.b,
Peatson »
(n}
L-tnied P

* P<0,05 after sequential Bonferroni adjustment

This data is referred to in Chapter I as weak evidence thot there 18 no pleitvopic expression
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