
mainly when I address the question of why males have several secondary sexual

characters. For the main part, I have only answered why male GUCS are exaggerated,

and not what information the cues provide to the female.

Guppies nrc small ovoviviparous fish native to streams of northeastern South

America and the nearby lsiands, including Trinidad (Houde 1987, 1988 b). For this

study, fish were drawn from a feral population existing in a small (0.5-2 III wide, 75

em to 20 em deep at centre) stream about 500 metres upstream 1'1'0111 the Beachwood

mangrove swamp in suburban Durban, South Africa. There is ~OIl1C doubt us to the

origin of rhls population, but it is likely that Trinidadian guppies were introduced to

!'iVCI'S and streams ncar human habitation in Durban and north to Bmpangenl us an

attempt to control mosquitoes (Mr K Farqhurson, personal conununlcutlou).

I have structured the investigation as a series of papers which have been

submitted to journals for publication. Taken together, they nrc intended to form a

coherent and thorough investigation of the possibility that the secondary sexual

chnructers, most notably colour spots, of male gupples have evolved and arc

maintained by female choice. Whilst why mules bear ornumcnts at all is not beyond

controversy, several new theoretical problems arc raised by the fact that males of

many species, including guppies, hear several ornaments, I have tried to Interpret the

results of this lnvestlgntlon in the context of theories dealing with the presence of

multiple secondary sexual chnructers (see Meller & Pomlunkowskl 1993 a,

Pominnkowskl & Iwusa 1993, Iwusu & Pomiunkowskl 1(94).

Tho first chapter hi intended to reproduce It mate choke scenario slmllur to

tliat faced by fcmalos in the wild, with the minimum of experimental mnnipulutlon,
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ouppies (Poecilia renculato) lire possibly the most thoroughly studied species

with regard to nutting behaviour and the interplny of natuml selection and sexual

selection (Andersson 1994) Despite this. we still do not have a clcar understundlng of

how 01' why the preferences of female guppies 01' the ornumcnts of males evolve and

nrc maintained, There nrc remnrkublc lntcr-populntlon difference: in female mating

preferences and male ornamentation. with most mule secondary sexual chuructcrs

related to female response in lit lenst one population (sec summarised data 111 Table

A). TI~is is thought to be a result of opposing selection I'm crypsis to avoid predators

and for conspicuousness in uuruetlng mates. The strength of these types of selection

varies between populations uccordlng to locul prcdutlon Pl'CSSUI'C(Enliicl' 1980.

Breden & Stoner 1987. StollOl' & Breden 198B), background gruvel patterns (Bnd1cl'

I!J80, 1983. 1987). lighting conditions (Endlcl' 1987. Reynolds & GI'OSS 19(2) and

stream turbidity (Luyten & Liley 19(1).

In this thesis I lnvestignte femulc choice t.'; a selective pressure for the

multiple secondary sexual ehnracters of males itt a ioml South Afl'icnn guppy

population. I h: ;0 Investigate some uspccts of the inheritunce and ontogeny of the

Icmalc preferences in this population. Inclndlng the lntrlgulng notlnn that female

preferences may be transmitted culturally, by copying the choice decisions of other

females. ruther thun genetically (Dugutkin 1(1)2), ruther than gcnctlcully, Whnt drives

the evolution and muintcnuncc of femule choice is a more difficult und controvcrsiul

subject, uspcclnlly in unlmuls such as guppics in which there nrc no direct benefits to

dlOosing a given male (Kirkpatrick & Ryan 1(91). I can only make oblique

contributions to the debnrc on the nature of the benefits to lcmnles of choosing,



will refer to ft'0111 now on us ornaments and displays, Whilst female preference and

the preferred male character may be strongly correlated wlthin populntrons (Breden &

Stoner 1987, SI<"1101'& B1'edcn1988, I,toude & Endler 1(90) or individuals (Houde

1994), it is important not to connate the processes selecting for the female preference

lind 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 number of populatlons in which a relationship has been shown
between each mule guppy character and female response.

Character Populations References

Orange nren 10 2, 3, 5, 6, g, 10

Ol'ange intensity 3 7.9.10

White urea 4 2,3.8, 10

Yellow area ') 3..
Number of black spots 5 3

Blue/green 4 3

Pattern complexity 12

Brightness contrast 3

cotour contrast 7 3

13oc1y size 5 3,13

Dorsal fin size

Caudnl fin size 4 1,3

Display rate 5 I,4, 10. 11, 12

Male dominance 10

References: 1- Bischoff at ul, 1985, 2· Endl!!!' 1983, 3· Endler & Houde 1995; 4· Purr
1980 H, 5· Houde 1987, 6· Houde .1988 a, 7· Houde & Torlo 1992. 8· Ko.lrlc-Brown
1985, 9·Kl)dric~Bl'own 1989, 10·Kotiric·Bmwl1 1993, 11· McMinn 1990, 1:2·
Nicolette 1993. 13-Rcynolds & Gross 1992.
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From the production of the gametes to the provision of parental care, it is usually

females that invest more, and whose Iitbtk~reproductive output is therefore more

constrained. As the requirements of parental cure constrain lifetime number of

offspring, so an lndlvidual is likely to gain more from choosing her mute, Trivet's'

insight explains why mutual choice ocelli'S in monogamous species in which there is

blpurontal care, and why promiscuous or polygynous specks show female choke

only.

Female matlng preferences nrc phenotypic charucrers, expressed during

choice decisions (Heisler et Cit. 1(87), which may evolve for one or both of two broad

types of reasons. Firstly, they may be selected for ill all ecological context other than

mate choice and thus provide It sensory bias which fuvours some males over others

(Bnsolo 1990, Ryan & Rand 1(90), Secondly, a females preferences may be

udupmuons to choose nu .:l that will contribute more to her fitness thun athol' males.

There nrc several such contributions thnt males can make, from relntivcly dlrcct

benefits such as the Iailure to transmit ectoparasites during eopulntion (Hamilton

1990), male parental cure (Sellrcy 1(82) lind h high quality territory (Alutnlo at nl.

1(86), to ludlreet and sornev hilt more controversiul genetic benefits such us

uttractlvcucss of male offspring to females (Fisher 1(30) ami 'good genes' which

increase offspring vlabllity (Pominnkowsld 19HH,Grafcn 1990 u, Hamilton & Zuk

1982),

The second Important consequence of feruale mute choke is the selection that

female preferences impose on tbe mule trnlts ant! displays lhlll nrc preferred, The

most obvious consequence of this is the cxuggerution of the lie male truits, which I

2



Preface

"There is a second agency at work ill most (bisexual) anunals .... ".

it docs not require tile dcutli of the [£ISS successful, but gives to tlietnfewer

descendants"

With these words, Durwin (18St'i) 111 his joint paper with Alfred Russel Wallace in

which they introduced the concept of natural selection to the Linnueun Society and

the world, first described what was later to become known <IS sexual selection,

Sexual selection hus recently blossomed Into one of the richest fields of research in

bchuvlourul ecology (sec Bradbury & Andersson 1987 I Andersson 1994 for

overviews, and Cronin 1991 for an acccsslble yet thorough introduction), A

phenotypic character will be sexually selected if there is a non-random association

between it and some component of muting 'illCCCSS (Durwin 1871, Moller 1994 a), In

a wide variety of sexual organisms, there is intense albeit sometimes subtle 111(1'1\-

sexual competition 1'01' opportunities to mate, However, processes other than the

ucquisition of mates such us the mate's genetic quulity, sperm competition,

infanticide lind parental effort may also he sexually selective (Mt111ul' 1994 u).

Trlvers (1972) accounted 1'01' the fact that in species where there is mute

choice, it is almost always the female that docs the choosing, und where both sexes

choose it is usually femmes that arc the more purtlculur, Ills cxpluuution drew on the

difference between the sexes in parental investment in cuch indivlduul oflsprlng,
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Abstract

I investigated some e' olutionary implications of female mate choice in a feral

population of guppies (Poecllia reticultuai. I performed correlative and manipulative

experiments to establish the relationship between female mate choice and other

sexually selective forces including iutermale aggression and sneak copulation, and

the exaggerated secondary sex characters (ornaments) of male guppies. Orange

(carotenoid) ornamentation is the best predictor of male attractiveness and mating

success, a relationship which held under manipulation. Black (melanin) is sometimes

correlated with male mating success. Mnnipulatiug the black area of males reveals

that it is important to male attractiveness, and this appears to be in the form of a

signal amplifier of male orangeness. This is the fi.st experimental evidence for a

visual signal amplifier. For both orange and black areas, the relationship between

absolute area and fluctuating asymmetry is positive and significant, suggesting that

neither is n signal of male condition. These results arc 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, uuggestlng

an important role for genetic determination in female preferences. This is

corroborated by high repeatability of female mate choice behaviour. Experience

modifies a female's preferences as she is able to adjust her response to a male in

relation to the ornamentation of (at least) the previous male she saw. Mate copying

has no mensurable effect on the outcome of female mate choice decisions.
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hypothesis, no negative relationship between asymmetry and size is antlcipated

(M(I1Jlel'& Pomiunkowski 1993 b, but sec Balmford et al, 1993),

Fluctuating asymmetry of orange and black colour nreas was also examined as

a potential cue for female choice because if it signals male quality it could be a

particularly informntlve cue for mate choice (Meller 1992 b; Swaddle & Cuthill

1994).

METHODS

Wc used guppies collected from a feral populatlon in Beachwood, :)l1l'ban, South

Afric: 111 February and April 1993. Males bore a close superficiul resemblnncc to

Trinidadian wild guppies (from photographs in Endler 1983), Mules nil had orange

(mean e S.D; 8.0% of body area e 0.5%) and black (3,5%::1.: 0,2%) spots but these

differed widely in number, position, shape and area between mules. Some mules had

iridescent (white/silver, blue. green lind violet) (44.1 % of sumplc) nnd yellow (30,SlJl,

of sample) patches. None of these COIOlll'S other than the occnstonal small black spot

were seen in females.

Fish were held in single sex stocks of ubout 40 per 100 1nquurlum, the

tempcruturc was kept nt 2SllC by controlling room temperature and with

thermostutlcally controlled hcuters. Water was tlltered through air-driven box filters

filled with ucnvntcd charcoal, filter wool und Slporax filter medium, A 12: 12

Ilght.dnrk cycle was maintained with dawn at 0900 hours, The fish were fed every

morning on Tetnunln fluke for tropical fish,
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different aspects of the bearers condition, (ii) The "redundant slgnn. hypothesis"

assumes that individual ornaments are noisy indicators of condition such that several

condition-dependent traits would be more reltuble indicators of vigour than one, (iii)

The "unreliable signal hypothesis" predicts that most ornaments of multiple signal

systems do not reliably slgnul condition but arc maintained because they lire relatlvely

uncostly and there is a weak preference for them,

Our primary aim was to experimentally identify mute choice ClICS in a feral

guppy population. Secondly, like Meller & Porniankowskl (I 993 u), we used

fluctuating asymmetry (FA) to attempt to dlscrimlmuc amongst their three

ltypotheses. FA is tl consequence of an lndlvuluals inability to develop identical}> Oil

both sides of the body due to environmental stress lIml genomic dlsruptlon (Van

"nlell 1<)G2), Condition-dependent ornaments which signal mule quality by imposing

It h(mdicap (sensu Zahnvl 1(75) on the mille will not only be largest in mules of "high

genetic qunllty", but nlso most symmetricul (Moller & HUglund 1991 iM~111el'&

Pomlnnkowskl 1993 h, Watson & Thornhilll <)<)4),M~llel' & Pomlunkowski (1993 a)

lise the expected ncgatlve correlation between ornament size uud asymmetry to test

their three hypotheses. The first two (multiple messages and redundant signals)

predict thu; multinlc ornuments evolve because together they reliably slgnul 111(\10

condition, und thus negative corrclatlons between asymmetry und ornament size are

expected, lit least fbi' some characters (others may not be signulling condition !It thut

time, and under these conditions, tho ncgntlve corrclntion is not expected), The

unrcllublc slgnnl hypothesis predicts thut several relutivcly uncostly ornaments evolve

in a so-culled runaway UUlIUlCl' (Pomiunkowskl & Iwasu 19t)3) uml thus under this

16



Eudler & Houde 19(5) melanin und yellow (Endler & Houde 19(5). The shape and

size of the caudal and dorsal fins is highly variable and often quite exaggerntcd

(Bischoff er 1\1. 1985; Nicolette 19(1) and has been shown to be important in female

choice (Bischoff et ul, 1(85), as has body size (Reynolds & Gross 19(2).

In addition to the obvious ndvuntuges to a male in having u functlcnnlly

effective lntromlttent organ, such structured nrc also often it cue Ior female mute

choice (Eberhard 1985, 19(3). We investigate the posslblllty that the gonopodin

(intromittent organ, comprising the modified and elongated anal fin) of male guppies

act us a cue for female choice,

There lire several hypotheses that might oxpluln the multiplicity of scxuully

selected chnrncters in mule guppies, Female choice CUll be based on assessment of

different criteria tit different times in the snmpling period, Fl.lIl111lcfiddler crnbs CUm

(;/lIllllil'es) discriminate amongst mules on the basis of size, however they then choose

amongst these larger mules on the busl ...of burrow quality (Bncli.wcll & Pnssmore

unpublished), Female Jackson's wldowblrds (ElIp!eC'(IJ,\'jClcksolli) cue on dlspluy rnte

and male tail length in m,ildng choice dcelslous, hm the qualtry of u mule's dlspluy

court (which he constructs) needs to exceed II certnin threshold if he is to mute

(Antlcl .snn 1991). OU!'cxpcrimernu' design is sensitive to the possibllity that fcmules

usc different crlterln to assess males at vnrlous stages in the series of behaviours

between mule display lind mnting,

Meller & Pominnkowskl () 99~ u) put forward three hypotheses explaining the

mnlntennnce of multiple sexual ornaments related to their abllity to slgnal mule

condltlon, (l) The "multiple messngc hypotht!sis" holds thnt different omnmcnts slgnul

15



INTROT IUCTION

There is wide ucccptance that sexual selection (Darwin 1871) explains the presence of

exaggerated male secondary sexual characters in many species, There is, however,

lillie clurity ns to why mules of many species have 11101'0 than one exaggerated

secondury sexual churactcr, especially when none is used in overt contests between

mules, The presence of multiple secondary sexual characters uppeurs to be related to

the intensity of sexual selection (M0ller & Pomiaukowski 1993 u), For example,

polygynous 01' lek-mntlng bird speele» tend to have multiple sexual ornaments (eg,

Zuk ct ul. 1992) whilst monogamous birds tend not to (Moller & Poruiankowskl 1993

u, but sec Burley 1(81)

Guppies (Poecilla reticulata) am highly promiscuous, with It heavily male-

biased operational sex-ratio due to the short period of female receptivity (Kodric-

Brown! 993). The most successful type of mating (displny-m:ccptunce, Parr 1(80)

requlres female cooperation, and the female receives no direct benefits because of her

choice of mate. These Ieutures, together with the bright colour pattcl'lls t)f mules, have

mudo guppies a popular subject for studying the role of female choice in sexual

selcetk.n,

Mature males be(\l' cnnsplcunus coloured spots urul patches due to the

presence of severul diffel'onl pigments: rr elanln (black/brown), carotenolds (orange)

and less-prevalent strucnunl pigme.us 1'01' iridescence (silver/white, blue-green,

violet) and yellow colorntiou. All of these colours ure lmportant to mule nttmctlvcness

or muting Sll~'t.:CSS in one or more populations: orange (Houde 1987; Long & Houde

19H1);Kodrlc-Brown 1985, 1<.lH9),iridescence (Kodric-Brown 1985; Endler 1983;

14



Chapter One ~

Female choice in a feral gUPFY population: are there

multiple cues?

Brooks & Culthness 1995 a Anima! Behuvlour 50: 30 1~307

ABSTRACT

Mnting behaviour in n fCI'(\1 guppy tPoecilia reticukua; populatlon fl'0111 Durben,

South Africa was exumlncd, Mules bear carotenoid (orange) and melanin (black)

spots and low levels of iridescent nnd yellow pigment, Areas of colour, body size and

lengths of the dorsal fin and intromittent organ (goncpodlnm) were studied us female

mate choice cues. Anruetlvcncss was positively related to the degree of orange

coloratlon in all tests, ami wlth the length of the gcnopodium in some tests. We

investigate. asymmetry of colour spots, and conclude that either orange and black

spots nrc 110t condtrlon-depcndcnt omnmenrs 01' the expected negative relationship

between expression of ccndirtou-dcpendcnr OI'IHII11Cntslind fluctullting nsymmetry

doc~ not occur in these guppies. Scvcrul hypotheses regurding the maintenance of

multiple secondary sexual characters ure discussed,
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evolution and .I~'JL·his open (Inti unique approach to the tenchlng lind learning process.

I would like to thank my parents Ben and Pat and my sister Leonie fOI' their

wisdom, support and the having the confidence to let me develop a mind of my own.

Wendy not only brings out the best in me. but her example nnd common sense

provule purchnsc on the real world, Whilst the thesis is c\cdj'''''cd to my parents, I

want to share it with her.
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Ilnancing this visit. Also my warmest thanks go to Steve <1ish, Anne Houde,

Jonathan, Murk Kikpntrlck, Burburu, the McDonald family and Randy Thornhill and

Joy 1't)1' their hcspttallty during my visit to North America, Lastly, I want to thank
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squares to mC{\SLU'ecolour areas in Chapter Seven, Matthew Sledge, Theresa Wessler,

Dave Home and Pete Hawkes babysat the fish when I was out of town. Beverly

Kramer not only let me lISC her digital image una lysis system, but patiently showed

me how to lise it.

lowe It great deal to nll those whc helped direct, shape or clear the way for my

thoughts 01' who listened us I beat those thoughts into shape. Endless discussions of

the Honourable Order of Cheese & Gruen were always stimulating even if signal was

often drowned by noise. The number and vocallty or those postgraduates lind young

stuff members who understand the spirit of CAO nppcar to be thinning out in the

Department of Zoology, 1hope that this is not a sign of intellectunl desolation, us this

department has been a stimulating, friendly and supportive place to work. Gruham

Alexander, Pat Backwell, Mike Jennlons, Anne Houde and Dan Polukow gave me

superb intcllcctunl support, didn't let me get too lazy, rend several drafts of papers unci
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ZSSA symposium in Grahumstown in July 1995 lind the joint meetings of the Society

1'01' the Study of Bvoludon, Society for Molecular Evolution, American Society of

Naturalists und Society for Systematic Biology in Athens, Gcorgiu in June 1994. My
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inheritance and experience to choice behaviour,

(;haptel' Seven addresses the question of preference heritability in a different

way, The repeatability of behavioural traits such as preferences is a convenient

estimate of the upper limit to which the trait may be heritable. Ihave examined the

repeatubillty of female choice behaviour and how repeatability measures are

influenced by the time interval between choice trials. r have also addressed the

controversial topic of mate copying (see Gibson & HUglund 1992 for a review), and

its implications fOI repeatability of femule choice. the way in which preferences are

inherited (culturally or genetically). and how choice cnn select for male

ornamentation. This chapter asks importnnt questions ubout how female preferences

develop in individuals and evolve within populations,

I have kept the chapters intact ns they were published except 1'01' stylistic

standardisation. unci the references and ucknowledgements which are presented once

(lIl the end of the thesis and the end of this preface respectively) 1'Ot' convenience lind

continuity, My supervisor lip to the beginning of 1995 (and subsequently my

cosupervlsor), Neil Caithness. wus second author' on the curlier papers to be

submitted. If the render b~LU'S in mimi thnt some of the papers were submitted by two

auniors, it will be clear why I have left the corresponding chapters ill the second

person,

I have several people to thank for the role they played. directly 01' indirectly in

this investigation. Grnhum Alexander told me where to find the fish. unci helped me to

think my way into the project. Marcus Byrne und Herman cit! Prcez gave useful

technical advice. especially nt the beginning 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 ornamentation, both generally and in the specific

case of guppies,

In the final two chapters I have asked somewhat different questions, Rathel'

than focusing on the relationship between male ornamentation and attractiveness, 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

only a handful of theoretical models (Janetos 1980, Jnnetos & Cole 1981, Real 1990)

and almost as few empirical studies (eg Milinski & Bakker 1992) existing in the

litemture. Furthermore, the factors which influence the development of a female's

preference, such as genetic inheritance (Majerus et al. 1982, 1986, Wilkinson &

Riello 1994, Houde 1994), the effect of (the ornamentution of) previous mules

(Bakker & Millnskl 199 J) and copying the mate choice of other females (Losey et al,

1986. Pruett-Jones 1992, Gibson & Hoglund 1992) are very poorly understood,

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 guppies

arc able to act upon their mating preferences without having experience of other

mules to lISC us It referent in choke decisions, This addresses the question of whether

preferences cun be expressed without previous experience such as learning from other

females 01' sampling the levels of ornamentation in the males of the population. It is

also important to know whether females can adjust their preference in relnnon 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 genetic



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 relationships between male attractiveness and ornamentation

observed in the earlier parts of the investigation. 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 success and black area documented in Chapter Two

is examined in a manipulative experiment (Chapter Four), More importantly, in the

fourth chapter 1 have dealt with the question of whether 01' not u seemingly non-

preferred male ornament can be maintained by female choice. This is of interest

because it is difficult to resolve whether female choice 01' other selective forces are

responsible for the maintenance of these apparently non-preferred characters.

After the paper that comprises Chaprer Four had been accepted for

publication, 1encountered Hasson's (1989, 1990, 1991) concept of signal

nmplificatlo». This notion allows for the possibility that charucte .1 that are not

themselves the object of female preferences may function to enhance (amplify) the

signal contained in other sexual ornaments. Hasson's theoretical work made explicit

predictions ubout the outcome of manipulating amplifiers 01' displays, which I was

uble to test using the data f1'0111 Chapter Four. Chapter Five presents the results of this

7



This chapter serves three purposes in the investigation: First, it provides all

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 d,Kl,lllent the

relationships (if any) between male attractiveness and secondary sexual characters.

Lastly, it introduces the topic of multiple secondary sexual characters and attempts to

discriminate between several hypotheses for their origin and maintenance by means of

the relationship between character size!and fluctuating asymmetry (after Meller &

Pomiankowski 1993 a).

Chapter Two is central to the iuvestigation in that it examines the importance

of female choice and other sexually selective processes, and 0;' secondary sexual

characters to mating success. Darwin's (1871) sexually selective processes, male..male

competition and female choice, have proved notoriously difficult to disentangle in

many cases (Houde 1988 b, Meller 1994 a). Present function is not enough to infer

the selective history of a male trait. It is possible for male-male compedtlon to select

for ornaments that have no function in aggresslve encounters simply due to the

incidental effects 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 mules in this population by pursuing three lines of evidence: male-male aggression

and dominance interactions, female response to mules and male secondary sex

characters,

Biologists cannot claim to understand the cuusativc relationship between sets

of phenomena simply by documenting observed association, they must show that the

proposed relationship holds under experimental manipulation (Dawkins 1989). This
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is no consensus in the llternutre as to whether 01' not the latter two processes In.luencc

differential reproduction of males (Fu!'l' 1980; Gorlick 1976; Houcle 19SB; Kodrlc-

Brown 1992, 993; Reynolds et al. 1993).

Male guppies have several exaggerated secondary sexual characters including

orange (carotenoid), black (melanin), Iridescent and yellow colour patches and

exnggerated dorsal and caudal fins. Sexual selection is an obvious possible

explanntlon for tnc maintenance of exaggerated secondury sexual characters (Meller

1994 a). However, behavioral studies of this population (Brooks & Caithness 1995 a)

have shown only that orange coloration consistently relates to measures of male

"attmctiveness'', We investigate the relationship between secondary sexual characters

,11' les (orange coloration und other characters not preferred in behavioral

experiments) and mating success in order to infer the importance of these traits to the

sexually selective processes at work,

METHODS

We used a pairwise design for simplicity in statistical analysis, Twenty pairs ofmules

and the same number of' females were haphazardly chosen from wild cUllght (from a

fcrul population in Beachwood, Durban: described more fully by Brooks & Caithness

1995 a) single-sex laborutory stocks (npPl'oximat<.'ly 40 fish/l 001 tank). Fish were

kept in a temperature controlled (250 C) room and fed daily 011 Tctramin flake food

COl'guppies. Lighting was provided by florescent tubes on a 12: 12 h llghtidnrk eye Ill.

with 110 vurlutlon in lighting lntcnstty during the "day",
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INTRODUCTION

In formulating the concept of sexual selection. Darwin (1871) clnuncterlscd female

choice 1II1d dlrect lntrusexual contests us its princlple mechanisms. Sneak copulation

is a third phenomenon which mny influence the mating success of indlviduuls. Sexual

selection has recently become a highly productive field of study in behnvlornl ecology

(sec Bradbury & Andersson 1987 for : '1\ overview), but it is often dtfflcult to

distinguish which sexually selective processes nrc lit work in the focal taxon (M011Cl'

1994 a). In this paper wc examine the relative importance of sneak copulation. mule-

male domlnunce interactions and femule choice to male muting success in u Icrul

guppy (Poecilia retlculuta; population.

Studies of fcmnle mute choice often estimute the strength of preferences by

scorlng fel11111ebehaviours other than mating (eg, Houde 1987; Swaddle & Cuthill

1994). Proximate measures of mule nuracuvcness used in Iemale choice studies must

be shown to be usclu! predictors of muting success for two reasons, Firstly, arbitrary

behnvlours might be rclticd to the stutus of sexunl rcsponses by the observer (1'01' n

discussion of such difficulties, sec Lcwontin 1984). More importantly. even if female

sexual response is really being mensurcd, itmust contribute to vurintion in mule

muting success to be Important to sexual selection (Houde 1988).

We explore the uhlllty of severn! female-response measures I,) pl'etliet muting

success in t\ Icrnl guppy populntlon. \Vc also studied hchnvlornl Inrcracrlons between

mules, nnd other mule-female interactious so tluu we could Infer the relative

impormnce of female choice, overt mille-male uggrcsslon 11m! sneuk copulations

("gol1opodiul thrusts", Parr 19HO)to mllting SllI:CCSS.This ls .111 lmportunt gonl u» there



Chapter Two:

Female choice, male-male competltiou, sneak copulation and

sexual selection ill guppies.

ABSTRACT

To test the relntlve importance of female mate choice, sneak copulntlon and male

dominance! to male mating success in u ferul guppy population, we conducted a

puired-mule mating expcrlmcnt lIsing the colour putterns of male progeny to score

paternity, Sneak copulation and male-mule aggression had no noticeable effect on

male mating success which was strongly reluted to the frequency of female behuvloral

responses to both displaying and non-displaying males, Mules with a greutcr rclntlvc

area of orange coloratlon unci more complex co lour paucrns wore more successful HI

mating, This subsrnntlntes the observed bchuvlornl preference for this (mit, lind

strengthens our clulms regarding the importance of female choice to male mating

success, Males in trials in which both Icmulcs fulled to produce offspring showed

lower levels of'blnck and possibly yellow colorntlon, suggcsting it threshold criterion

of mute "choice" for II cue (or cues) that ure not the focus of discrimination between

males, Females appear to make complex mille-choice dccislons bused on the

ussessmcnt of at lou-t two different criteria,

27



coloration) (unpublished data: Appendix of this thesis). However, 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 choice.

The choice situation presented to females in this experiment "I'!wesents only

one of several ways in which sexual selection could be maintainlng mule secondary

sexual characters. Models of multiple sexual ornaments that attribute their origin and

maintenance in a population to sexual selection in different ways and at different

times need tv be generated.
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The absence of a negative correlation between colour area and asymmetry (in

fact it is slgnlflcuntly positive) suggests (in terms of M011cl'& Pomlankowski's

argument) tha: nelrher orange no!' black lIl'OU lire condition-dependent ornaments.

However, orange spots have been shown to be exemplary condition-dependent trails

(Kodric-Bl'Owl1 1989, Houde & Torlo 1(92), Elther we must, like M011er &

'omlnnkowski (1993 u, for multiple ornamented birds), propose a Fisherlun mode of

evolution for multiple ornumcnts in guppies, 01' we must reject the unlversnllty of a

strong negative correlntlon between O1'1lUI11enl size and asymmetry in condition-

depcndem ornaments (M011cl & HuglulIll 1991; but see Bulmford cr nl. 19(3),

HOWCVCl\ the surplus caroteuolds provided by commercial fluke food might ellminute

the condition dependence of orunge spots in this experiment, Also, although orange

intensity is known to be condition-dependent (Kodric-Brown 1989, Houde & Torlo

19(2) less is known about the conditlcn-ccpendence of Ol'lH1gC area. Orange l\l'O'1 is

known to be under conslderable genetic control (Houde 1(92), lind it is possible lhut

it behaves us the non condition-dependent trait sll~ ...csted by the asymmetry anulysls,

Because only orange was consistently related to male "ntnucuveness", the

results of this study do not favour 1111 explanation for the multiplicity of male guppy

ornuments in which more thun one ornament is assessed at one ti1111.l st.cl: as the

multlple message and unreliable signal hypotheses of Meller & Pomiankowskl (1993

a) and the "overall brightness" hypothesis 0[' Isndlcr (1980) which postulates rhnt

other colours are mninralncd as dishonest signals. Ornaments nrc expected to be

Individually sexually selected because variation in their expression cannot be

attributed to correlated expression with the 0I'11.l1110ntof P1'01'cl\ nco (orange
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As shown in figure 1.1, there was a significant positive correlation between

relative area and asymmetry (corrected for body size) in both orange Cr,::: 0.324, n:::

73, 2-tui1eclp :::0.01) and black (1',,::: 0.328, II ::: 73, jJ < 0.01) coloration. There was no

significant correlation between female preference and the symmetry (correcteu for

body size) ofbluck (orient response: 1',= -0.035,11 = 34, n.s.: glide response: 1'.,=.

0.000,11::: 34. n.s.) 01' orange (orient: I\~ 0.069, /I::: 56, n.s.; glide: 1',= 0.004, 11= 34,

I1.S.) coloration of males. If absolute asymmetry WIIS used, without correction for body

size, the results of the correlations were slmllar.

DISCUSSION

Orange is the 1110st frequently reported preferred character in male guppies (Endler

1983, Kodric-Brown 1985, 1993; Houde 1987). In this study there is insufficient

evidence to claim th(lt females prefer different t1'Ults at the orientation and the glide-

toward stages in their response. Gonopodlnl lcugth as a cue for female choice is

worthy of further investigation, because the correlation between it and fcrnule

response was not due to a mutual correlation with relative orange urea. A preference

for longer gonopodln may evolve because of the enhanced mntlng SllCCOSS conferred

on u femule's son in sneak copulations by a longer gonopodhun (Rcynolds et ttl.

1993).

A weakness of the -tudy exists with regard to the measurement of black ureu

liS this varies groatly OVOI' 1I time scale of minutes (Bncrends et al, 1(55). The single

"snapshot" method of measuring cues gives nu unreliable estimate of the information

uvnllable to the female during choice experiments (Sullivan 1990).
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with the rest of the population in terms of the measures of attractiveness. There was

no difference between those with and those without these col oms in either proportion

"orient" response (Mann-Whitney U: iridescence Z= *1.33,11::-37, n.s.: yellow z=-1.00,

n=37, n.s.) OJ' "glide" response (Mann-Whitney U: iridescence z=1.11, 11=37,n.s.:

yellow Z= -1.69, n=37, I1.S. [I-tailed]). Slmilarly, correlations between these colours

and response measures for all individuals, including those without the COIOUI'S HI'C

presented in table 1.1. The relationship between Icmnle response and vsrlutlon in

iridescence und yellow in only those individuals in which these colours (Ire expressed

is also not significant. Orient I'CSpo11se:iridescence I'H=·O.249,n=16, n.s.: yellow l'H=d

0.184, 11=9, n.s., "Iidc response: iridescence 1',=-0.131, 11=16, n.s.; yellow I'.=·O.O(V),

n:::9, 11.S.

Table 1.1. Correlntlon between morphological and Iemale response measures

Orient response (Hide response

Potential Cue n I' 1-t P I' I-t P-.:.lI.

body areu 37 0.120 n.s. 0.034 u.s,

relntlve orange 37 0.405 <0.01 0.:152 <0.02
relatlve black 37 O.ISS n.s. ·0.056 n.s.
iridescence 37 (),157 n.s, 0.075 n.s,

yellow 37 ·0,146 n.s, -0.286 n.s,

gonopodlum 2~ 0.449 < 0.02 0.257 n.s,

dorsal fin 26 o.on I1.S. ·0.070 n.s.

""....



conform to the assumptions of pnrametrlc tests 01' could not easily be transformed to

normality, and thus non-parametric statistical analyses were used.

Spearman rank-order co rrelutlon coefficients and Kendall's pnrtlal rank-order

correlation coefficients and their associated significance tests (Siegel & Castcllan

1988) were used. Slgnlficunce tests were one-tailed to test the hypothesis that

ornaments me malntalned by female preference. The alpha level of acceptance for all

tests was 5%.

RESULTS

Only rclutive measures (proportion of body urea) of orange and black are reported in

Table 1.1 because relative orunge was a better predictor of mating success than an

absolute measure in all cases and there was no difference in the predictive power of

relative nnd absolute measures of black, Female "orient" response was significantly

lind positively correlated. with relative orange urea and gonopodlum size as was

female "glide" response with relative area of orange in individual significance tests.

Using Kendall's partial correlation nnulysls to examine the correlations of gonopodiul

length und of orange urea with orient response shows that the significance of the

relationships remain when the effects of their inter-correlations with orange area nrc

partlulled out (Kendall ~Cl(ln"podIUIll()rICIII,()mIlSc = 0.200,11 =23, one-tailed P< 0.05;

'!:()f11l1g~()rjcl\t.(J(II\(lf1(1!1illlll :: 0.305, 11 = 23, one-tnllcd p < 0.015 ).

Because only some lndividunls had iridescent untl/o!' yellow patches,

correlatious may not accurately reflect the J'l.llutiollship between these vnrlnbles lind

others. Por this renson we compared indlvlduals 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 proportion of male displays that elicit at least a "glide" response has been

used in other studies (Houde 1987, 1988 U, b: Houde & Endler 1990; Houde & Torio

1992; Nicoletto 1993; Endler & Houde 1995) to measure male attrnctlveness, and

reliably predicts mule success in siring litters by the responulng female (Houde 1988

b, Chapter Two of this thesis), In this experiment, frequency of orient response was

used ns an additional measure of attractiveness as it is concelvable that females assess

different mule cues at different phases liming courtship. The proportion of displays

that elicit at least an orient response is a reliable indicator of male reproductive

success (Chapter Two of this thesis),

Data from both observation sessions for each male were amalgamated. This

gave two different behavioural scores for each mule: proportion "orient" response and

proportion "glide" response, Only one mating was observed during the experiment,

preventing analysis at this level. To correct for the fact that some mules did not

complete 20 displays, scores were divided by the total number of displays, Two males

who did not display more than twice were discarded from analysis, and one mule died

before he could be photographed,

Statistical Analysis

Stntisticul analyses were performed llsing SYSTAT for Windows version 5 (SYSTAT

Inc 1992) software, Behavlournl variables and measures of asymmetry did not
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area, was used in analysis. 36 individuals not used in the behavioural component of

this experiment were included when fluctuating asymmetry was compared with cue

size to increase the sample.

Measuring Female Preference

The degree of female preference was measured using variations of the method

described by Houde (1987) in which the initial female response indicates male

"attractiveness". Female 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 displaying male, or respond to him by ceasing her previous activity and

orienting unambiguously toward him (orient response). Following this, the female

may break off the lnteraction or swim toward the male with a smooth gliding motion

tlsing her pectoral fins, often v. lrh her tail curved up and to one side (glide response).

Lastly, in 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 male (mating).

Foul' males of varying ages and rive fell'alt.. ht and isolated very young,

und thus probably virgins) were placed in an aquari .iL1~ (900 mm x 315 film filled to

270 111m) which hud brown paper stuck to three sides to standardise background

colour, and left for 24 h (after Houde 1987), A female biased operational sex ratio

was used to minimise any possible effects of male-male competition for access to

females (after Houde 1987). The following two mornings, before feeding,

observations were carried out. A mule was observed until he displayed .0 a female,
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Measuring Potential Cues

Fish were placed in a clear plastic tissue-culture bottle (23 mrn 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 under 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 It

white background. A ruler with grnduntlons in millimetres was included in each

photograph for calibration. These slides were projected onto paper and the outline of

the fish as well us the dorsal fin, gonopodium, outlines of all visible colour spots and

a 5 111msection of the ruler were traced. The dlgltlser board of a personal computer

running Videoplan 2.1 digital image analysis software was used to measure the

following from the tracings: body length, body urea, area of each colour spot, dorsal

fin length and gonopodium length. Measurement error (M.E.) was calculated after

Yezerinnc et al, (1992) and was not significant for length measures (%M.E. = 0.19,

r[l.2~]=0.002, n.s.) 01' area measures (%M.E. = 0.26, F[I.73]=O.003, n.s.).

Because tluctuarlng asymmetries are defined as 1'1'.1' 1 '111, normally distributed

deviations from bilateral symmetry (Van Valen 1962), we used (! Kolmogorov-

Smirnov test to compare the distribution of the differences between areas of a colour

on either side with a normal dlstributlon about a mean of zero. Only black and orange

were expressed sufficiently in the population to perform tests using asymmetry.

Neither deviated significantly from u normal distribution. Meller's (1992) mensure of

absolute nsymmetry (the absolute value of the difference between the amount of

colour on left and right sides), corrected for size of th~' individual by dividing by body
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success in this population makes it difficult to explain how me" !maintained in the

population. The upparent threshold requirement of black pigment before a female will

mate with a mule is Jntcrcstlng, more so because once males reach this minimum

requirement, other cues become the focus of femulc choke. Backwcll and Passmore

(in press) showed thar female fiddler crabs iUca unnullpes) sample larger males but.

within that sample. mute (independently of male size) on the bnsis of 11 threshold

criterion of burrow quality. The possibility that females guppies mate differentially

with orunger, more complex males within a sample of males who meet a minimum

criterion in another suite of cues further supports the notion that females make

complex mate-choice decisions bused on assessment of different criteria at diffcrcnr

times in the sampling period.

The muting advantage and positive female response to mules with more

complex patterns is intriguing. Puttern complexity in another population (Nicoletto

19(3) varies with mule condition and swimming performance. It is possible that

females somehow assess pattern complexity us un assay of mule quality.

Altematlvcly, elements of the colour pattern other than ornugc may serve to

emphasise the orange clements of a male's pattern. This provides un ultcmunvc

explanation Ior our finding thut females full to mute with mules with It smull relative

area of black, Otherwise ntnuctlve (large relutlve (II'C(I of orange) males may full to

appear uttructlve due to the lack of bluck urcu to emphasise the orungc patches, Bmlkt'

and Houde (1995; consnucted the vurlublcs "colour contrast" nml "brlghtnos»

conrrasr'' in order to measure colour puttcrn in tCl'lm of the eontrlburlons or chromu,

value and hue rf euch spot to the overall "rno.u.ic" of colour perceived by the female.
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(Bischoff ct til. 1985; Farr 1980; Kennedy et al. 1987), OUI' study provides no

evidence for this ill this population in that the number of mule displays PCI'unit time

docs not rclnte to mating success, However, the length of the displuy may be under

scrutiny during the sequence of female responses, suggesting 1I possible reason for the

evolution of this behaviour, Courtship can be energetically very expensive (IWgILll1li

et Ill. 1992; Klump & Gerhardt 1987; Vehrcncump et nl. 1989, but sec Wells &

Tuigen 1(84), If the sigmoid displays of mule guppies impose high energetic costs,

only the most vigorous males can beat' the handicap (sensu Zahuv! 1en5) of repented,

sustained, displays, If this is the ClISC. the length of the sigmoid display could he u

means fat' the female to ussess u mule's genetic quality. as suggested in the case of

costly urthropod, avian lind unuran courtship (Hulliduy 19H7; IHiglund et til. 1992;

Klump & Gerhard; 191->7),However, female choice us measured by the swim-toward

response of females is also II significant predictor of mating success, This Implies that

what ll1ukcs u male "attractlvc'' to a fcmnlc is (to some degree at least) independent of

mille sigmoid display performance,

In this population, males with n greater urcn of orange pigment not only ellclt

positive female sexual responses (Brooks & Caithness 1995 u), but they nrc more

successful at ohtulnlng runtings than mules with u smaller area of orange, This

corroborates many femule-cholce studies performed to date uslng guppies (Endlel'

1983; Houde 1987, 191'18;Kodrlo-Brown 1985. 19H9. 19(3), We nrc therefore

justified in our claim that the orange clements so cluuucterlstlc of malo colour

puttcrns have been sexually selected by Ii!malc choice,

The fuct that other chnrnctcrs are not signlficuutly relutci! to mule mating
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and to predators, resulting in a corresponding dlurnal cycle in male mating behaviour

(Endler 1(87). The relative importance of sneak copulation and courtship based on

displaying vlsunl cues thus vades directly with light Intensity (Endlcl' 1987; Reynolds

ct ul. 19(3). Similarly, male-male competition may be lmportunt undct conditions

present lIt some point in the diurnal cycle, but not in the constunt laborutory

conditions Imposed during this experiment.

The initial (orient) remale response and the second (glide) response (which is

always preceded by an orient response) may reliably be used us indices of female

choice, This umounts to u progressive chain of bchavlcurs, throughout which the

female hus u chance to assess the displaying male and either continue toward

copulation 01' brenk off the Interaction. Studies of other populntion» (Endler & Houde

1995; Houde 1987, 1988) used the glide response us their measure of female

response. The further along the progression of responses used us u measure of female

sexual response, the more accurate it is ;\s a measure (lr mating success. However, the

sumpllng effort required to observe sulflclent displcy-rcaponsc lntcructlons in order to

preserve this nccurucy lncrcasca, It is also possible that females tlSSCSS several

different crlterln at differcnt times during the courtslup-rcsponse interaction, This

fuvours the usc of us muny behnvlorul vurlublcs liS available in studies of Iemule

choice in order to he sensitive to these differences.

We predict thut the tlme from the onset of male displuy uutll thc fcmule breaks

oft' the luternetion 1\'!ntCH strongly to muting success, The sigmoid display I'IItcof mule

guppies is related to mille condition (Mclvllnn 11)l)();Nicolette 1993) und is thus the

type of character thut should N! chosen by females, as demonstrated it' several studies
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not significantly influence male mating success. The implications of this me twofold,

First, it is possible to design experiments in which several fcmulcs and several males

lnteruct with one another, without concern about the effects of mule-male interactions

(sec Nlcolcuo 19(3) in circumventing female choice. Secondly, and more

importantly, it is possible to study the basis of female choice knowing that. it is an

important evolutlouary force.

Some uuthors working on other populutions have shown that mule-male

interactions arc not important to dlffcrentlni rcproducrion amongst males (parr 1980;

Houde 1(88), However, others have shown that male aggression and dornlnunce

(Gorlick 1976; Kodric-Brown 1992, 1(93) ami sneak copulutlons (Reynolds ct ul,

19(3) nrc correlated wl.b mule reproductive success, Dominance hierarchies appear

111('1'0 likely to be estubllshcd in small nqunriu 01' when mules ure kept at high stocking

densities especially when the same mules are kept together for u long time (Endl~l',

personal coutrnunlcntlon). HOWCV(H" 0111'stock nquuria were of a slmllur Sill! un J OUl

test uqunrla WCI'C smaller than those used by Kodrlc-Brown (1993), und OUI' br~~cding

triuls lasted I'(Jl'1\ full week. Alternatively, (Inc could invoke the profound documented

dlffercnces between guppy populutions in Icmule mute preferences (Houde & Bndler

1990: Sloncl' & Breden 198B). The rclurtve importunce of female choice, intermule

aggression mid sneak copulution may vnrv between populations due to dlffercnccs in

local conditions. Also, the relative lmportunec or different sexually selective

processes may vary with time. The stundurdlzed lnborutnry conditions in our study

might ncgute the lrnportunce of intcrmulc uggrcsslon und sneak copulation, Diurnal

vurlntiou in lighting corulltions influences conspicuousness of males both to females



Table 2.3. "Winning" and "losing" mules in puked mating trials compared in
terms of secondary sexual characters.

d.f. Winner Loser p

% Orange 13 10.30 4.67 5.278 0.000'"
(4.55) (3.26)

% Black 13 3.28 3.71 0.834 n.s.
( 1.44) (1.81 )

% Yellow 13 0.54 0.51 0.112 n.s,
(0.82) (0.83)

% Iridescence 13 1.34 0.66 0.593 n.s,
( 1.4:.t) (0.62)

Complexity 13 (l7.04 51.71 2.392 D.O 16
(!7.3) (20.3)

Body areu 13 102.2 103.5 -().O30 n.s,
(111m2) (17.5) (21.7)

Dorsal fin 9 7.36 6.71 0.742 ItS.
(nun) ( 1.83) (2.52)

Gonopodlum ~) 5.71 5.96 -0.845 ItS.
(mm) (1.18) (1.68)-t:: palrcd sumple Studenr's t

* :: Significant (p -< 0.05) utter Bonlcrronl readjustment

DISCUSSION

A common (Iifficulty faced in sexual selection studies is how to scpurute the

importance of female choice from that of mule-male lnterncttons (Houde 1988;

M~111Ct·191)4 It), lind of mating mctlcs that clrcumvcnt female choice. By showing the

low frequency of male-male Intcrnctlons Il11d sneak copulations anti their

unrclatedncss to the paternlty of litters, wc have shown thut in this porul.uon, they do



(Brooks & Caithness 1995 u) did not deal with pattern complexity, we estimated the

correlation between complexity and female response. Complexity was significantly

corrclntcd with the proportion of displays eliciting an orient response (Spearman /'.1 ==

0.480, n :::38, I-t p < 0.(02) and the PI'OPOl'tiOI1glide response (r,::: 0.330, N:::: 38, 1~t

p < O.02S).

Tuble 2.2. "Wilmct's" of paired trlnls compared with ")OSCI'S" in terms of mule
behavlours.

Winner Loser - p..
Display 29.06 26.43 O.SS 0.39

(lO.7) (12.3)

Gonopodlal thrusts 1.313 1.813 ~1.12 0.264
( 1.25) (1.M)

Nip female 4.750 4 125 0.25 O.BO
(3.621 ('~.42)

Nip male 0.063 0.313 -1.13 0.257
(2.5) (0.79)

Chase mule 0.313 0.375 0.07 0.94
(0.60) (0.80)

Dbplay to mille o SOO 0.250 (l.816 0.414
(0.89) (0.78),.- ..~.-!",,-.. >_.

N:::: 16 pnlrs in nil cases
z: :::: Standard normal uporoxluution of Wilcoxon rank-sum test statistic



frequency ( 12,8 and 14 times in 800 minutes of observation). As fur as could be

tested, these interactions did not affect mating success.

Table 2.1. "Winning" and "losing" mules in paired mating trials compared in
terms of female responses to disllleyingi and non-dlsplaylng' males.
-.

Winner Loser test statistic p

Orient' 13.00 9.38 1.51~ 0,066
(6.93) (6.80)

Orient/displays I 0.443 0.313 2.58' O.OOS'"
(0.14) (0.16)

Glidel 3,56 1.938 2.33~ 0.010'"
(2.48) (2.02)

Glide/displays 1 0.128 0.070 3.01' 0.001'"
(0.09) (0.08)

Swim toward" 3.38 1.75 2.06: 0.020*
(3.00) ( 1.57)

N = 1G pairs in all cases.
/} :: One-tailed Probability
z :: standard normnl cpproxlmntion of the Wilcoxon signed rnnks test
statistic.
t :: Student's t-tcst for paired samples
* :: Significant (P < 0.05) after Donfermni rendjusuuent

Cues for Female Choice

Only percentages of total body area covered by each colour nrc presented in table 2.3

because it was IIbetter predictor of mating success than the absolute measure in

orange, and there was no difference of any consequence fol' the other colours studied.

Both orange und pattern complexity were significantly higher in successful mules than

in unsuccessful ones, but complexity was not significt\llt ufter the Bonfcrroui

readjustment. Because OUI' curlier study relating morphology to female response
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three cases neither female produced any offspring, We compared the secondary sex

traits of the six unmated males with the remaining 34 males to sec if they were

ignored by females due to an absolute preference for a particular cue. Of the ten

morphological chnracters studied in this experiment, the relative areas of black and

yellow were significantly smaller in the ignored mules (2-sarnplc Students t llsing

separate variances: black t = 2,963, d,/. = 15.5, individual one-tuiledji = 0,005, yellow

t = 2.418, ell = 33.4, one-tailed fJ = 0,011), The first of these results is significant

(one-tailed P == 0,045) and the second is not (onc-talled j: = 0,105) after the sequential

Bonferronl readjustment.

Il'emalc "Response" to Males

Both "orient" and "glide" responses of females to displaying males appear sound

predictors of male mating S\lCCCSS (Table 2, l). In both cases these behaviours are

more closely related t') mating success when corrected for display rate, Also, the

female "swim toward" (a passing non-displaying mule) behavlour is slgnlflcantly

more common for males that arc successful tit fe1'tilil:ing females, and would seem a

genuine female sexual response.

Other Behavlornl Inteructlons

Male behaviours tire reported in table 2,2, The number of mule sigmoid displays pel'

unit of time, attempted sneak copulurions und the freqcencv of nipping lit the female's

gouopore did not predict muting success, Male directed behnvlours such as displaying

to the other male, nipping at his £0110PorO and winning chases occurred lit u very low
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& Rohlf 1987) was used to transform relative areas of orange and black and the

proportion of male displays eliciting a glide 01' an orient response, Other behavioral

variables could not readily be transformed to normality, unci I used nou-pammetric

statistical procedures (Seigel & Castellan 1988) when this was the case.

I analysed the results using SYSTAT 5.0 for Windows (1992) statistical

software, For each mating trial, the male Who Wb'; more successful in terms of

111111l0Cl' of math ....8 was compared with the le successful male using paired sample f-

tests for variables conforming to the assumptions of parametric tests 01' else

Wilcoxon's signed n.nks test for matched pail's using a corrective equation for tied

ranks, The null hypothesis was no difference between the "winner" and the "loser",

and tests were one-Wiled except in the case of the frequency of male-male lnternctlons

where no dlrectionality was anticipated. In addition, we compared males who did not

slre sons with males who sired sons by one female and by both females using the

Jonckheere test for ordered alternatives (Seigel & Castellan 1988) including the data

from pairs where mules did not differ in mating success. The results of this analysis

did not differ' substantially from tho results of pairwise analysis unci nrc therefore not

presented here.

Wc adjusted the 0.05 c-lcvel of acceptance for the number of tests presented

in a table uslng a sequentlal Bonferroni readjustment (Rice 1989),

RESULTS

In foul' of the 20 ulnls (20%) neither mule enjoyed un advantngc in the number of

females mated with. Once, both mules sired sons by both females, lind in the other
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Measuring Potential Cues

The method of measuring morphological characters follows that of Brooks &

Caithness (1995 a), Briefly, each mule was placed in a cleur-plastic bottle (23 rnm by

39 mm filled to 40 111m) and photographed on both sides against a white background

under tungsten lighting. We traced the outlines of the fish and all colour spots 1'1'0111

the projected slide onto A4 paper. The dlgltiser board of n computer (Videoplan 2,1

digital image analysis software) was used to calculate the urea of the body and of each

spot and the length of the gonopodium and the dorsal fin of each male. A short

section of a plastic ruler included in each photograph was used for calibration. This

method of measurement shows less than 0.3% error (Brooks & Caithness 1995 a). We

used the mean value for the two sides in all bilateral traits.

Some studies suggest that spot number ruther than the urea of some colours

may btl lmportanc to females. We performed all analyses uslng the number of spots

and the total urea for each colour, but the two types of measure showed similar

results, and so only !'I'sults for Mea measures 111'0 presented. However we did lise spot

number data to create a measure of pattcrr ~ol11plexity (after Nicoletta 1993) by

ranking each male for the number of spots 01' patches of euch colour (orange, black

and iridescent) and then summing those three ranks, This provides II mansura of n

mule's complexity relative to the other males in the experiment (Nicolette 1993),

Statlstical Techniques

All morphological variables conformed to the assumptions of' parametric tests. Some

required trnnsformntlon to their nntural logurithms. The angular transformntlon (Soka!
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at his gonopore and dominance (l.e, ended up with the female) in chase/standoff

interactions (Houde 1988). The latter two have been used by Kodric-Brown (1993) as

measures of male dominance.

After seven days the females were isolated ill glass and netting enclosures (90

mm x 157 mm) of a 100 1tank. We inspected all enclosures between one lind three

times a day until the first fry were found fot· each female, or until three months had

elapsed (8 of the 40 females used in the experiment) in which case that female was

considered not to have been fertilised. Fry were re ired in the enclosures in which they

were born and mothers were returned to a stock tank. Between five and six months

after birth, we sexed offspring and established the paternlty of each male by

comparing his colour patterns with those of the two potential sires. Mule guppy

colour patterns are highly heritable (Endler 1978), and in this population are very

similar between father and son, particularly in the size, shape and placement of

orange spots (personal observations). In nil cases but three (from different broods,

those individuals were ignored during anulysls), paternity could be clearly

established. Each male was considered to have muted with II female if he sired at least

one son by her. Thus, males could obtain a score of zero, one 01' two for the number

of matings obtained. This method is not a precise measure of mule mating success for

two reasons: First because in two cases only daughters were produced, nnd it is

possible that in other litters where nil the SOilS wore sired by one male, the other male

sired one or more of the daughters, Secondly, nnd less important to mnting success, U

mule producing one son in u litter scores the same whether he mntc:rJ with the female

once 01' several times,



Behavioral Measurements and Mating

We used females that WCl'C immature when caught, and isolated as soon as the "gravid

spot" became apparent, and were thus probably virgins, Elich pair of males was

placed with two females in an aquarium (290 mm x 215 111m filled to 140 mm)

covered with brown paper on three sides to standardise background colour, The

mating trials lasted seven days, with behaviorul observations on the first two

mornings of the trial. For each male, these comprised two ten-minute sessions of

observation, ten minutes apart. We combined behavioral datu fr0111both days. We

scored the female response to every sigmoid display of the focal male as follows

(described more fully by Brooks & Caithness 1995 H, Halide 1987): No response,

"orient response" (female ceases previous activity and orients unambiguously toward

male), "glide response" (fe11101e"orients" and then swims toward male with smooth,

gliding motion uslng pectoral fins) 01' muting (female "orients", 'glides" and then

male find female mpidly circle one another and male inserts gonopodlum into female

genital opening). Mating was .nfrequently seen (9 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 each type r.f female response,

and the proportion of the total number of displays by the male that they comprised LIS

response variables, We also used the "swlm-toward'' response (Houde 1987) in which

u female swims unambiguously and smoothly toward a non-displaying mule as an

attractiveness measure. Nipping at a female's gonopore and uttempted sneak

copulations ("gonopocliul thrusts") were noted.

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

We used first and second generation laboratory-bred guppies from u feral population

in Durban, South Africa, DlIO to the high heritability of male colour patterns (Endler

1978), full sibling male guppies resemble one another in size ami placement of colour

patches, One male from each of 25 sibling pairs of males was assign/"1 to the

experimental group und the other to the control, Each male was placed individually in

u 10 I tunk wit!1 three females. On the following morning, female response to each

male was scored in two flve-mlnutc ohscrvution sessions, 15 minutes apal't. Female

response to a displaying male was scored ns positive if she stopped hOI' PI'I!ViOllS

activity und unamblguously "oriented" toward him (uftCI' Houde 1987), The

proportion of displays eliciting this response (hereafter referred to as his

";,ttl'tl';tiveness score") reliably predicts mule mating success in this populutlon

(Chapter Two of this thesis).

Mule guppies' black areas comprise some relutlvely pcrmuncnt SP()iS, and

others that are expressed occasionally such as liming courtship (Buerends 1955,

Endler & Houde 19(5), One of the relutlvcly permanent black spots on euch side or
each experimental mule wu.. removed by freczc-brunding with dry ice under MS·222

unaesthetic (nftcr Ilert 19H6), Control mules were unuesthcrlzed urul freeze-branded

on an unplgmcntud purt of the body of similtlr urea. After a recovery period of ten

tlnys in water conrulnlng Tetrnmm gcne.al tonic (to prevent Iufcction), H second round

of behavioural trials WIIS performed as above, No mules died within 30 dilY~of freeze-

luundlng, but some males failed to display to l'ell1nlcs utter treatment and where thus

removed from uuulysis, When studying female P" ft.'l'cl1t.:c 1'01' uu ornumcnt such us



rcladonship between the extent of nnturul melanln pigmentation and female response

(Brooks & Caithness 1995 a). Instead. female s consistently respond In ul1d mate with

males on the basts of relutlve aren or orange (cnrotcnold) pigment (Brooks &

Caithness 1995 d. Chuptcr Two of this thesis). However, we did find unu inures that

did not obtain mutings possessed less black than those that successfully mated

(Chapter Two of this thesis). A threshold requirement 01' It weak general female

preference for blnck pigmentation is one but by 110 means the only cxplunntlon for

this result. Alternutlvely, the low mntiug SllC(~CSS of males with small black urea may

be due to a r~~Inlionship with male infertility. or the intensity of male courrsltip. The

latter explanutlon is supporrcd by the fact that black urea of a mule vurles drumnticully

over time. reaching its greutest expressiou when ilmale actively courts a female

(Bucrcnds ct (II, 1955. Hudler 1(83).

Manipulation of mule ornaments is the most satisfl\(,:tory test for a fcmule

pretcreuce for that trait (eg. Andersson 1(82), Addltlor.ully, runnipulatlon SI.!l'VCS to

distinguish the ccntrlbutlons of different ornnmcnts ro the choice decision (eg. Collins

(It al. 1')94), It is conceivable that wcnk, relatively uneostly female muting

preferences could mninmln ornnments such as black that lire not the obvious focus of

choice (Iwnsu & Pomlunkowskl 19(4), Unless preference cun be demonstrated.

ultcrnutivc explunutlons for the presence of an ornnmcnt cannot be eliminated. These

include crypsis (Endler 1983. I1J87), pleiotropy (ZlIk et al. 19<)()).thermoregulauon

(Emllel' 19H., i ami signulllug ill contexu ithcr tlmn courrship. We test Ibr such 1I

preference in a ferul guppy pupulatlon by reducing the ureu of black culourution on

mules and measuring the currespondiug change in their uttrnctlvcncss to females,
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INTRODUCTION

Despite wide ncceptancc that female choice selects for exuggerution of male

secondary sexual chnrncters (01'l11\111e11ts)(see Andersson 1994 for review), it is

uncertain whether current models of sexual selection can UCCOlll1l for the evolution of

the multiple ornaments borne by lndlvldunl males of several species, it has been

suggested that female choice can select for several male ornuments (Meller &

Pomlaukowski 1993, Pomlankowski & Iwnsu 19(4), but in many species, one

ornament is the only consistent predictor of female preference,

Frequently, if only a subset of the ornaments horne by males of n species ure

shown in a pnrtlculur study to be important to female choice, the evolution and

rnaintcnunce of other male ornaments is Ilttl'ibutcd to I1ntmal selection Pt'CSSlll'CS

imposed due to the presence of the "cue" ornurnent/» (Endler 1983), 01' phenotypic

correlntion with the cue/s (Collins "t al. 19(4), The possibility thut wcuker, 01' less

frequently expressed femnle preferences me mulntnlning the seemingly non-preferred

ornaments is seldom investigated,

Mule guppies (.Dm'ciUa reuculuta; benr conspicuous eolour paucrns

comprising black (melueln) and orange (curotenold) patches and (in S0111(.1

indlvldunls) structural pigments which produce u vurlcty of Iridescent and yellow

urcns, The only study dernonsunring female choice for maim; with high melanin

showed. using multivarlatc statistical techniques, that a high hindi. spot number was

preferred in five of the eleven populutlon» studied by (Endlur & Hoi.de I !)!)5), ami in

till five cases there was u stronger rclutionshlp between female Ill'cCel'Onceand another

cue, In previous studies (111 the South African pupulutlon we found no significant

51



Chapter Four:

Manipulation of a seemingly non-preferred male ornament

reveals a role ill female choice.

Brooks & Cnithncss 1995 b. PI'(}('C'C'cllllg,\' oft/Ie' Royal So('/'ety (?/,I.OIuIOlI Sel'i(,).~B

261:7-10.

ABSTRl\(,T

Past studies of a Iernl South African pnpulutlon have shown that females lISC the ureu

of orunge colouratlon borne •':I mules us a criterion fbi' mate choke. However, mules

bem' spots of other colours, the most noticeable or which is bluck. We Investlgatc

whether female preference cun maintain the black spots of mule guppies despite the

uppurent unlmponnncc of black to female choice in correlative studies, When purl' of

u mule's bluck pigmentation is removed, his "nmnctlvcness" to fmunlcs decreases.

This SllPPOl'lS the hypothesis that in malo animals with SOVCI'HI ornaments, seemingly

non-preferred ornnmcn« can be mnlnmlncd by Iemule choice, These findings nrc

discussed in the context of several models which accoun; for the evolution of multiple

male omnmcurs.
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of choice. HOWCVCl\ this is difficult to distinguish f!'0111two possible effects of orange

light on female perceptions of male patterns, Firstly, becui Sl~unpigmented areas und

orange spots both reflect nil wavelengths of incident light, clillsing males to appeill'

uniformly orange, it should be impossible for females to choose using orange.

Alternatively, mules may appear uniformly lucking in orange due to visual adaptation

and bleaching (by overstlmulntlon) of female's orange-red photoreccptors (sec 1.011£

& Houde 1989 1'01' u fuller discussion). This could lead to a failure to meet a threshold

criterion of male choice. If fernule guppies failed to choose on the basis of orange urea

I'm' either of these reasons, the rcdundunt slgnul hypothesis predicts that one 01' more

other chaructcrs will be used for choice (M~1J1Cl'& Pomiunkowski 19(3). At this

point. orange nreu is the only Ienturc for which I have convincingly convincingly

demcnstruted the presence of u fcmnlc preference.



DISCUSSION

Our filleting that females prefer males with a greater relative area of orange under

white light, but not under orange light (when mules look uniformly orange) supports

the notion that carotenoid patches nrc the cue females choose. UOWCVCl" under blue

light, which contains little or none of the "orange" wavelengths reflected by orange

spots (causing them t') appear black), females show significant preference both for

orange (us Long & Houde found) and for black !II'CII, Both spot colours would then

appear black to females, making it possible that females from this population use the

complexity (Nicolette 1993) or visual contrast (Endler & Houde 19(5) of males'

colour pattcms rather than crnngeness per sa in mute choice, Pnucrn complexity is

related to muting success in this population (Chapter Tv' If this thesis), but was

unrelntcd to mule uttrnctlvcness in this experiment, It is unlikely (us in Long & Houde

1989) that the blue globe ellmlnuted all orange wuvelcngths, and it is still possible

thut "orungcness" of a mule's co lour pattern contributed to his nttractlvcness.

However, in stlcklcbncks, green light (complimentary to red) ellmlnatcd the

Importance of red colouratlon to female choice (Mlllnskl & Bakker 1990),

The rcdun.innt-slgnal hypothesis (Mellor & Pomiunkowskl 19(3) for the

presence of multiple secondary sexual chnrnctcrs postulates several cues which

advertise phenotypic quality to fcmulcs, As Zuk ct ul. (1992) munlpulated the combs

of red jungle fowl cocks, hens switched to other secondary sexual characters to

choose mutes, The low female I'CC~~I'tivcl1cSSdespite sustalned male courtship

intensity under orungc light mny account lur our Iullurc to detect a switch in the cue
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RESULTS
Females responded more positively to the mangel' male of IIpair 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 males with greater and

lesser expression of uny other secondary sexual ChUI'HCtcl', including "pattern

complexity", measured under orange light us follows: black urea (z = 0.447, n.s.),

white area (z = 1.069, n.s.), Iridescent blue (e= Q.OOO,11./,.), yellow (z =·1 .()()O. I1.S.)

und complexlty (z = ().0535, I1.S.). Females also did not respond signilbmtly more to

males with greater expression of any other secondary sexual character under any of

the other lighting conditions with one exception: black urea under blue light (z :::

1.820. l-tulled l' :::;().035).

There was significant systematic variation in female responsiveness

(proportion "glide" response) bctwoen llght colour treatments (Kruskal-Wullis test

slutlstic:::; 7.38, p :::;0.025). Responsiveness was lowest under orange light (O,024:l:

().06) and highest under white light (0.170 :l:0.19). There was 110 signlflcnn;

systemutlc variation in the frequency of lilly of the male sexual or uggresslve

behuviours studied between Iightlng treutments.

,
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"orient" towards male, "glide" towards male 01' "mate" (described by Brooks &

Caithness 1995 a), The "swim toward" ea non-displaying male) response (Houde

1987) was also noted, This response, the proportion (of displays that received an)

"orient response" und the proportion "glide" response all significantly predict of

mating success (Houde 1988, Chapter Two of this thesis), Only results for glide

response nrc presented here as it is the best predictor of mating success lind other

measures did not provide substantially different results,

The colour patterns (under white light) of euch mule were drawn onto standard

guppy outlines (after Houde 1987) uixl relativc ureu of each colour spot was estlmntod

using n grid of squares. This method of qunntifylng colour patterns, despite reduced

preelslon is sufficient for dlscriminntlng which male of a pair had II greater relative

urea of a pigment. Also, h provides n bette!' measure of structural colour nreas which

do not show up well on photograpltic film, We measured pattern complexity (after

Nicolette 1993) by rauklng each mule 1'01' the number of spots of each colour (orange.

blue, white, black nne! yellow) and then ndding the five ranks to give a measure or

mule paucm complexity relative to the other mules in the sump lc,

Non-pnmmetric statlstlcnl tests (Siegel & Castellnn 1988) were used because

behavioural measures could not be uunsformcd to normullty, Wc exumlned the three

treatments (orange, blue lind while light) foL'systematic vurlarlon in the fl'cqW!11I':' of

the vnrious behaviours studied using u Kruskal- Wallis one-way analysis, Wilcoxon

rank-sum tests were used to check if the mule with u greurcr relative 111\'(\ of u

partlculnr colour was preferred over tho other within treatments,
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Previously, we found n significant positive correlation between orange area of

males and both female preference (Brcoks Z 2uithness 1995 u) and mating success

(Chapter Two of this thesis) in a feral guppy population from Durban, South Afrlcu,

We designed the following experiment both us u manipulative test of this trend nne! an

examinntion of the effect of other secondary sexual characters when the cue of choice

is factored out,

METHODS

We usee! wild-caught 01' first generation laboratory-bred guppies, Two males (paired

to vary dranmtically in the percentage r ( their surface covered by orange spots) and

two virgin females were placed in n tank (900 mm x 315 mm filled to 270 111111, with

brown paper on three sides to standardise background colour) at nOOl1, and

belmvioural trlnls took place on the next three mornings, 10 h of light from

fluorescent tube lighting was provided beginning at 12hOOeach clay, preceded by two

hours of either orange, blue 01' while light such that each colour was presented on one

morning of the trial, The lighting (orange, blue 01' white) during these two hours was

provided by two GO Watt bulbs suspended 60 em above the surface of the water, The

order in which the lighting colours were presented was random in each of twenty

replicates,

After a filtecn-minute udjustment period, we watched each male for two ten

minute periods, 15 minutes upurt, Gonopodial thrusts, pipping a females' gonoporc,

chasing the female, and chuslng, nipping and displuying to till! other male were nil

noted, We scored the response of n female to II displaying mule as either: no response,
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Chapter Three :

Female guppies choose oranger males when they can.

1995. South African Journal of Zoology 30 (4): 1-4.

INTRODUCTION

Evidence of female mate choice using visual cues is often correlutlve, failing to show

that the character studied is the object of preference ruther than 11 correlate of the real

CLIO. Distinguishing between correlation and causatlon is especially important when

mules have several secondary sexual churacters, each of which may be sexually

selected. One solution is to experimentally manipulate the ornament in question (eg,

Andersson 1982), but fish colour patterns arc not as easily manipulated as the tails of

birds. Long & Houde. ~ 989) devised an ingenious test of whether the correlation

observed between orange (carotenoid) urea and female preference in a Trinidadian

gllPPYpopulation indicated areal preference for orange males. Instead of altering the

colour patterns of males, they varied the colour of incident light, thus altering female

perception of these patterns. We show that female guppies' preference for mules with

It greater area of orunge disappears when their ability to discriminute between males

using this character was hampered under orange light. Because the importance of

female choice to muting success changes with lighting conditions (Reyno.ds ct al.

1993), we examined the effects of light colour on other behaviours such us attempted

sneak copulations and mn le·nlillc interactions.
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The importance of measures such as contrast and complexity of a pattern is that they

allow fC'1'tne possibility that female preferences can coevolve with a complex of

independently expressed morphological characters, rather than invoking individual

evolutionary histories for each secondary sexual character, Endler & Houde (1995)

found that females choose males with higher colour con trust. Recent studies have

tried to explain the presence of multiple secondary sexual characters by treating them

us mute-choke cues that are individually assessed il' the process of choice (Meller &

Pominnkowski 1993; Brooks & Caithness 1995 a), We propose n "composite

ornaments" ruther than a multiple ornaments explanation for the presence of multiple

secondary sexual characters. Such ornaments may be composite morphologlcai traits,

comprising several secondary sexuu characters under separate genetic and

ontogenetic control.
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Chapt, .t Six:

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

previous experience?

Brooks & Caithness 1995 c. South Aji'lean Journal (~I'Science 91: 156·158.

ABSTRACT

Female guppies from a South African Ierul population display a strong nutting

preference 1'01' males bearing large mens of orange pigmentation, W~ prcviue

substantiation for this in pairwise choice trials. We show thut nnrvc virgin fcmnlcs [\"C

capapble of acting upon their mating preferences in the nbsencc of prior experience of

males 011 which to base this choice. This is evidence fm' U 'fixed internal standnrd' ol

preference. We also show thnt this sumdnrd of nurnctivcncss is modified by It

female's previous experience.
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networks (Enquist und Arak 1993) has shown that the combination of colours in II

signal is often more importunt than the expression of lndlviduul colour pattern

",Ioments, this experiment demonstrates practically for the first time the presence of' u

visual slgnul umpllflcr. Such cmpiricul stlpport for the theoretical prediction that

ornaments and displays CUll evolve to Mlplify (Hasson 1989, 1990. 191)1) 01' improve

detectlbllity of signals (Schluter & Price 11)93) suggests that theoretleul biology is

providing ever 11101'C useful models 1'01' understumllng complex sexual signalling

systems and the effects of sexual selection on them,
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Reducing the expression of a pure signnl umplifiers is not expected to reduce

mule uttmctlveness on the whole within the population (Husson 19(1) as I have

shown 1'01' this datu set (Brooks & Cnithncss 1995 b). It is possible that melanin

pigment has become till arnpllfylng indicator (Hasson 1(91), and is thus to some

degree lit least u cue Ior female choice. However, the non-signlflcant relationship

between nutuml lcvels of melanln and male nuructlvcness is not expected under u

model of amplifying indicators.

Whilst recent innovative work lIsing both animals (Endler 19(1) and neural
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females choose using orange as a cue. Similarly, I used the relationship between male

uttmctlveuess ami percentage black urea as a measure of the importnncc of black urea

to choice.

RESULTS AND DISCUSSION

Using analysis of covariance (ANCOV A) I showed that the relationship between

orange and auructlveness is stronger before than after treatment (before: slope e 3.62.

R::: 0.575; after: slope:::: 0.079. R ::: 0.0282; F[l.lZl ::::.J.84.P ::: 0.022). The decrease in

attractiveness of individual males was significantly related to the urea of ornnge borne

by those males and not to the amouut of black removed from a male tflgurc 5.1 ).

Black was unrelated to uttructlvcness throughout this experiment.

However. females in this populatlon have been shown to usc black when

exercising mating preferences (Brooks & Caithness 1995 b). This paradox is resolved

.f one nrgues that ornaments OJ' displays CUll be important to female choice without

being tile object of a female preference, One possibility is that blnck colorutlon is II

signal umpltfler which has evolved because it improves the accuracy with which

females discriminate between mules based on the extent of rhelr orange colorntlon.

Our findings tnnt female scxunl responsc to males was related lUOI'C strongly to

orange before than nftel' black colorutlon was reduced uud that the decrease in mall!

ntunctlvcness with treatment is negatively related to the mule's orange ureu lire

explicitly predicted by Hasson's thcorctlcnl work on slgnul umpllflontion (Husson

19(1). The increase in nttructivcncss of males with low proportions of orange if.

predicted b{)CalISO female discrlminntlon against these mules becomes less acute LIS the

ampllfler is manipulated.
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amplifier is expected to effect mating success of males with greater expression of the

"qunlity" signal more ucgntlvely than those with less (Hasson 19(1), even to the point

at which males with smaller "quality" signal" increase in attractiveness when the

nmplifier is reduced, I test these predictions llQ.:ithQ£ uslng datu from an earlier study

(Brooks & Cnlthncss 1995 b), to empirically establish whether black coloration

behaves llke an umplifler of the orange urea signal. Detail on methods used that arc

not uvailnble ln thls paper arc given in the report 0'.1the curlier study (Drool'S &

Caithness 1995 b),

MATERIALS AND MEnIODS

I piaced males individually in a 10 I tank with three females, The next morning, I

scored male "attractlveness'' in two fivc-minnte observation sessions, 15 minutes

apart, I used the proportion of u male's tlispll1YH eliciting the "orient" response as his

"ntrruenvcrress SC01'C", u measure which reliably predicts male mntlng success in this

populutlon (Chupter Two of this thesis), I photogl'aplll.!d the males under trlculne

ructhanosulphntc (MS·222) anaesthetic und tben used 1Igrid of SqlHl1'I,\ to measure

body urea lind the urea of colour patches 1'1'0111 the projected sljdes, From this

information, I calculated ureus of hl:\ck and mange in relation to hody UI'Cl\, l removcd

one bind" spot on each side of each male by freeze-brnnding (Ilcrt 19H6) with dry ice

under unucsthetic, After a recovery period of ten days, 1 performed u second round of

behavioural trials.

[ used the rclutlonship between mule uttmctlvcness uud the percentage of the

Iota! body urea that was covered by orungc (ISa measure of the accuracy win. " ,t'icll
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comprising black (melanin), orange (caroicncld) and a variety of iridescent and

yellow areas. In guppy populations (including ill the feral population (from Durban,

South Africa) studied in this experiment), the extent of orange coloration is the most

frequently preferred male ornament (Kodric-Browu 1989, Houde 1987, Brooks &

Caithness 1995 a). It is also an indicator of mule condition (Houde 1(87), foraging

ability (Nicolette 1993) and pnrasire resisrnnce (Houde & Torio 1(92), and is thus

quite possibly u signal of male quality.

Understanding the evolution of black coloration is ;.•ore difficult. Nnruml

variation in melanin urea l~:not correlated with female response in this population

(Brooks & Caithness 1995 a), but in a recent munipulativc experiment (Brooks &.

Caithness 1995 b), I showed that when melanin urea is reduced, male attractiveness

decreases, A male ornament can theoretically coevolve with female choice without

being uttractive to females Itself if it ncccntuatos the pattern of expression of another

omnment which is preferred because it is (I signal of male quality (Hasson 1989,

1990,19(1). Such UI1 ornament is known as a signal "ampllflcr''. The black mens of

male gupples may well be ampliflcrs as they often "outline" orange arcus lind appeal'

(to the human eye, personal observations) to make the ureas of orange pigment more

conspicuous.

Theories of signal ampllflcr evolution make three important predictions. First.

they predict that varuuion in mating success of males will (initially at least) not be

related to the expression of the "arnpllfier" (Husson 198Y. 1991). Secondly, it is

argued thut females will choose more accurntely in relurion to the cue of quallty

before the levels of the umplificr nrc reduced than nfterwurds, Lastly. mnnipulating an
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Chapter Five:

Melanin as a visual signal amplifier in male guppies.

1996 Naturwissenschaften 83: 39·41.

INTRODUCTION

According to "good genes" models of Sl'XllUI selection (Zahavi 1975, Pomiunkowski

1988, Grafen 1990 a, b), male secondary sex charnctcrs (ornaments) evolve us signals

of male genetic quality, and female preferences for them are favoured because

offspring derive enhanced vigour from the genetic quality of their sire, In an ideal

(error-free) signalling system, only one mule ornament should evolve to signal mule

quality (Johnstone & Grafen 1992, 19(3), However, mules of many species bear

multiple ornaments, Inuccurute female perception is one source of errol' which may

favour the evolution of multiple ornaments, either as redundant sets of "quality"

signals which reduce the overall probability of CI'1'OI' (Zuk er al. 1992, Meller &

pomlnakowskl 19(311)or as signnl nrnplifiers which reduce perceptual error (Hasson

1989, 1990, 1991),1 show that manipuluting II seemingly non-preferred ornament

(melanin pigment) in male guppies reduces the nccuracy with which females make

mate choice decisions bused on a slgnal of mule quallty (carotenoid pigment), and

that this manipulation reduces the uttrnctlvcness of mules bearing high levels of the

quality cue more thnn those with low levels.

Mule guppies tPoecilia reticulum; bear conspicuous colour patterns
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guppies' ornaments do not appear to be redundant signals used in the same choice

process.

Theoreticiaus WUl'l1 that multiple female preferences are unlikely to evolve by

the handicap precess (Pomiunkowskl & Iwusa 1993, Iwasa & Pomiankowski 1994)

but rather that preferences for multiple Flsherlan traits evolve in tandem with one

handicap preference. In this population of guppies there is no evidence regarding the

relatlonship between male quality and cue magnitude, However, in "Iher

populations, the intensity (Kodric-Brown 1989, Houde & Torio 1992) and area

(Nlcoletto 1993) of orange omamentatlon is condition-dependent, us is pattern

complexity (Nicolette 1993) to which orange plgrnenuulon contributes. Other male

ornaments have not been shown to be indicators of mule condition or quality, 0111'

findings, and the knowledge we have of condition-dependence of male ornaments fit

the theoretical prediction (Iwasa & Pomiankowski 1994) that secondary preferences

can evolve !IS Flsherlan traits or as signal "amplifiers" (Husson 1989) together with

O!1e "handicap" preference - orange (carotenoid) colouration, but this !,lIPPOl't

requires critical test.
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alternatives to measuring lndividua! components of colour patterns. "Pattern

complexity" not only predicts male condition and vigour (Nicoletta 1993) but also

predicts male attractiveness and muting success in the guppy population we studied

(Chapter Two of this thesis). Petrie and Halliday (1994) show that peahens assess the

number of spots in a peacocks train in order to choose a mate, providing an analog of

female preference for more complex male colour patterns in fish. Unfortunately we

found it impractlcnl to increase pattern complexity wh d:;t reducing black area in

order to separate the effects of black area from those of patter ' .'omplexity on female

choice. The overall contrast or consplcuousness of a male may be more important

than individual colour nreas (Endler & Houde 1995), such that the efficacy of orange

areas as mate-attractant slgnals is mediated by the expression of black areas,

Females may scrutinise ornaments separately, with the strength of the

relationship between cue size and attractiveness revealing t' ~strength of the

preference. Zuk at (If. (1992) showed that when comb size, which is the primary

determinant of mating success In ted jungle fowl, is mnnlpulate-i, females revert to

another ornament as their cue for choice. Our findings provide support to their

argument that female choice can select for an ornament that is at first uppnrently not

the object of preference (Zuk at al, 1990, 1992). However, in our experiment, the

apparent preference for black was exerted in a situation in which the primary trait

(orange area) was not changed in any way. Likewise, when u female's ability to

discriminate between males on the basis of orange mea is impaired (by keeping the

fish under orange light), she does not revert to another ornament as u substitute

primary object of choice (Brooks & Caithness 1995 d). Thus, unuke Jungle fowl,

57



DISCUSSION

This is (as far as we are aware) the first direcr manipulation of a colour pattern

element in guppies (Long & Houde 1989 used light colour manipulation 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 sexual character which is not the principle focus

of female choice, we have shown that it is used by females exercising mating

preferences. This supports the idea that in guppies, female choice i~Ja subtle process

involving the assessment of several different criteria (Kodric-Brown 1993), and

eliminates non-cholce hypotheses fat' 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 roultlple male ornaments tall into two brand

groups: those suggesting that females scrutinise a composite tralt to which several

male characters contribute (Chapter Two of this thesis), and those postulating that

separate female preferences select for each ornament (Pomlankowskl & Iwasa 19C)3,

Iwasn & Pomlankowski (994). Our findings ure consistent with explanations in both

of these categories.

Composite measures of mule colour patterns such us 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, Nicolette 1993) are beginning to provide useful
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Figure 4,1. Change in female orient response to mules with black (experimental)
and unpigmented (control) areas freeze-branded, Values are means :l::1SD

RESULTS

Males that have had part of their black colouration removed by freeze branding are

slgniflcantly less attractive to females than before hranding in terms of female orient

response (t = -3.444, dj. = 20, adjusted p = 0.006), but tlus reduction in attractiveness

is not seen in males freeze branded on an unpigmented area of similar size (t = 0.242,

dj. = 15, n.s.) (figure 4,1). The decrease in "orient" response was significantly greater

in mules with reduced black area thnn full sibling control males (Paired-sumple t =

2.] 94, elj. = 12, adjusted p = 0,049).
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melanin pigmentation which varies over the sampling period, the investigator should

take both the females sampling period and the information available tv her throughout

that period 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 paired

comparisons, and the control served to distinguish the effects of anaesthetic and

freeze branding per se from the effects of manipulating black area. Whilst male

attr: ctiveness scores (per session) were neither normally distributed nor

transformable to normality, the differences in female orient and glide response to a

male before and after treatment in both experimental and control groups did not differ

fr0111a normal distribution (control: Lilllefors test p = 0.718; experimental: p =

0.647). This permits the use of a paired-sample t-test as this test involves the

comparison of differences between paired samples with a normal distribution with a

mean of zero. Paired-sample r-tests were used in this way to test the null hypothesis

of no decrease in mule attractiveness after experimental 01' control freeze-branding. A

paired-sample r-test was also used to compare the change in attractiveness of siblings

in the experimental and control groups. To correct for the increased possibility of type

I error because this approach requires three t-tests, we adjusted the 0.05 c-level of

slgniflcunce for three tests using a sequential Bonferroni readjustment (Rice 1989).
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INTRODUCTION

Despite the popularity of sexual selection, and particularly female mate choice as a

field of study (see Andersson 1994 for a thorough overview), the inheritance and

ontogeny of fcmule mating preferences arc still poorly understood, Models of female

choice have traditionally treated female preferences as characters that arc entirely

determined by genes (Lande 1~81, (','ufen 1990 a, b),Whilst this served to simplify

some difficult questions regarding how mule displays and female preferences for

those displays might evolve, we still luck insight us to how 1',)llHllcpreferences are

inherited e-id how they are shaped during growth, Recently, thc forces influencing

female muting behaviour and preferences have begun to receive 1110reattention (see

Rosenqvist & Berglund 1992), In partlculur. the genetic basis for female preferences

(Majerus et al, 1982, 1986, Bakker 1993, Houde 1994. Wilkinson & Riclo 1994) and

the effects of female experience in sampling males (Junetos 1980, Brown 1981.

Bakker & Milinksi 1991), imprinting OIl early experiences (ten Cute & Bateson 1988,

1989, Laland 1994 b), and using information about the choices made by other females

when choosing mates (Losey et al, 1986, Wade & Prueu-Joncs 1990, Gibson &

Hoglund 1992, Kirkpatrick & Dugntkln 1994, Luiantl19(4) have enjoyed Increased

theorctlcnl and empirical attention.

In this chapter I address two processes fundamental to the way preferences

evolve in populations and develop within individual fcmulcs: 0) the repcatnblllty of.'

choke bchuviour - which is an indicntor of the heritability of muting preferences, and

(il) the importnnce of mate copying. by which mating preferences can be transmitted

culturally rather than genetlcully, Th:s p. 1 therefore l'I~P""';cntsa first 1I[(\,::l11ptut
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Chapter Seven:

Copying and the repeatability ofmate choice

ABSTRACT

Models of sexual selection by female choke require heritable variation in female

mating preferences in order fot' sexual selection to operate, However. recent

theoretical work shows that female preference's which arc rrunsmlucd non-gcncticully

can resulr in exaggerutlon of male ornumcntution. Guppies exhibit both mute copying

and considerable hcritnble vnrlntlon in fcmulc preferences. I studied the importance of

these phenomcnn by measuring repeatability of female mate choice, which nets as an

estimate of the upper limit to which u feature may be bcritublc, unl! [he lncldcnce of

mute choice reversal in palreu-trlu! binary mute choice experirucnts. Mate choice was

significantly repcntable except in the trentmcnt WhCl'C females were given the

opportunity to copy It female thut contradlctcd their orlglnu! choice. Otherwise, I

Iound no evidence thllt Icmulcs copy the mute cholce of others. The differences

between mules in ornumcnuulon had no t.'l'tb:t on the COI1SisIC[WY of femulc mate

choice 01' the probability lhat they would reverse theh' original choice decision (in

both controls and the copying experiment). The interval between choice trials did not

influence l'epeutibility slgnltlcuutly, indicating that the independence of choice

decisions is not relutcd to the time lutervul between them.
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to act 011 their preferences in the absence of experience of males" Bnkkcr & Millnski

(I (91) provide evidence in favour of this, although their females could have had

experience of males before they were collected from the wild. Our results

demonstrate fol' the first tlme in a vertebrate (Moore & Moore 1988, showed this ill

an insect) that female guppies possess fixed internal standards of male attractiveness

which enable them to express their muting preferences in the absenco of experience of

mnlcs.

The ndapnvc significance of decision-rules based on experience of past males

is twofold. FirRtly, if stundanls of acceptnblllty arc reduced with decreasing marglnul

value of prolonging the search period, u female cun avoid missing un em ire breeding

cycle if she has the misfortune to sample scveral rclatlvely drab mules. Secondly, (I

female can take advantage of 1\ distribution of male 0l'l111!11Cllts chat is higher than

'expected', :\I1dmate with the most highly ornamented of those males. We suggest that

stochastic decision-rule models ure 1110l'ebiologically mcnnlngtu! than optimality

models of mute choice crlterlu,
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response to him would exceed that expected due strictly to his ornamentation.

Secondly, the change In ornamentation f1'(')111the 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 female three-spined sticklebacks

tGasterostous aculeatuss lise a stochastic dcclsion rule based on the relative

attractiveness of the present nnd previous males (previous male effect). In our study,

the previous male observed by u female influences her response to the present male.

However, due to the nature of our experimental design, om' findings cannot be used to

infer the decision rule used by female guppies. We do not argue, however, thnt

females base their response to a given mule only on the ornumentntlon of the previous

mule she sumplcd. In fact, our results show that under u strict previous-mule decision

rule, accuracy ,·f choice is likely to be extremely poor. Male guppies C(\I1 decide on

which male ccnspcclflcs to associate with based on lnfcrmntion that hns been

remembered for at lellst 4 h (Dugntkln & Alfieri 19(1), If similar cognitive capacities

nrc uvullnble to females for mute discrimination decisions, they may he able to base

their stnndurd of nttractiveness on the oruamentution of several males, If this is the

C'\Sl~,we predict that the uceuracy of her response rotative to 1\ mule's cnuuncntntlon

in the population will improve as more mules arc sampled, Statistical solutions to

problems of choice based on the 'quality' o, previously sampled males abound

(Fel'gl1S01111)89), und we suggest tlru models of Icmule choice umong two

consccutlvcly sampled males will bcnetlt from reference to these solutions.

uo females have u fixed internal stundurd 01 attractiveness which allows them
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second mule presented to x.ch female was positively and significantly correlated with

the change in her responsiveness (r •.:::0.387, It::: 56, l-tuiled p < 0.0025). In the two-

male trials, male nttractiveness was slgnlflcantl .. and positively correlated with orange

ornamentation (r,::: 0.270, It ::: 56, l-talled I) < O025). Females were 110 1110reor less

likely to respond positively to a the first mule than the second mule she encountered

(Wilcoxon signed .unks test: orient- Z:::"0.\~(j9,II :::55, n.s.; glide- Z::: -0.536, 11==

56. n.s.).

DISCUSSION

In this guppy populntio.i the 'cnllbrutlon' of female mute preferences is, to some

degree at least, bused on .uundards of attractiveness that nrc independent of u female's

past experience of males. However, we also showed that a female's experience is

lmporuuu to her response to a given male. We base this on two inferences from the

rank-order correlations between or, nge colour urea and the second part of the single

mule trials. In the second part, the signifH.:nnt positive relntionshlp between orange

and male nttructiveness disappears. This nppcnrs counterintuitive to the notion that

females lise experience us a bnsls for dccldlng whether 01' not to respond to u given

mule, however we could not infer this unless the significant relationship dlsuppcurcd.

The 'noise' introduced to the mate-choice sltuutlon by the fcmutos experience of [ust

one male could suffice to make it female's assessment of a given male less nccurntc

thnn if she had no experience or mules at lIII. For example if 1\ given female saw two

males that were below the populntlon mean (or some other biologically meaningful

standard), and the second was better endowed in terms of the cue of choice, her
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RESULTS

Percentage of male body urea that was orange was the only male character that varied

systematically between winners and losers of paired mule trials (Table 6,1), Likewise,

it was the only character positively correlated with female response to males in any of

the phases of the experiment. and so is the only character discussed with reference to

the importance of fixed intornal standards of attractiveness lind female experience.

'ruble 6.1. Difference between "winners" und "losers" of mixed male muting trials in
magnitude of secondary sexual chnrnctcrs.

--
orient response

Potential Cue dJ: test statistic 1-lp_

body urea 27 0.458' n.s.

relative orange 27 3.754' 0.001

relative black 27 0.073' n.s,

iridescence 20 0.859: n.s.

yellow 16 0.024: n.s,

gonopodlum 13 0.910: n.s,

dorsal fin 16 0.267' 11.S.

t = Student'S t (paired sample test)
z= normul upproxlmntion (Wilcoxon signed ranks test)

The correlutlon between relative urea of orange and male attractiveness to nntve

virgin females was positive and significant (1'1 :::().309, II r;:: 56, l-tullcd P < 0.(25).

When males WCI'C switched, this rclutionship became wcuker, und was no longer

sigulflcant (1\::. 0.066, II :::56. n.s.), However. the difference between the first lind
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pairwise tests were used to test a null hypothesis of no difference in cue magnitude

between the winner and the loser, Paired sample Students r-rests (Sokal & Rohlf

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 standards of choice

and the err .I.!IS of experience on her choice, we performed a series of Spearman rank-

order correlntlons, us response measures could not be transformed to normullty.

In the first part of the single mule trials, we test the null hypothesis that the

responsiveness of naive virgin females is randomly ussocluted with the expression of

an ornament fUl'which there is known to be choice (relative orange area, Brooks &

Caithness 1995 a, Chapter Two of this thesis). Similarly, we calculated the corrclatlon

between female responsiveness to IImale in the second part of the single mule trials

and the relative urea of his body that is orange. We then calculated the change in

orange ornamentatlon experienced by each female when the mules were switched and

related this to the change in her rcsponslveness. Lastly, we compared the mean

attractiveness of the male in paired-mule tests with his degree of orange colouration

us u basis for comparison with the strengths of the other relationships. OUI' arguments

relating the lmpottnnce of experience to the expression of femllie preferences nrc

bused on the relntlve strengths of till' various corrclatious. All tests of significance nrc

onc-tuiled tests of the null hypothesis of no positive usscclntion between ornament

mugnitude and female response. Till.' c-lcvcl of significance was ().O~.
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Two-male trials

Both females and both males were then placed together with a third female in a tank

and left until 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 and simultaneously compare males,

Measuring cues

Each male was placed in a clear plastic bottle (23 mm x 39 111m filled to 40 111m) and

photographs of his left lind right sides were taken uslng Fujichrornc 100 ASA slide

film under tungsten lighting, We projected the slides onto white paper lind truced the

outlines of the body, dorsal fin and gonopodium as well as all visible colour spots and

a 5 111msection of the ruler which was included in the photograph for calibration, The

dlgitlser board of a personal computer WIIS used to measure the following from the

tracings! body length lind urea, length of the gonopcdlum and of the dorsal fin and

area of each colour spot. Measurement errol' using this method is very low (0,3%) and

not significant (Brooks & Caithness 1995 a),

Statistical Analysis

Statistical tests were performed using SYSTAT for Windows S.O software. Whcn

total urea of 1\ colour was divided by body area to remove the effect of body size,

these vuriubles wore urcsil"~ transformed (Sokal & Rohlf 1987), Measures of length

were transformed to their nutural loguritluus to satisfy normality, To lnvcstlgute the

relationship between Iemnle choice and mule ornaments in the mixed mule trials.
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Single male trials.

Females were' alscd in mixed sex cohorts of the same age and removed to single-sex

stocks as SOOI1 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 were chosen by 0110 of us to differ in

relative orange area were paired. Paired mules were put into different tanks (900 mm

x 315 mm filled to 270 rnrn) and each was introduced to a vlrgin female that had

never been exposed to l1H ture males (i.e. ntuve virgin female), We gave the fish five

minutes to adjust and then watched the female for two five minute periods with five

minutes in between (part one). Males were then switched and once again females

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 females are able to

act on their mate preferences when they have 110 previous experience of mature mules

and no other males me present for the pl1l'pOSCS of comparison. Part two is n trial in

which the females have prior experience of one male, the phenotypic attributes of

which nrc known (see "measuring ClIOS" below), and the change in he!' response can

be attributed to the differences between mules,

Female response [0 each display was scored in terms of the proportion of

sigmoid displays eliciting "orient", "glide" and "mating" responses from fcrnales

(described by Houde 1987, Brooks & Caithness 1995 a), Only the proportion of orient

responses was used in analysis as this provides 11 1I11'gel'behavioural sample than

either of the other two mcnsures, but is still positively reluted to male mating success

(Chapter Two of this thesis),
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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 to make choice decisions after sampling a

number of males, We LIsea unique inductive It.:, .mique to assess whether females are

able to act on their mate preferences without experience of other mules and the role of

comparative information in making choices, We study only the first two males

encountered by naive virgin females to resolve the question of whether 01' not females

usc fixed internal standards. experience of other males 01' both to make mate-choice

decisions.

Guppies arc ideal animals for the study of female response to a sequence of

mules because a mules attractiveness to uny receptive female cnn be quantified as u

continuous variable which approximates the probablllty of her muting with him.

without mating necessarily raklng place (Houde 1988 b, Charter Two of this thesis),

Moreover, the well documented relationshlp between orange colouration and male

attractiveness (Kodric-Brown 1985, Houde 1987. Brooks & Cnitl.ness 1995 H, d.

Chapter Two of this thesis) provides a convenient yardstick of a females ability to

choose males bnscd on ornamentation,

METHODS

We used first gencmticn laborntory-bred individuals from u fern! population in

Beachwood, Durban, South Africa, They were kept at a density of approxlmntely

2Clfish 011 u 12: 12light:dnrk photoperiod in a temperature controlled (25"C) 1'00111,

We provided Tetrumin fluke food once a day,



exert their mating preferences without any prior experience of males,

Fixed internal standards can, ill 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 110 experience of males with which to compare the focal male,

However, in a population of larger-tilan-average cued males, a female would often

end lip with a relatively drab male unless she were able to 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 males 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 rhroughout the sampling period (eg, the impending last time of

spawning or Iarvnl release, Bakker & Milinski 1991, Backwell & Passmore

submitted; energetic costs of moving between males, Milinski & Bakker 1992, 0"

predation risk, Hedrick & Dill 1993) 0[' if it is impossible for a female to return to u

male once she has moved on to another mule, In these cases, other sequential

declsion-mnking rules are often optimal (Real 1990, eg, Brown 1981), Also, simple

stochustlc decision-making processes which return fitness benefits slightly h .Iow

those of optimnl solutions nrc expected to be common in nature (Janetos & Cole

1981),

Nuive virgin female guppies tPoccilia rctlculata) mute very soon ufter first

introduction to mules, which may be due to low initial cheesiness (Houde 198'7),This
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INTRODUCTION

Female choice is a major selective pressure for the exaggeration of male secondary

sexual characters (Meller 1994 a), but less is known 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 opportunity for

simultaneous comparison with other males (Milinski & Bakker 1992). This is not

problematic when fixed threshold choice criteria are used by females, because

females are expected to exert mating prete -ences . .ien courted hy those and only

those males that meet the threshold requirement reg. Zuk et al, 1990). Several models

have been formulated to explain non-threshold (comnarntive) female response across

the range of variability iii a male cue. Lande (1981) distinguished two such choice

processes, absolute choice, in which a female compares available 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 arc "open ended",

they must be "calibrated" so that females are choosy enough to derive benefit from

choosing, but not so choosy that they fad to find a mate. Two types of standard may

be us' I in the "calibrntion'' of a female's preferences: fixed internal standards of

attractiveness which are independent of past experience, and the female's experience

of mules. Female's have been shown ~Milinski & Bakker 1992, Brown 1981) to

respond to males based on theil' previous experience of males. Only one account

(Moore & Moore 1988, on cockroach mate choice) shows that females (Ire able to

66



treatments (figure 7.3~.The increase from part 1 to putt two was not significantly

greater in the copying treatment than in the two day treatment (t:;... 0,076, d.f. = 39,

I1.S.).

• Consistent 0 Reversal
80
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~'....o
~40

j
~ 20 .

o
2Day Copying ~()Minutes 1Day

Figure 7.2. The percentage of (focal) females choosing the snrne rn .lc (consistent)
and reversing their choice (reversal) between the first and second triul in each
experiment. In nil foul' treatments, significantly more females consistently prefer the
same mule than change their choice of male. This consistency is significantly different
from a random model of choice for all experiments (2 day G'III1= 8.295, tilt. = l, P <
0.01; copying GIIIlj::: 6.50 I,dJ. :::1,P < 0.02; 30 minutes (fllll/::: 4.857, elJ. ::::1, [l <
O.OS; 1 day 01010::: 4.857, elJ, :: I, p < 0.05). The number of 1'e111(11osreversing their
choice in the copying treutmcnt did not diffel' significantly from the pattern shown in
the 2 clay treatment (GIIIU:: 0.625, d.f. :::1, n.s.) 01' the 30 minute treatment (Gild;::

0.063, d.f. = 1, n.s.),



Table 7.1. Results of one-way ANOVA's of the proportion of time a Iemnle spends
with one (randomly picked) mule in a binary choice trial, and the repeatability
estimate nnd standard error thereof for each of the four treatments.

---
ANOVA Repeatability

Trentment Source of varintion SS df MS F P .1' ss
2 day Between females 6.499 39 0.169 2.0H8 0.011 0.352 0.052

Withln temules 3.191 40 0.080

Copying Between females 4.321 39 0.111 1.114 0.367 0.056 uo 12

Within females 3.<>77 40 0.099

30 Minute Between fcrnalcs 5.199 29 0.179 2.057 O.{)~7 0.346 0.059

Wlthin females 2.614 30 ()'oS"!

1 Day Between females 3.899 29 0.134 1.924 0.040 0.315 0.050

Within females 2.096 30 0,070

In nil four treatments, females chose the same male slgniflcuutly more often

thun expected undcr u random model of choice (Ilgurc 7.2). 1<lIl'lho1'I1101'O, in the

copying treatment, the relative frequencies of conslstcncy lind reversal did not differ

significantly from those observed in the 2 day treatment 01' the 30 minute treatment,

us predicted if females reverse thclr choice due to copying. Whilst females did not

copy the "model" Iemnle, they did not avoid l'opying her either.

Although Icmulcs did not reverse their prcfere ,I' (1 in the copying trcntment,

the proportlon of the total time ncar mules that they spent witl: the mule thut had been

neal' the model fcmulc (as opposed to their origlnully preferred mule) increased

(figure 7.3). However, slgnificun; increases 111 time spent with the loser (If the first

choke trial ulso occurred 11'0111 the first to the second triul in nil three Ill' the other



obtained [.1 l;J\~ copying treatment 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-mintlle

treatment (in which the same time elapsed between choice trials),

To compare the increase in proportion of time 1I female spent with the loser of

the first trial in the first and second trials of a treatment, I used paired-sample

Students z-tests,

I used a Mann-Whitney U test In compare the magnitudes of the: difference in

various secondary sex churucters between the two mules for replicates in which the

female reversed her choice versus those in which she chose the same mule in both

trlals.] ..astly, I estimated the correlation between the above differences and the

absolute change in the measure of female preference in a replicate using Spearmans

rank-order correlation coefflclcnt,

Where tables of I'csults are presented, Ihave used the sequentlal Bonferroni

readjustment (Rice 1989) to correct the 0.05 e-lcvcl of acceptance for the number of

test performed.

RESULTS

The repeatability with which n female chooses one male over the other is significantly

greater than zero in nil treatments except the copying treatment (Table 7,1). None of

the repeatability estimates differed significantly from tiny of the others. the largest

difference being between the 2·dllY lind copying treatments (2;:: 1.34, (J ::: 0,232, I·

tailed p ::::0.01.)0),
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different results from those obtained for the separate colour dlmcnslons, and is

therefore the only colour measure presented,

Statlsttcnl annlysls

1analysed data using Stntistlca for Widows (v 4,5, Statistica Inc, 1(93) statistical

software, I tested all variables for normality using Lilicfol's' test, and used the anguhu

rrunsformurion (Sakal & Rohlf 1981) b('Pot'c using proportionul datu in parametric

tests. Where normallty or other assumptions of parametric tests were not satisfied, I

used non-parumetrlc lests,

I estimated repeatability after Falconer ( 1981). Lesscls and Bong (1981) and

Boake (1989), using 11 one-way analysis of variance (ANOY A) to partition the total

variance in female choice of one (randomly chosen) male in u palr over the other into

the added variance due to differences between females (S~i\)and the vurlnncc within

individuals (S2 01' error varinnce). The ratio of betwecn-indlvldunl variance (S21\) to

totnl phenotypic variance (S2 + S2,,) is equivalent to r, the coefficient of ;,1tl'a·clnss

correlation whlch is a measure of repeatability, I used Becker'S (1984) method to

culculnte thl' stnndarc error of the repeatability measure. I compared the repcutlbilites

of different pairs of trcutments uslng 2m' Ii (1984) method fOl' comparing corrclatlou

coefficients,

I used the G-test (Sakal & Rohlf 1981) to compute the ratio ()f females

reverslngircmnlning consistent in their "decision" between trials with different

models of choice, I compared all trcntrnents with a model or no choice (half the

females switch their preference and hair arc consistent). 1 also compared the ratios
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performed for the first two treatments, but unfortunately, during the period between

the first two lind the lust two treatments, many of the males contracted fin-rot 01' died.

If a mule had visible fin-rot, I did not usc him in a trial in case females avoided him to

prevent contracting the infection themselves, thereby influencing the outcome of the

trials. Therefore of the originu140 pairs of males used in the first two treatments, only

24 rcmulned intact, 12 healthy fish from the 16 "broken" pairs were urbitl'U!'i!ypaired

lip to make the sample for these two trials up to 30 pairs,

The design of thi:; experiment is therefore similar, except for superficial

differences In choice tank design, to other experiments investigating female choice

(Bischoff et ul, 1985, Kodric-Brown 1985) and ill particulnr repentability of female

choice (Godin & Dugatkln 1995) nnd female copying (Dugntkin 1992, Dugatkln &

Godin 1992, 1993) in guppies.

Measurlug mule ornnrncntation

I measured ornamentntlon by taking slk1c photographs of male fishes under tungsten

lighting and then traclng the prejected slides onto white A3 paper, including part of u

section of plastic ruler which r included in the photogrnphs fur calibration, This

enabled me to mcnsurc the men of ouch fishes body and of each COIOlU' patch using a

grid of squnres, The orungcness of each mule was estimated visually llsing Munsell

colour chips. The hue, value lind chroma of the colour chip thnt most closely

resembled each colour patch wu» noted. In unalylsls, nil three colour dimensions were

used, and in uddttlon an "ornnrencss" varlnble was constructed by scoring hue from 1

(2,5 Y) to 6 (lOR) and multiplying this by chroma, This did not provide substantlally
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female 1.!10icebehaviour have been used before, and shown to accurately predict

success in mating encounters (Kodric-Brown 1985).

FOl' each treatment, I swoppod the side of the tank that 11' •~s were in between

trials in half of the .epllcatcs, and left mules in the same tubes in the other half. There

was 110 significant side preference either generally or within males. The time between

choice t!'inli>varied between treatments. In treatment 1 ("2»day") 48 hours elapsed

between choice trials. In treatment 2 C'copylng") the second choke trial from the 2-

day treatment made up the first PH!'t of the treatment, and the second trial followed 30

minutes later. The difference between this and till} other treatments was that dming

the first eight minutes of the 10-minute "viewing time" (when the focul fcmnle wns

confined to her tube) a second, "model" female was placed in u (similar) glass tube

adjacent to the mule that had "lost" the flrst trial, I removed the model Iemale and her

tube after 8 mi.iutes hid 2 mlnutcs lnter released the Iocn! female to swim freely Ior

ten minutes during which I documented the time. The model female was larger than

any of the focal females used in the experiment (model = 36.66mm , focu! = 32.54 -

20.48 mm totnl body length) ,LIS 1\ female is more likely to copy a lurger (and thus

older) female than one smaller than herself (Dugarkln & Godin 1(93).

I used the snme n .• ro pairs in troutrncnt 3 ("30-milllttes" ), in which 30

minutes elapsed between choice trials, between 10 und 30 days after treatments 1 and

2. Whilst in treatments I and 2 Iused the same female with u given male pail', I used a

different focul female in the 30 minute treutment for a given pair of males than in the

first two. I then used yet uuothcr lliffet'cnt female in treatment 4 ("1 • day"), in which

24 hours passed between the first and second choice trlnl, Forty replicates were
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METHODS

This study comprised four treatments. In each treatment two choice trials were

conducted, using one female and two mules. Choice trials were conducted in a 100 C

aquarium as shown in figure 7.1.

385mm

907m111

Ftgure 7.1. The aquarium used in choice trials. Background and bottom colour were
standardised by placing 2 em of fine light brown river sand on the bottom of the tank
and tun paper on three sides (the long side facing the observer was left clear). Three
open ended glass tubes 90 mm in dlamcter and 350 111m in length were placed in the
longitudlnal midline of the tank. The tube (!il) which contained the focal fcmule was
in the centre of the tank, with tubes bearing mules (d'A & d'B) 290 111maway (centre
to centre).

I placed a mule in euch of two "end" glass tubes lind a Iernule (the "focal"

female, after Dugntkln 1(92) in the central glllss tube. After ten minutes, I slowly

lifted the central tube until the female swum clear, and then placed the tube gently

down in the tank ngnln, The female was watched for 10 minutes. and the time spent

within two body lengths (horizontally) of each male's tube and within three

centimetres (vertically) of the male in that tube was recorded. Slmilnr mcnsurcs of
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Kirkpatrick and Dugatkln (1994) argued that widespread copying is unlikely to favour

the origin 01' maintennnce of multiple sexual ornamenrs, but wlll rathe,' favour the

most common mule omnment at the expense of others. The multiple ornaments borne

by male guppies contradict this prediction, such that Kirkpatrick und Dugatkln were

forced to invoke some unidentified form of selection us the agent favouring multiple

ornaments in opposition to the effects of 111a(ecopying.

Virgin female guppies from the population I used in this study are able to

exercise their muting preference for more orange males (Brooks & Caithness 1995 c).

This precludes the possibility that female muting preferences nrc trunsmitted entirely

bv culture us in the models by Luland ( 19(4) lind Kirkpatrlck unci Dligatkin (1994).

However, I have also shown that a female's previous experience of mules is lmportunt

to her choice decisions (Brooks & Caithness 1995 c) in that a female udjusts her

response to a male based on her experience of the level of omamentation in the

population.

I have therefore attempted, in this chapter, to understand the extent to which

Icmule mating preferences could be heritable by qUHntifying the repeatability of u

female's choice between two males. I hove further examined some aspects of copying

behaviour in order to understand if female preferences could be, ut leust partially,

culturally transmitted. Lastly, I have looked at how male ornameutatlun is related to

the repeatability of choice and the likelihood of mate copying.
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the likelihood of copying,

Guppies nrc well suited to attempts to resolve the repeatability of female

mating behaviour, and the effects of copying on the outcome of choice decisions, for

several reasons. They arc something of a model organism in studies of sexual

selection due to their highly promiscuous, non resource-bused mating system and the

importance of female choice to paternity. Mule attractiveness can be measured us a

continuous, ruther than discrete, variable by measuring the time a female spends near

each mule in a choice trial (Bischoff et (\1. 1985, the approach used in this study), or

the proportion positive female responses a displaying mule elicits (Houde 1987).

Female choice is responsible for the evolution nnd maintennncc of sevcrnl of the

ornaments borne by mule guppies including orange (carotenoid) pigment (Houde

J 987, Kodric Browu 1985, 1989, Brooks & Caithness 1995 n), black (melanin)

pigment (Endler & Houde 1995, Brooks & Caithness 1995 b, Brooks 1996) iridescent

(structural) pigments (Kodric-Brown 1985, Endler & Houde 19(5) exaggerated fins

(Bischoff et al, 1985) and enlarged body size (Reynolds & Gross 1992, Endler &

Houde 1(95). There is evidence from selection experiments that there is additive

genetic variation in (at least) the female preference for orange spots on males (Houde

1994, but see Breden & Hornaday t 9(4). Studies on guppies have produced the best

evidence yet for the joint evolution of female preference and male ornament within

populations (Breden & Stoner 1987. Houde 1988 a, Stoner & Breden 1988, Houde &

Endler 1990, Endler & Houde 19(5).

To date, the best experimental evidence for female mate copying hns been

obtained using guppies (Dugntkin 1992; Dugntkln & Godin 1992. 19(3). However,
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1979). It also raises the possibility that if preferences are entirely culturally (as

opposed to genetically) transmitted, a female preference and the corresponding male

ornament 01' display can coevolve rapidly (Kirkpatrick & Dugntkin 1994. Laland

1994). Furthermore, the spread of a preference is likely to be faster than under strictly

vertical (genetic) inheritance because preferences can also be transmitted oiagor' .Ily

or horizontally. This may result in more rapid exaggeration or fixation of the male

ornament 011 which the preference is based than is the case with preferences that arc

only inherited genetically (Laland 1994), and even the loss of all but the (initially)

most common mille traits and female preferences (Kirkpatrick & Dugutkln 1994, but

sec Findlay e.t al, 1989).

The effects of ornamentation on repeatability of choice [melthe 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

females are poorer at discrlminatlng between males than others (Dugntkin & Godin

1993, but sec Gibson et ul, 1991), and that it is these females who have most to gain

from copying. In u mixed copying / independent choice strategy, there may be a

tradeoff for females between following their own choice declslon und copying others

when the two arc contrndlctory. I therefore asked whether copying is stronger 01'

weaker tha» independent choice. and whether the similarity of the ornamentation of

males contributes to a female's decision to copy 01' stick with her orlglnul choice.

When males are 1110stsimilar, choice is expected to be at its least repeatable and

copying is expected to be common. I relate, for the first time, the differences in

oruamcntntlon between males in binary choice trials to the consistency of choice and
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Mate copying is a form of nonindependent choice Vv hich occurs if the

probability of a female 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 ew~s (Ridley & Rechten 1981,

Mnrconato & Blsazza 1986, Unger & Sargent 1986, Kraak & Groothuis 1994).

Females of the marine isopod Paracerceis sculpta prefer to live on sponges which

contain other females (Shuster & Wade 1991). Lekking birds (Lill 1974, Hoglund er

al, 1990, Gibson et al, 1991) and fallow deer (Clutton-Brock et al. 1989) also show

apparent female copying. However, in at least fallow deer (McComb & Clutton-

Brock 1994), and quite probably some other cases (sec Gibson & Hoglund for n more

thorough discussion) females arc not copying but assoclating with other females.

Females may h!"f) be responding to the enhanced display rates of males that have

already mated, although this has recently been ruled out in nesting fishes (Kraak &

Groothuis 1995). In guppies, however, these confounding possibilities have been

eliminated (Dugatkin 1992) and copying hus been demonstrated to such an extent that

females will reverse their origtnal c males in hinary mate-choice trials to copy

the choice of another female (Dugatk.» 1992, 1993),

The possibility that there is n cultural (after the analogy with human cultural

transmission of behaviour by observing the behaviour of others) component to the

trunsmissicn of mating preferences has lmportant evolutionary consequences.

Copying is likely to result in nn increased variance in mule mating success (Wade &

Pruett-Jones 1990), lind therefore increased opportunity f '1' sexual selection (Wade
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trying to understand the relative contributions of genetic and cultural determinants to

female choice behaviour in a single species tPoecllia reticulatai.

Despite the importance of additive genetic variation in female math .

preferences to most models of sexual selection (Lande 1981, Grafen 1990 a, b,

Pomlankowski 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 trail (which obviously cannot be heritable) to the total variability within the

population (Boake 1989). Therefore repeatability estimates an upper limit of the

extent to which a trait can be heritable (Falcone!' 1981, Bouke 1989). In fact,

repeatability is thought to overestimate heritability (Boake 1989). This may be

because not all bctween-indlviduul 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 011 the same female within the time ., nralnts of a normal experiment are

nonindependent, This may occur if preference expression is influenced by factors

such as condltion and recent experience (eg Bakker & Milinski 1991, Brooks &

Caithness 1995 c) . In this paper I test the influence of the interval between mute

choice trials on the mcasureable repeatability of female preference by varying the

time interval between choice trials in different treatments. 1also examine the effects

of one soclal phenomenon " the opportunity to copy the mate choice of others, on

repeatability.
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relationship between male quality nnd cnrotenoid-bnsec pIgment expression, If males

bore severn I cues each of which revealed quality under different environmental

stresses (multiple message hypothesis), these handicap traits would not all be

expected to reliably reveal mule quality slmultnneously (M~111cr& Pomiunkowski

1993 a),

Very little is known ahout whether black colourntion and structural pigments

slgnul male quality in a fashion similar to the way orange urea and intensity do

(Endler 1983, Kodric-Brown 1989, Nicolctto 19(3), which counts against the

"redundant signals" hypothesis, However, the deurth of knowledge as to whether and

how male ornaments signnl mulc quality (if such evidence can be found for any

animal) limits our ability to discriminate the three condition-dependent signalling

hypotheses of Meller & Pomlankowskl (1993 a).

If males possess redundant suites of cues for signalling condtttou, these cues

should not become the focus of choice until the primary cue has been factored out (us

Shl)1VIl by 211k et nl. 19(2), However, I showed that when a female"; ublllty to

dlscrirr.Inntc on the basis of orange urea wes removed, females did not switch to any

other ornament us their cue 1'01' choice (Chaptcr Three), Moreover, by munipulntlng an

ornament that docs not nppea: to be related to choice (black urea), rhut chao. in

ornument magnitude revealed II corresponding change in mule attractiveness .Chuptcr

Four), This constitutes u weak refutation of the redundant signals hypothesis ill tl"

l'USC, but relnstntcs the possibility tluu Icmules serutlnise several cues sinmltuneously

(sec "Composite traits or single preferences'?" below), but the effects of changes in It

mules visual contrast should be cxununed before this can he claimed ..
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relutlonsliip between mule quality and cnrotenold-bused pigment expression, If males

bore several CllCS each (If which revealed quality under different environmental

stresses (multiple message hypothesis), these hmulicup units would not all be

expected to reliably reveal male quality slmultuncously (Meller & Pomiuukowskl

1993 tt),

Very little is known about whether black coloumtlon and structural pigments

signal male quullty in 1\ Iushlon similar to the way orange urea anti intensity do

(Endler 1983, Kodrlc-Brown 1989, Nlcoletto 19(3), which counts against the

"redundant signals" hypothesis, However, the dearth of knowledge as to whether and

how mule ornaments signal male quality Of such evidence can be found 1'01' any

animal) limits our ahility to discriminate the three coudltlon-depeudent signalling

hypotheses of Meller & Pomlankowski (1993 a),

If males ossess redundant suites of cues 1'01' sigllulling condition. Ihese cues

should not become the focus of choice until the primary cue has been factored out (as

shown by Zuk et n1. 1992), However, I showed that when a Ibmulc's nhility to

dlscriminnte Oil the basis of orange urea was removed. fcmnlcs did not switch to any

other ornumcut us their cue rot' choice (Chapter Three), MOl'eOVI~l" by manipulating an

ornament thnt docs not UPpC(\l' to be related to choice (black mea), that change in

ornament mngnltude revealed a corresponding change in mule nuraetlvencss (Chapter

FOUL'), This constitutes u weak refutation Ill' the redundant signals hypothests in this

case, hm reinstntcs the possibility thut females scrutinise several cues slruultuneously

(sec "Composite traits 01' single preferences'?" below), but the effecrs of changes in iI

mules' visual contrast should he examined before this ~'11l1be clulmed ..
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Condition dependent signalling

M011er& Pomlunkowskl (1993 a) offered three alternative hypotheses for the

presence of multiple mule ornaments, drawing on the ability of ornaments to signal

male condition and thus male genetic quality: the "redundant signals", "multiple

messugcs" and "unrcllable signals" hypotheses. I have provided no direct evidence

regurdlng the ability of male ornaments to signal male condition, however there arc

severul lincs of inference that may be followed to gain u broad understanding of the

Importnnce of these three processes to the evolution of multlple malo ornamcors,

The only evidence Ihave presented with respect to the condition-dependence

of ornaments is the assessment of Iluctuuting asymmetry (Chaptel' One), The

significant positive correlation between ornament size and nsymrnctry for both black

and orange pigrncntatiou suggests that nclrher is condition dependent (according to

M011el'& Porninnkcwskl 1993 0), However, this line of reasoning must be viewed

with extreme scepticism because ornngc brightness. at least, is a condition-dependent

trnlt (Kodric-Brcwn 1989, Houde & Torio 19(2), and there is evidence that orange

area and pattern complexity lire slmllurly condlticn-dependcnt (Nlcoletto 19(3), in

other guppy populations, Amongst other ornaments lind displays. only body size

(Reynolds & Gl'OSS 19(2) and display rate (Nlcolletto 1(93), neither of which arc

rclutcd to mille uttractlvcness in this population, nrc known to reflect male quality. If

the ornaments nrc not condltlon-depcndcnt in their expression, they nrc unlikely to be

mulnmlned hy femnle choice f01'1t handicapping tt'uil (sensu Zuhnvi 1(75), unless

some cues IlI'C simply not presentl» signals of male quality. POI'example, in luborutory

stocks of guppies, curotcnolds arc expected to be ubundunt, ttltu .his may disrupt the
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artifact of laboretory conditions (J.A. Endler. pcrsoual commuuicntlon) us such

hierarchies have been observed in other guppy populations (Gorlick 1976. Kodric-

Brown 1992. 19(3). Therefore it is conceivable that sneak copulation and male

dominance are significant contributors to male fitness under conditions other than

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

FEMALE CHOICE AND MALE ORNAMENTATION

Female choice is the only potentially sexually selective phenomenon that significantly

influenced mule mating success in this study (Chapter Two). It is clem' thut tilt: erea of

orange colouratlon borne by n male is all Important cue 1'01' female choice (Chapters

One and Three), und an important determinant of male mating success (Chapter

Two), It is less obvious whether 01' not other male ornaments have evolved or arc

malntulncd by female choice,

By showlng thut black. which docs not normally correlate with female

response is important to female choice under manipulation. I show how apparently

non-preferred traits cun be present due to female choice (Chapter Four). One way in

which this can occur is Ior the non-preferred ornument to act as u signal amplifier for

anorhcc ornament or dlsplay (Hasson 1089, 1990. 1()91). Black (mclanln)

pigmentation npcars to net as nil umpllficr of orange (colourntlon) in this populutlon

(Chapter Five).

In order to unswer how till! ruultlple ornaments of mule guppies can evolve by

female choice it is necessary to examine my findings in the context of some of tlil'

more successful mod.ts Ior the evolution of female choice.



Conclusion

In this thesis, I have investigated several different aspects of female mate choice

behaviour and its importance to the evolution of male secondary sexual characters

and courtship behaviour, I have addressed two principle questions: "How important is

fcmule choice as an explanation for exaggcrntcd mule secondary sexual characters'}"

ami "How important are genetic Inhcrltauce und experience to the expression of

female muting preferences?" 1have attempted to answer these questions bearing in

mind that mille guppies have several exuggenucd ornaments, In this conclusion I will

attempt to review the possible explalnntions for why mule guppies have multiple

secondary sexual charnctcrs, highlighting the role of female choice,

NON·CHOICE EXPLANATIONS FOR MULTIPLE ORNAMENTS

Firstly, it is useful to first dlscuss the possibility that female choice is not responsible

for the evolution of some 01' nil male ornaments, us this should be the null hypothesis

fOl' the investigation,

Neither male dominuncc nor :,;!~(lkcopulatlon reiete signiflcul1tly to mille

muting success (Chnptc» Two), However, the caveats voiced in that chnpter need to be

reiterated before we can eliminate these sources of sexual selection from

conslderation. Most notably, male mating strategy changes with lighting conditions

which influneces the costs und benefits of the courtship-dlsplny stl'lliegy (Endler 19H7,

Reynolds at Ill. J (93), Also, the failure to observe dominance lucrutchles may be lin
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ornament, us only the most common ornament will be selected for, The apparent lack

(or extreme weakness) of mate copying in this population nllows Ihl' the possibility

that female choice is the agent selecting for the multiple ornaments of male guppies in

this population (sec Brooks & Caithness 1995 a, b, Brooks 1(96),

Since Fishel' (1930) it has been accepted that female preferences evolve (and

coevolve with mule ornnmcntatlon) genetically, It seems possible from recent models

(Lulund 1994, Kirkpatrick & Dugatkin, 19(4) that similar' results could be obtained

even if the female preferences WCI'C inherited in u strictly cultural fashlon, At this

point, the evidence points to a role fOl' both genetic inheritance and experience (see

also Brooks & Cuithness 1995 e) but not cultural determlnutlon, in shaping female

choice behuviour in this guppy populutlon,



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 fuvour the

hypothesis that copying is an important nid to females having trouble discrimlnating

between males on the basis of their ornnmcntntion (see Gibson & Hoglund 1992 for a

fuller treatment of this hypothesis and its nlternutives).

The above explanation is unsubsinntiated, however, 11'1 males in all treatments

including the copying treatment in replicates where females reversed their choice

decision were no more or less sirnllur to cue another tlHII1 in replicates where females

chose the snme male twice. Lil 'wise, the change in female behavlour was not

significantly correlnted with the difference in mule ornnmentution. These two types of

nnulysis wore used because they wore expected to reflect the "certainty" with which n

female chooses 1\ mule. If males do not differ a great denl in the cues that a femnle

uses for choice, nnd we know that the femules in this population lise lit least orange

(Brooks & Caithness 1995 n) lind black (Brooks & Caithness 1995 b, Brooks 19%), I

predicted there would be lurger changes in preference sco.es lind 1\ highet' incidence of

choice decision reversal than if the males nrc extremely different. This is because the

chances of receiver error and fuilure to dlscrlmlnntc effectively (Schluter &; Price

19(3) nrc higher if the males Oil offel' nrc similar than if they nrc very different, It

seems thut wlthln-Icrnale varlnblllty in mate choke bebuvlour cannot be explained by

receiver 01'1'01' 01' inablllty to effectively discriminate between mules.

Kirkpatrick and Dugutkin (19!J4) IIrgue that the nature of sexual selection if

copying is widespread will not fuvour the evolution or main tl~IHIl1Ceof more than one
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seen in this study. This prediction remains to be tested.

The time between choice triuls does not uppear to Influence the repeatability

or choice. The slightly (but not significantly) lower repeatability in the 30 minute and

l-day treatments than in the 2·day treatment may well he due to the reduced sample in

the form 01' treatments due to illness anti death of fishes. This lends credibility to

measures of repeatability in which the repeated measures arc separated by a relatively

short time interval, such as that obtained by Godin & Dugatkin (1995). However, the

time intervals used in this study arc ull rclutively short, und ccrtulnly several orders of

magnitude smaller than a female's reproductive Iifespnn, I suggest that repentiblllties

should be estimnted using longer Intervals hf' veen measures before finn conclusions

nrc drawn in this regard,

Ironically, whilst the copying treatment shows such low repeatability, thOL'O is

no direct support for nny claim that femules in this population copy the mute choice of

others. Fcmnk .., do not reverse tholr choice declslon when faced with a female that

chooses another mule, as shown by Dugatkln and Godin (1992, 1993) in a wild

Trinidndlan guppy populutlon. Similarly, although females in the copying treutmcnt

pay rclatlvely more attention to the male thar they lind observed with the "model"

female, this increase is no: significantly ILll'gcl' than the Increase in attention paid to

the "loser" of the first trial in other treatments. If copying does OCClIl', it is certainly

much weaker than independent mate choice, The predominance of indlvldunl mate

choice over copying (if it occurs) may be due to the fact that I did not match male

pail'S for similul'ity in size lind colouratlon ns was lhe ClISCin cxperlmcnts where

Icmales did copy one 1I110lhl.1l' (Dugutkln 1992, Dugutkin & Godin 1992, 1(93). If 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 particulnr

male truit may be herltuble, because it is unlikely that. even in the simplest mute

choice systems, one factor (the cue) alone is the only determinant of a female's

response to a male, The tcpeatnbllities obtained in this study are higher thnn the non-

significant values for preferences for " CI ic ornaments in flour beetles (r = 0.0,

Banke 1(89) and bam swallows (1'= 0.152-0.241, Banburn 1(92), but not as great as

those obtained in sticklebacks (I' = 0.65. Bakker J 9(3) and. interestingly, another

study of bum swallows (I' = 0.57. M011el' 1994 b). The repentuhility measures that I

obtained in this study are lower than till' repeatability of (QUUI'C river, Trinidad)

Iemm. guppies' preference for brighter males (0.577 :I: 0.1(7) reported hy Godin &

Dugntkin (1995), but not signtflcunny so (compared with tho 2-dny trial: Z::: 0.125, (1

;::2.32. 2·tuilcd p = 0.116) except for the copying tlcatment (Z;:: 0.259. a ;::2.32, 2·

tailed p ;::0.0 11). Therefore in this population, us in others. 1'01111110 choice behaviour

shows slgmflcun; rcpcntnblllty, u result necessary but not sufficient to claim that

additive genetic variation for female mate preferences is present in the population.

Repcutability of mate choice behuvlour is reduced when u female observes

another female connudicting her 11111techoicc decision. The negative effect on

l'cpeatibility that was seen in the copying treatment is not necessarily the same as the

effect expected in n wild sltuatiou, This is because, if females lnu population shure

similm' preferences, copying is more likely to corrohorutc u female's independent

decision thnn contrudlct it. 1 therefore predict that if there is copying und it has any

effect on repeutubillty in the wild. it increases repeatability ruther than decreasing it as
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Table 7.3. Correlations of the absolute value of the difference between males in each
potential cue 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.

1\.
(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 > 0.1 > 0.1 0.02

Orange area -0.424 -0.069 -0.054 -0.123
(30) (30) (19) (19)
0.01 > 0.1 > 0,1 > 0,1

Orangeness 0.172 0,095 -0,037 0.217
(34) (34) (28) (28)
> 0.1 > 0.1 > 0.1 > 0.1

Black area -0.083 0,210 0,000 0.269
(30) (30) (19) (19)
> 0.1 > 0,1 >0.1 >0,1

Whitc urea -0.322 -0.107 -0.022 0,211
(30) (30) (19) (19)
0,04 > 0,1 > 0.1 >0,1

Pattern complexity 0,301 -0.262 0.043 0.153
(30) (30) (19) (19)
0.05 > 0,05 > 0,1 >0,1

DISCUSSION

r have shown that not only do females prefer the same mule signlflcuntly more often

thun they reverse thcfr choice declslon, but thut the varlablllty between females in

their mating behaviour is signlflcnutly greater than the within female varlubility



Table 7.2. Results of Mann-Whitney U tests in which the absolute value of the
difference between mules 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 are significant after the sequential Bonferroni
adjustment.

U
Z(/dJ
1- tailed p

Body size

2" day Copying 30 minute 1 - day

75 85 47 36
(1.044) (0.31C) (1.415) (2.038)
> 0.1 :;::.0.1 >0.05 0.028

76 83 61 46
(1.001 ) (0.406) (0.623) (I.472)
>0.1 > 0.1 > 0.1 >0.05

100 104 84 79.5
(0.924) (0.497) (0.456) (0.684)
> 0.1 > 0.1 > 0.1 > 0.1

91 69 68 64
(0.348) (1.(4) (0.226) (0.453)
>0.1 >0.1 > 0.1 >0.1

97 85 55 59
(0.087) (0.316) (0.963) (0.736)
> 0.1 > 0.1 > 0.1 > 0.1

96 87 55 62
(0.131) (0.203) (0.963) (0.567)
>0.1 > 0.1 > 0.1 >0.1

Orange urea

Orangeness

Black men

White area

Pattern complexity
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!i'igurc 7.3. The proportion (of the total time a female spent near both moles) ~ime
that a female spent with the loser of the first trial of each treatment in the first (left
bar) and second (right bar) trials of that treatment. Differences are all significant (2-
day: paired-sample t = 1.893, dJ: = 39, l-tailed p = 0.033; copying: t = 4,076, d,/. =
39. p::.:: 0.000; 30-minute: t = 3,219. d"r. = 29. p = 0.002; l-day: f = 2,566. til = 29. p
= 0.008).

Males In trials where females reversed their choice decisions were neither

more nor less slmllar to one another than in trials when females remained consistent

in any of the potentia! cues measured (tuble 7.2), Similarly, the absolute value of the

change in female 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 fcmnles nrc more likely to lnvestigute the male she was "with" first than

(hoy are the other male is refuted as the focal female went first to the side where the

model female was only 16 times out of 40 (O"'/)= 1,J (ll. dJ:= I. p >0.1),
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least) the previous male they encountered, This is probably an udaptutlon to allow

females to mate with the best mules on offer regardless of the mean levels of

ornamentation in n population. There is only the most equivocal evidence that mate

copying has any effect on the outcome of female choice decillions (Chapter Seven),

despite robust experimental evidence for it in other populations (Dugatkln 1992.

Dugntkin & Godin 1992,1993). If copying docs occur ill this population. it is certainly

fat' weaker than independent choice, This gives me reason to doubt the i111\10rt1l110eof

cultural transmission to the spend of female preferences in this population.

There cnn be little doubt that female choice is (111 Important source of opigamlc

selection in this population, thereby selecting for at least some of the multiple

ornaments borne by mules. Ir uppenrs that females arc able to choose bused Oil

genetically inherited preferences that nrc modified by recent experience.
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The above three classes of explanation are not mutually exclusive, but Ihave

tried to contrust three very different selective phenomena, I predict that by viewing

multiple male ornaments us a single pattern, the way females and predators sec it, we

can break new gound in learning how male ornamentntion evolves, However, it is

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

INHERITANCE AND ONTOGENY OF' FEMALE PREFERENCES

The second major aim of this investigution was to learn about the inheritance and

ontogeny of female preferences, subjects which haw not been prlorltiscd sufficiently

until recently (Rosenqvist & Berglund 19(2),

The fnct that narve vigin females are able to respond to the orangencss of n

single male (Chapter Six) indicates that female preferences arc genetically

determined. and that experience can only modify preferences if it plays any role nt ull,

Slmllarly, the significant. and rclatlvely high 1'1pcatibihty of female mule choice

behavlour (Chapter Seven) suggests signlflonnt nddltlve genetic vuriution in fcmnlo

mating preferences, Only selection und cross-culturul experiments wlll reveal the true

extent to which female pre.' .rcnees ure heritable. but it uppeurs that the genetic

variation in preferences that is required for tllei,' btologicul evolution and coevolution

with male ornumcnts (I"ande 1981. Pornlnnkowskl 1988, Grafcn 19\)0 u.b) is present,

This study docs not, h()WeV(~I"address the question 01' the heritability of preferences

1'01' particular mule tmits,

Chapter Six also reveals u roll! 1'01' experience in "omnle choke, Females

uppeur to adjust their response to mules based on the degree of urnumentution of (nt
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"good-genes" models of sexual selection, Endler (1983, 19R7) suggests that secondary

male ornaments have evolved to exploit the female preference for an honest signal -

orangcness in the case of guppies. This implies thnt females assess male

ornamentation imperfectly. therefore permitlng cheating, as has been shown to be

theoretically plausible by Johnstone and Grafcu (1992, 19(3). Receiver errol' can have

two effects on the evolution of ornamentation: it can select for amplifiers as discussed

above, to reduce reciever error, 01' it can permit other ornaments to "hitchhike" on the

original signal, by stimulating the female in simllar ways. The amplifier option is

intuitively more likely to be stable and widespread us it benefits the female and the

fittest mules, and not just the least fit males (although fOl'll1111 modelling is necessary

to develop confidence in this assertion). Endler (1983) hints at a role for cheating; 11

maintaining strncturnl pigments, n possibility which can neither be refuted nor

corroborated by my work, If dishonest signals have evolved to exploit preferences for

honest advertisements of male quality, these signals nrc expected to be less prevalent

than the honest slgnul, In wild guppy populntlons (Endler 1983) lind tilis fern!

populauon (Chapter One) nil males bear orange spots, but fur fewer bear structural

pigments,

3) Pleiotropy between different ornumcnts in male guppies is n well studied

phenomenon (sec Bndler 1978), However, if non-preferred ornaments are present due

to pleiotropic expression with the ornament of choice, there should be u strong

correlarion in expression between the ornument of choice and the Iocul omamcnt

(FII\(;Ol1CI' 198 I), There uppcnrs to be no such correlation (Chapter One and

Appendix),
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be assessed by a female in making her choice decision. Endler (1987) describes u

tradeoff between sexual selection for contrast with the background gravel and

predation-mediated natural selection to cryptically mimic that gravel background.

Therefore contrast may be the important parameter When investigating the evolution

of the signal.

Composite measures of male patterns have recently proved to be V'':;l'Y

successful indices of male ornamentation, and are not only good predictors of male

nttractivcness (Nicolette 1993. Endler & Houde 1995). but lJf male vigour too

(Nicolette 1993). The significant relationship between pattern complexity and male

mating success in this population (C'iapter Two) indicates that there may be a real

female preference for males with more complex patterns. My caveat is that

complexity is (by definition) correlated with both orange and black colouratlon unci

ingenious tests are required to disentangle the effects of complexity and individual

ornnments.

Constructing composite nnit variables is a useful, but should not be the

exclusive. way to understand ihe importance of ornnmentutlon to female choice. The

evidence I presented in Chapter Five tim! black pigmentation functions to nmplify

ornnge us n signal is evidence that two independent traits cnn be the result of

preference for only one of them- orange. The manipulation did effect composite trait

measures such (IS complexity and contrast. but considered apart, and manipuluted

independently. these traits taught us a great denImore about how signals evolve than

they would have, had they been amalgamated into one composite measure,

2) Dishonest signalling is the traditional thorn in the side of advocates of
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and black have evolved by this route, I have shown convincingly that orange is the

object of preferences, and by showing a role for black under manipulation, probably

as an amplifier rather than a signal, I have demonstrated that other ornaments call

evolve by female choice despite an apparent lack of relationship between choice and

ornament size.

Composite traits or single preferences?

In Chapter One, I argue that, because only one cue consistently predicts male

uttractiveness, this does not favour explanatlons for multiple ornaments In which

several ornaments lire assessed simultaneously, These explanations include the

"multiple messages" and "unreliable signals" hypotheses, as well as the "overall

brightness" and "dishonest signals" hypotheses (Endler 1983, 1987), So far in this

discussion, I have treated male secondary sexual characters us distinct characters

under separate genetic and ontogenetic control and with distinct selection histories.

This assumes multiple femule preferences have been responsible Ior multiple mule

ornaments, a mini-paradigm taken to its logical endpoint by Tomlinson and O'Donald

(1989) in their model in which preferences and ornaments evolve in a "gene-for-a-

gene" fashion, However, there is u group of explanations which do not require

multiple preferences 1'01' multiple oruaments to evolve, It is possible thut a single

female preference CHII lent! to the evolution or what we classify as severnl mnle

characters. and it is almost certain that black and orange at least are favoured by one

female preference,

1) nl'ightlless~ cor.trast 04" cOll1plexity of the mules entire colour pattern may

)02



The Fisher process

Thecrctlcal biologists have made several positive strides toward understanding how

female preferences for multiple male criteria can evolve, Pomlankowski lind Iwasa

(1993) demonstrated that multiple preferences can evolve by Fisher's (1930) classical

self-reinforcing runaway process of sexucl selection if the costs of choosing

according to several criteria do not substantially exceed those associated with exerting

a single preference. Iwasa and Porniunkowski (1994) then showed that multiple

preferences for handicapping traits are theoretically implausible, but that it is quite

possible for one handicap preference to evolve in tandem with several, relatively

uncostly, Fisherinu preferences, The predictions of both of these theoretical studies

are consistent with the results of this lnvestigutton, It is difficult at the best of times to

dlscrirnlnate empirically between Plsheriun and "good-genes" models, unci I can build

no strong argument regarding the relative strengths of these two processes, However,

of the ornaments borne by mule guppies, the strongest case for 11 Siglll1l of mule

qunlity can be made for orange colouration (Kodric-Brown 1989, Houde & Torlo

1992, Nicolette 1993, but see RCYI10Ids et nl, 1993 who argue 1'01' body size), IF

orange is the single, strong "handicap" preference, it is quite possible that other

churncters are mulntulned by weak Flsherlnn preferences in the fashion suggested b~

Iwasa and Pomiankowskl (1994), However, till. preferences for them would have to

be so weak as not to have been detected in the VlU'lOlIS correlative chapters (one, two,

six und seven) of this thesis,

Although I um discusslng male ornur. ::nts us though they could till evolve due

in S011l1! part to Iemnle choice, I am not urgulng that any churr eters Oti'l'I' than orange
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of secondary sexual characters other than the correlations that Me due to allometry. If

apparently non-preferred characters nrc not sexually selected in some way, the extent to

which they arc 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 such a case, the

correlation between the two characters within individuals should be high (Falconer 1989).
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Appendix

Correlations between morphological variables

Body orange relative black relative yellow iridescence gonopodium
IlI'CCI urea ornnge black

orange 0.556
(59)
O.OO()'·

relatlve 0.139
orange (59)

n.s.

hluck 0.546 (J.333 (,.J42
(59) (59) (59)
0.000* (l.OO5 n.s,

rchulve 0.024 O.OO:t 0.038
blnck (59) (59) (59)

n.s, n.s. n.s,

yellow -0.154 ·0.300 ·0.271 0.167 0.237
(59) (59) (59) (59) (59)
n.s, n.s, I1.S. I1.S. n.s.

il'iucsc ·0,025 ·0,126 ·0.146 ·(J,147 ·0.168 ·(J,094
CIICC (59) (59) (59) (59) (59) (59)

n.s, n.s n.s. I1.S, n.s, n.s,

gOl1op 0,726 0,518 (),326 0.134 ·0,151 ·0.069 '0.304
odium l23) (23) (23) (23) (23) (23) (23)

0.000>1< 0,006 I\,S. I1.S, n.s. n.s, I\.S,

dorsnl 0,260 0,376 (),33 I 0.134 ·O,()(J'J 0.560 0,123 0.167
fin (41 ) (41) (41) (41) (41 ) (11 ) (41) (41)

(),OSO O.OOS o.o 17 n.s, I1.S. t1.S n.s, I1.S,

Pearson ,-
(n)
l-tui.ed P

ill P«).OS after sequential Bonferroni adjustment

This datu is referred to in Chapter I us weak evidence thut there is no pleitropic expression
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