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ABSTRACT

Traits correlated with male mating success are likely to be subject to sexual selection. Sexually
selected. characters are thought to be costly to develop and maintain. If males do not vary their
investment in sexual traits in relation to their ability to bear the costs, there should be a negative
relationship between male longevity or survival and the expression of sexual trails. In particular,
a negative relationship is predicted by pure Fisherian models for the evolution of sexual ornaments.
The same should also be true for traits that evolve via pleiotropy (e.g., due to sensory exploitation
or bias) with no subsequent evolution of condition dependent modification. We collected informa-
tion on the relationship between traits correlated with male mating rate and estimates of adult
male survivorship or life span. In total we obtained 122 samples from 69 studies of 40 species of - -
bird, spider, insect, and fish. In. a meta-analysis we calculated the average sample size weighted
correlation between trait expression and adult survival. Analyses at the level of samples, studies,
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and species revealed significant positive relatzonsths (r = 0.08, 0.10, angd 0.13, respectively;
“ .all P < 0.001). The unweighted corvelatién at the species level wast = 0.24. In general, males
with larger ornaments or weapons, greater body size, or higher rates of coun‘sth showed greater
survivorship or longevity. This finding is inconsistent with [mrershenan maodels or other models
that do not incorporate condition or qualzty dependent trait expression. It suggests that male
investment in sexually selected traits is not fixed but varies in relation-to the ability to pay the
underlying costs of expressing these characters. Hence, many secondary sexual characters are likely

to be condition dependent in their expression.

INTRODUCTION L

SEXUAL SELECTION on traits arjses when
certain phenotypic characters lead to dif-
ferences in reproductive success among indi-
viduals that compete for access to mates-and,
ultimately, gametes (Andersson 1994). Com-
parative evidence suggests that sexually se-
lected traits are costly to produce or maintain
(Clutton-Brock et al. 1985; Promislow 1992;

Promislow et al. 1992, 1994; but see Owens *
and Bennett 1994). There are at least three. .

explanations for variation among males in the
phenotypic expression of sexually selected
characters. First, there may be a direct trade-
off between sexual and natural selection (Sel-
ander 1965). For example, investing in traits
that increase mating success by influencing fe-
male choice may be exactly balanced by de-
creased survivorship and reduced male lon-
gevity. Male longevity may decline due to
greater attraction of predators and parasites
(e.g., Gray and Cade 1999; review: Zuk and
Kolluru 1998), or the high energetic costs of
sexual displays (e.g., Vehrencamp et al. 1989).
This attractiveness-mortality balance is exem-
plified by the line of equilibrium in models of
Fisherian runaway (Lande 1981), and it is an
example of antagonistic pleiotropy (e.g., Ber-
tran et al. 1998; Brooks 2000). For pure Fish-
erian traits that are-attractive for entirely arbi-
trary reasons, males with larger traits pay

greater costs and should live for shorter peri-

ods of time. ;

The second explanation for phenotypic varia-
tion among males that express sexually selected
traits may be that these traits are condition de-
pendent, with.males varying their investment
in relation to their ability to bear the costs of
producing or maintaining the trait .(Zahavi
1975, 1977; Andersson 1986; Iwasa and Pomi-
ankowski 1991). Variation in the ability to bear
costs may be purely environmental in origin,

or may reflect underlying differences in male-:
genetic quality. The convention is to speak of-

“.... “condition” as the factor that moderates the
costs 6f SIgnalmg A range of subsidiary mod-

els can then be invoked to explain the mainte-
nance of heritable variation in male condition
(review: Jennions and.Petrie 2000), Models
where males signal their * ‘genetic viability” as-
sume that, on average, males of higher quality
are more likely to be in better condition. In
handicap models in which quality is signaled,
the -marginal costs of an increase in invest-
ment at a given level of signaling must be
greater for Jower quality males (Grafen 1990).
Consequently, individual optimization of trait

" expression léads to higher quality males in-

vesting more heavilyin sexual traits (Figure 1).

Males with larger sexual traits need not pay
higher absolute costs because the expression
of these traits is correlated with their ability to
bear costs (van Noordwijk and de Jong 1986;
Zeh and Zeh 1988; Figure 1). Researchers often

“assume that there will be a positive relationship

between trait expression and male longevity
when the trait is an honest advertisement of
male quality (reviews: Price et al. 1993; John-
stone 1995; Hoglund and Sheldon 1998). This
is not necessarily the case; positive, negative, or
neutral relationships are all possible (Grafen
1990). Empirically, however, these relation-
ships are not equally plausible, as negative re-

- lationships-may require extreme life histories

(Kokko 1998). Several authors have argued that
a positive relationship is most likely to occur
when sexual traits are condition dependent
(¢.g., Zeh and Zeh 1988). o

_The third explanation for phendtypic varia-

) tion in sexually selected traits is that the bene-

fit of any single sexual trait may vary in relation
to- the expression of other sexually selected
traits, leading to-either positive or negative re-
lationships between these traits and therefore
generating among-male variation for any given

trait (e:g:; Reynolds 1993; Jennions and Back-

well 1998).. Mgller and Pomiankowski (1993)

-have argued that multiple sexual signals can
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The following graph is redrawn from Zeh and Zeh (1988). The terms A and !in-parentheses-designate
high and low quality individuals. The mating rate curve (M) isithe same regardless of quality. It depends
only on level of investmeriyt'i'n the sexually selected trait (T). The cost of the trait is expressed in terms of
survival (S): higher quality individuals pay a smaller absolute cost and show a smaller marginal decrease
in\su:r\}ivorshil‘)' for a given Qhﬁiige in trait investment. The fitness curves (F). for the two male types.are,
shown ‘and the optimal investment indicated by asterisks. At the optima, high quality males have larger
sexual traits (T () > T(D); as-well as higher survivorship (S() > $())), than low quality males. Details of
the equations for the'curves can be found in’ Zeh and Zeh (1988). Graphs that show life histories where

S(h). < S(J are’presented in Kokko (1998). - . g

provide multiple messages, be redundant to a
certain extent, or act as unreliable signals that
are no longer functional. If multiple signals are
condition dependent expressions of the same
underlying quality, then we should expect a
positive relationship between their variation.
Hence, this third explanation only applies
when there are multiple messages, unreliable
signals, and/or females have multiple prefer-
ences for sexual traits (¢.g., Brooks and-Could-
ridge 1999) . Apparent exceptions to this con-
clusioncould arise if data-are pooled when
female preference functions or the efficacies

of different signals vary temporally or spatially
(review: Jennions and Petrie 1997). Males iden-
tical' in- quality should. invest .disproportion-
ately in those signals with the greatest efficacy
in the contingent circumstances.

The debate as towhether asexually selected
trait is Fisherian, the pleiotropic efféct of sen-
sory biases or species recognition, or an hon-
est advertisement of male parental ability' or
geneticviability is rarely resolved. A recent meta-
analysis supports. the claim that sexual traits
indicate genetic variation in male viability be-
cause the offspring sired by males with more
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elaborate traits show increased viability (re-
view: Mgller and Alatalo 1999). The strength
of the effectis, however, small on an ecological
time scale, but not on an evolutionary time
scale. Few studies have been able to fully elimi-
nate the possibility that confounding environ-
mental variables or differential parental in-
vestment are responsible for the observed
positive relationship. There is also new evidence
that male traits may honestly signal parental
competence (e.g., Ostlund and Ahnesj 51998;
Rasa et al. 1998; review: Mgller and Thornhill
1998b). Fisherian and viability indicator mod-
els both suggest that sexual traits are costly,
and experimental manipulations of the mag-
nitude of sexual traits generally confirm that
greater expression is more costly (e.g., Ryan
1985; Mgller 1989a; Grether and Grey 1996;
Grether 1997; review: Zuk and Kolluru 1998).
The real distinction then is the direction of
the phenotypic relationship between trait ex-
pression and survival. Pure Fisherian models
of ornament evolution predict that the rela-
tionship is negative. If, on average, the rela-
tionship is not negative, then the argument

for the general importance of pure Fisherian.
runaway is greatly weakened. Conversely, if '

the average relationship is positive, this argues
that more viable males (be this due to genetic
or environmental variation) invest more in
sexual advertisement, but the reproductive re-
wards of greater investment do not-increase
sufficiently rapidly to create “overinvestment,”

nor do they show increased mortality of more,

viable males (e.g., Mgller and de Lope 1994).
This raises the question for theoreticians as to
why this should be the case (Grether 1997).
The answer may be found in the fact that lon-
gevity is generally the best predictor of lifetime
reproductive success. (Clutton-Brock 1988).
Mating rates of more attractive males may only
rarely be sufficiently high to compensate fora
shorter life span.

Several individual studles have reported
that sexually selected ornaments show a signif-
icant positive correlation with male longevity
(e.g., Grether 1997), while others have reported
a significant negative relationship (e.g., Macias
Garcia et al. 1994). Single studies cannot re-
solve the issue of general patterns in nature.
Here we use meta-analysis to-determine the
wider pattern. Meta-analysis is an increasingly
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popular way to resolve issues in ecological and
evolutionary studies (review: Arnqvistand Woos-
ter 1995). It provides a quantitative summary
of data from a range of sources and reduces
the biases that can emerge from simple vote-
counting procedures or purely descriptive ac-
counts of a field of study (Cooper and Hedges
1994). Vote counting may lead to erroneous
conclusions because rejection of the alterna-
tive hypothesis is generally considered to rep-
resent acceptance of the null hypothesis. This
is a very weak claim when studies have low sta-
tistical power, as is often the case in behavioral
fields (Cohen 1988; Murphy and Myors 1998).

DATA SETS
INCLUDED STUDIES

Our data set is based on: (i) a search of the
literature until January-1999 for information
on the relationship between traits associated
with male mating success and a measure of
adult survival; (ii) a questionnaire distributed
to behavioral ecologists who study sexual se-
lection; and (iii) email correspondence with

_numerous behavioral ecologists who study sex-

ual selection. Although we make no claims to
have included all relevant studies, we believe
that there was no bias in ‘our method of data
collection and that we made "reasonable at-
tempts to locate unpublished work.

For 99 of 122 samples, the male trait has been
shown to be significantly correlated with male

_mating success (P < 0.05), and/or has been

experimentally manipulated to show a direct

--effect on'mating success or attractiveness in at

least one study (Table 1). This.does not mean
that all the studies have found a significant
effect of the trait on mating success (e.g., spur
length in Phasianus colchinus, see Mateos and
Carranza 1996). We also ificluded 5 samples
that examined spur length in Meleagris gal-
lopavo’ or‘wattles:in’ P. colchicus; these are di-
morphic, secondary: ‘sexual characters’ that
have probably evolved via sexual selection,
even if there is currently weak selection ‘on
them. ‘Finally, we ‘included ‘measures of “at
tractiveness,” “mating rate” (e.g., matingsyyear
or courtship), and “reproductive rate” (e.g.,
offspring/year) as a substitute measure of trait
expression for 13 species (18 samples). Short-
term variation in-mating rate is likely to reflect
a difference in access to mates due to. sexual
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selection; chance events can also generate
variation in mating rates, however (Suther-
land 1986). We assumed that males with higher
mating or reproductive rates possessed traits
thatincreased their sexual attractiveness or ac-
cess to higher quality females, We excluded
one species of damselfly where the distribution
of daily mating rate did not differ from that
expected by chance (Fincke 1986, 1988). In five
of the 13 species, variation in mating rate has
been clearly documented to occur via fernale
choice or male-male competition {Phasianus
colchinus, Tetrao tetrix, Cervus elaphus, Mirounga
anguistora, Poecilia reticulata). In six species, bi-
ased adult sex-ratios (Anthus pratensis), the
presence of floater males but not females ( Mel-
ospiza melodia), a correlation between within-
nest paternity and male phenotype { Farus cae
ruleus), the repeatability of male mating success
across sites {Erythemis simplicicollis), a correla-
tion between male traits and fighting success
(Tetraopes tetraopthalmus), and a correlation
between male traits and daily mating rate
(Sympetrum danae) all suggest that sexual selec-
tion has a likely role in mating success. In two
species, Alcedo atthisand Passerina cyanea, there

is no direct evidence for sexual selection on

male traits; however, high levels of extra-pair
paternity in P. cyanea (Westneat 1990) are sug-
gestive of female choice. On average, within-
nest paternity in birds is positively related to
the size of the resident male’s secondary sex-
ual traits (Mgller and Ninni 1998). We tested
the ountcome of meta-analysis based on differ-
ent traits in an analysis of heterogeneity with
inclusion criteria as a moderator variable.
The estimates of adult survival rates varied
among studies. In some cases they were esti-
mates of reproductive life span or “days alive”
as an adult. In others, they were simply infor-
mation on whether or not an individual sur-
vived between two samples (e.g., to the next
breeding season) or was alive ai the end of the
study/experiment. A comparison of trait size
in live and dead males cannot be used to esti-
mate the intensity of selection on the trait, un-
less the sample sizes for the two classes repre-
sent the natural frequency of these discrete
fitness states (review: Blanckenhom etal. 1999).
Whenever possible we used estimates of sur-
vival that were corrected for variation in age
among individuals; uncorrected initial age
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could obscure the relationship between trait
expression and survival. In particular, because
trait expression and age are usually positively
correlated and females tend to prefer older
males (review: Kokko 1998), this might gener-
ate a spurious negative correlation between
trait expression/mating success and survival.
This should make our tests less likely to detect
a statistically significant positive relationship.

EXCLUDER §TUDIES

We did not include data on survival rates for
discrete alternative reproductive phenotypes
because we are interested in traits that are sub-
ject to directional sexual selection. Alternate
phenotypes may be maintained by frequency
dependent selection. In addition, despite the-
oretical interest in determining whether the
phenotypes have equal fitness, there is very lit-
tle data on adult mortality in these systems (re-
view: Gross 1996}, For example, Ryan et al.
{1992) noted the dearth of data on mortality
rates of different morphs of poeciliid fish;
they therefore estimated adult mortality as-
suming equal fitness of morphs to see whether
the mortality parameters obtained were bio-
logically plausible. It might be assumed that
males that pursue the subordinate tactic (e.g.,
satellites, sneakers) generally have lower mor-
tality, thereby generating a negative relation-
ship between expression of the “dominant”
sexual trait and survival. Several available stud-
ies suggest otherwise. For example, Clifton
and Robertson (1993) and Allen (1995) found
that male morphs less preferred by females
were equally likely to be depredated or parasit-
ized, while Zuk et al. (1995) found higher
rates of parasitism among noncalling crickets.
A separate meta-analysis of the difference in
longevity between altermate morphs may be
warranted once sufficient data are available.

We have also excluded some well-known ar-
tificial selection experiments because data on
individual mortality in relation to phenotype
are not presented. The mechanism of selec-
tion is therefore unclear. For example, guppy
(Poecilia reticulata) coloration evolves in re-
sponse to the presence of predators (review:
Houde 1997), but this is probably due to the
combined effects of differential male survival
and mating success. In general, artificial selec-
tion over several generations for larger or more
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TABLE 1
uidence that the traits we have used in the meta-analysis are sexually sefected

Species Character  Evidence Remarks Reference

Avrewelia i arundinocees Song L Correlaed with male extra-pair paternity 1

Agelainy plroenicens Size C Correlated with haremn size, dominance 2

Albvecier ecrtdhin Adtnnal MS - Mot related o body stz no strong 3

reproduction evidence for sexual selection
Anthuy prrutensis Aninal M5 Not all males mated, so opperiunitics for 4
reproduction femalechoice or male-male competition

Curpoducus mexicanus Plumage E Ficld munipulation ot color 3

O, mexicanus Plumage T Laboratory matechotce experiments with 6
naturally colored males

{1 Weeirities Bawly sive 1 Caorrelated with pairing/ reprodietive suceess 7

(. mexicanus Wing length C Correlated with pairing/reproductive success 7

Delichum wrlien My L Carrelated with seasonal reproductive success R

Fieedula alincolliy Color patch C Correlared with manng ovder 9

Fooalbieollis Color pateh CIAE Laboratony iate choice experiments where L
forehead patch size was manipulated

F. lpolica Plumuayee: or Laboraosy imatechoiee experiments with 11
naturatly cobored males

F. hypoteea Plumage CT/E  Laboratory matechoice experiments where 12
plumage was experimentally manipulated

o hypoteuen Plumage & Mating order L3

finthis dennestions Coanb size /spur T Laboratory mate-choice experiments on males 14

lerysth differing in comb size after avtificial selecton

Cowtesfuizen frertin Baowly sivee < Buoak preasures and wing size are correlaterd 15
with reproductive success

Hirundo rustica Tuil length E Numerous field siudies experimentally 16
mampulating il length

Mefeegris prdlofen Spur length ] No direor evidence -

Medosfrizae raelnin First year suceess M5 Floater nuades, but not fenalbes b7

Clenanthe leucura Stanc carnving C Caorrelated with reproductive success 13

Eurrus caverieles Paternity M5 Frauade Jess Bkely to engage in FPC: panernity 14
correlates with phenobpe®

F. major Song C Correlated with the number of voung fledged 20

Puasser deonesdivis Badyze sive C Correlated with paiving success 21

It dinestics Badge size | 99 Negatively corretawed with munber of off 22
spring fledged

Passering ryanea Suceesstul status MS+ LA G-17.9% of males accounted for 50% ol @3
Medalings

Havwe evistatus Train length E Field study with manipulation of train length 24

Foprisiodus Eve spols E Field stucly with manipulation of cve spet 24
number

P2 erindediies Exver sputs L Correlated with number of males 25

Phasinnns colchicus Marting success M5 Mating success is related to male morphology 26

. colchicus Weight C Caorrclated with number of offspring 27

P oeodrharis Wing lensth C Correlated with number of chicks and fermales 27

I eodrhirus Tail length o Correlated with number of females 27

Eoeofrhicus Spur length C Correlated with umber of chicks and fenmales 28

P codchicus Spur lengih C Corvelated with number of chicks and females 29

oo Spur length F Field suucly; spur lengih experimentally 2
manipulated

Forodediicns Watlle siae [}] Nir direer evidener -

P eedehives Warle color n No direct evidence -

Prifonarhiynchus violareus Bower quality < Correlated with mating success 30

Tefree tefrix Matiny suceess M5 Related wo dominance, Tack of il damage Al

cortired
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TABLE 1
Condinued
Species Character  Evidence Remarks Reference
T tetvix Mating success M5 FExperimentally damaging tall feathers 32
decreases peripheral males” mating success
Bolitotherus carnutus o siae [ Correlated with courtship/atendance and 33
copilation/ courtsship
Chiromunus pliemosus Body sia C Negutively correlated with mating success 34
Cornagrion puclla Rady size C Negativelv correlated with nuating success (life a5
SpRI correctedd
Lhosafreita meleunguaster Baody sive C Correlation of wing size with mating success Rid
{3, melanogaster Body size | Correlaed with mating stiecess a7
0. melamigaster By size G Correlaterd with mating success 35
Frythemnis simplivivollis Dhaily success MS Related to male competitive ability; male 39
sicress repeatable across sites {Lxperiment)
H. wigriesfs Bowly size (J Corrclated with mating suceess 40
Hetaering americana Wing spot E Field shddy; experimental manipulation of 41
wing spots
Fi. amerirana By size G Correlated with maning success 42
Hygrofseosa rulaofuscinte Mhumming G Correlated with maring success 45
FI rubwufascicrta Movement [ Correlated with mating success 44
Jetmeans evagoras Forewing lengih C Caorrelated with mating efficicncy 15
Neware vividuln Pronouim width C Correlated with mating success 44
Fanorp juponic Pheromone (FA) CT Tuboratory matechoice experdments; females 47

only had olfactory access o ouales: nales with
lowe FA were stromgly preferred

Plathemis bidin Agaression C Corrclated with matings hour 18

Svmpetrom danae Lraily mating rate G Ixiily rare is net due to chance; behavior and 49
size influence maring rate

Tretraopes tetraopthalmus Mating efficiency M5 Mating success is related 1o body size hecause 5l

farger males are better at displucing rivals:
there is no evidence for active female choice

Certnes elaprius Muting M8 Muating suceess related (o harem size, davs held 51
and matingshinddays i is comvelated winle figl-
ing sucvess, which is correlated with male size
Mironngn angustirostris Iseminations/year  MS  Relared to social rank, which is related to size 52
(arardinichtfs multiradiatus Body depth Cl Laboratony matechoics experiments on e
naturally differing males
Poecilia retivulata ALtractiveness CT Laborawory mate-cholce experiments on i

naturally differing males: atiractivencss is
strongly corcelated with male phenotype

References: 13 Hasselquist of b 1996, 21 Searey 19700, Eekert anel Wesnherhead 1987, Searcy and Yasukawa 1993 (Table 7.57.
3y Bunzel and Drike 1989, 49 ITadker 1984, & Hilb 1991 G LI P 7 Paulvaey anel Main 2000, 83 Breany 1988, 9]
Gustalsson o al, 1995, 100 Szewe et al. 1997, 11 Slagsvold and Drevon 1999 12} Seetre ot al. BEIL 13) Jarvi e al. 1987, t4}
von Sclmnte ot al, 19493 13) Price 19860 16) Maller 1994 (review). 17) Smith 1988, 18) Moreno et al, 199%4; Soler ecal. 1M,
19 Kempenaers ot al. 1997, 200 MeGregor ot ab 1981, 21) Maller 195306, 22) Grillith et al 19949, 25) Faynce 1089, 24) Petrie
and Halliday 1994, 253 Perrie et al. T Yasimin aned Yuhwa DEML 267 Grahm 1993 95 Winleell 1991, 28Y Wittzedl 1991
Goransson et al 1990, 29} von Schantzy of al. 19494 30) Borgia J9830 31} Aluealo oo al. 1981, 32) Hoglund e al. 1994, 883
Connor 1984, 81 Neems aial. 1990, 35) Banks and Thompsen 1985, 36) Wilkinson 1987, 370 Pavrmidge o1 al. 18987,b, 38)
Partridge and Favquar 14983 303 McVey 19885 00 Thorhill 1983, 41) Grether 1996, 19} Grether 199G, 453 kotiahe et al.
1006, 1098, 44) Kotwho et al, 198, 43) Flgar aned Pieree 1983, 48) MeLuin 1987 47) Thormbili 19%2b. 48) Roenig and Albon
1987, 403 Michiels and Dhaordt 1991, 500 McLain and Boramisa 1987 MeCaunley 1982, 5313 Claton-Brock ot al. 1983, Rose
19453 5%) Le Bowef il Redter 1988, 53) Garcia et al. 1994, 54) Brooks (persanal communication): Houde 1997,

Noter B — 1t experimentadly manipulsted, G = @it correlated with a measure of mating. repraductive suceess (£ 80.05); G —
mate choice tests showed that females preferred nuades with greater expression ol the traig; MS = mating/ reprodactive success
is related o a male wwil kel w have a causal effect; MS%— — no clew evidence o1 sexual selecion influencing mating/

reproductive success; D = soxually dimomphic rrait #Mellee and N (T95EE) Tonuned vhia ore atvetive males generally luse

liglier paternity in hinds,
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elaborate sexually selected traits tends to in-
crease juvenile rather than adult mortality (e.g:;
Partridge and Fowler 1993). A weakness of ar-
tificial selection studies is that they leave open
the question of the phenotypic relationship
between sexual trait expression and adult sur-
vival when the population approaches a new
equilibrium. Even so, we have included data

from one study where individual mortality was -
reported in lines subject to artificial selection

(von Schantz et al. 1995).
In compiling the data set we noticed that
traits that function as long-distance mate at-

tractants (usually acoustic or pheromone: sig- -

nals) are underrepresented. This is because
data that relate individual mortality to pherio-
type are rarely presented. Most authors only
show that artificially produced signals (e.g.,

acoustic playbacks or pheromone-baited traps). -
attract predators or parasites (review: Zuk and :

Kolluru 1998). These traits are assumed to show
astrong negative relationship between expres-
sion and survival, but data that test whether

more actively signaling males have greater para- ‘

site loads or die sooner are often lacking. (for
exceptions see Allen 1995; Kotiaho et al. 1999).
Common sense might suggest, for example,
that males that signal more often invariably
suffer higher predation if their calls attract
predators. This assumes, however, that males
do not modify their behavior in-a.compensa-
tory manner. In a recent study, Hedrick (2000):

showed that sexually attractive crickets with -

long calling bouts are much “shyer” and more

sensitive to the presence of predators. Thus
the relationship between call-bout duration.

and mortality is unclear. Data on actual male
mortality rates are required.

Some well-known studies that colleagues cited
as evidence that, for example, brighter colored
or larger males are more susceptible to preda-
tion, were unusable. This was because the com-
parison was between male and female survival
(e.g., Haas 1976; Anholt 1997), the authors

‘combined data from both sexes (e.g., Trexler
etal. 1992; Grant and Grant 1995), or.the evi-
dence came from predator attraction to dum-
mies or playbacks- (e.g., Ryan 1985). For Geo-
spiza fortis, selection on body size varies between
climatic extremes (Gibbs and Grant 1987). Un-
fortunately, most of the published data com-
bined the sexes. Even so, directional selection
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“for large body size appears to be stronger than

that for smaller body size (sample sizes are sim-
ilar; see Table 1 in Grantand Grant 1995). The
positive effect we reportfor G. fortisis based on
the available data. Finally, we excluded data
on the genetic correlation between sexual
trait expression and adult longevity or mortal-
ity (e.g., Hughes 1995; Brooks 2000). -

META-ANALYSIS

Meta-analysis involves calculating the mag-
nitude of a general effect of interest to provide
a quantitative summary of statistical tests from
different studies, as well as analyzing sources
of variation in effect size. Estimates of effect
size from different sources are combined, tak-
ing sample size into consideration, to yield a
welghted mean effect size. We calculated the
effect size as the Pearson product- -moment cor-
relation coefficient (r) between trait expres-
sion and a measure of survival rate. Effect sizes
were reported in the original publications in
a variety of forms (e.g., ¢, F, ¥4, and Pvalues).
When means and standard deviations were
available, we used the software package Meta-
Win (Rosenberg et al. 1997). to calculate the
effectsize estimate, Hedge’s d. All these effects
were then converted to r using the formulae
in Rosenthal (1994:237-240).

Effect size measures the strength of a rela-
tionship. An effect size of r = 0.10 is consid-
ered “small,” 0.30 “medium,” and 0.50 “large”
(Cohen 1988). In our calculations we first
transformed 7 to Z using Fisher’s transforma-
tion, Z= %In. [(1 + /(1 — 7] (Sokal and
Rohlf 1995). We then calculated the mean
weighted effect size at the saiple level by en-
tering the data as an “effect data file” in Meta-
Win. The variance in effect size (V) per analy-
sis unit is 1/(N; — 3), where N; = sample size
for analysis unit j. The inverse of the variance
is used as the: weighting factor, so that studies
where the effect size is known with higher cer-
tainty (lower variance) are gwen greater weight-
ing (Hedges 1994). In meta-analysis, fixed-effect
models assume that sa.mples within a class share
a common true-effect size, while mixed-effect
models assume that samples within a class have
acommon mean effect but that there is also ran-
dom variation in effect sizes within a class. Most
workers have used fixed-effect models, although
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mixed-elfect models are probably more ap-
propriate (Gurevitch und Hedges 1999). There
is, 48 yel, no consensus among evelutionary
biologists as to which model tvpe to use, so we
also use fixed-effect models. However, we also
repeated all analyses using random-¢ffect mod-
els and we preseut a brief suinmary of these
results us well. Briefly, the two model tvpes give
very similar results, but effect sizes were greater
and moderator variables less important in ran-
dom-ettect models.

Theweighted mean effectsizeis 72, =X W7,/
W, where Z,1s the Fisher's Ztranstormed ef-
fect sive (1) for analysis unit f, and W, = 1/¥, =
AN; — 3. Sampiles within studies and multiple
studies of a single species lack statistical inde-
pendence (Felsenstein 1985). We therefore
examined our results at three levels of analysis:
surnples, studies, and species. We computed
weighted mean elfect size at the study level
using a similar approach. For each study & we
calculated the weighted mean effect Z, using
the effect sizes and sample sizes for each sam-
ple within that study. We then calculated the
average sample size per study N, = NS S
where 8, is the number of samples for study &
The mean weighted cffect size across studies
was then 2W,7./ZW, where W, = N, — 3,
Mean weighted effect size at the species level
was carried out in an identical manner. The
output of the MelaWin package presents the
mean weighted effect size and 95% confi-
dence intervals. We then back-calculated and
expressed eflect sizes in terms of «. The stan-
dard error of the mean weighted effect size
was calculated directly from the confidencein-
tervals. We tested the null hypothesis that the
mean weighted effect size did not differ from
zero by caleulating the standard normal devi-
ate (mean/standard error):

Zseore = |mean Z}/[1/3(N, - $)1'*
{(Cooper and Hedges 1994:268).

To test the robustness of this result, we calcu-
lated the failsafe number of analysis units X
using the equation:

X = (ZZscore)?/3.842 — K

where Z-score, = the standard normal deviate
for each analysis unit = 7, (N, — 3)'"%

SEXUALLY SELECTED TRAITS AND ADULT SURVIVAL 11

The value 3.842 (=1.96") is based on a two-
tailed alpha value of 0.05. The failsafe num-
ber is an estimate of the number of unknown
cases needed to eliminate the overall signifi-
cance of the weighted mean effect size at the
indicated level of significance when the mean
etfect size of the unknown cases s zero.

Previous meta-unalyses have not clearly stated
how samples are grouped into studies. Inevita-
bly, seme subjectivity is required in this re-
gard. To ensure that readers can indepen-
dently replicate our results, we have explicitly
coded studies in Table 2. In general, each pub-
lished paper represents a single study. In some
cases, however, 4 single paper is treated as two
studies, This occurred when data was presented
for two or more study sites {c.g., Payne 1989),
or experiments were conducted in two differ-
ent habitaes {¢.g., Kotiaho et al. 1959). Sepa-
rate laboratory experiments were not treated as
independent studies {e.g., Partridge and Far-
quhar 1983), norwere data from the same popu-
lation in difterent years {e.g., Searcy 1979a).

HETEROGENEITY AND MODERATOR VARIABLES

A mcasure of the heterogeneity in effect
sizes among analysis units was calculated as ¢
defined by the equation:

Q= (N — 3)(Z; — mean Z}".

This has approximately a x* distribution with
K—1 degrees of freedom, where X = number
of analysis units. If there was significant overall
heterogeneity, we then tested for the role of
explanatory moderator variables that might
account for variation in effect sizc. We scored
samples with respect to:

a) whether the wrait was an ordinary trait, a
secondary sexual character, or a measure
of attractiveness/mating rate/reproduc-
tive rate (listed as “mating rate” traits in
Table 3). Secondary sexual traits were
then scored as being merphological or be-
haviaral characters. We made these com-
parisons because secondary sexual char-
acters may display a higher degree of
condition dependence than ordinary mor-
phelogical traits. If so, they should be as-
sociated with more positive eftect sizes.
If behavioral sccondary sexual characters
are more responsive to recent changes in
status or condition, they may also show a
larger effect size than morphalagical traits,
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Conversely, if early life experiences affect
both adult mortality and the ontogeny of
traits, then morphological traits may show
stronger effect sizes. -~ = - ‘

b) the mating system. We scored species as
socially monogamous, polygynous/terri-
torial, or lekking/active male searching.
Birds were scored following Gontard-Danek
and Mgller (1999), and other species fol-
lowing descriptions in the papersused to
calculate the effect size. We made these
comparisons on the assumption that ef-
fect size will vary in relation to the inten-
sity of sexual selection on a trait. Also, pre-
vious studies have shown that the mating
system influences reported effect sizes
(Gontard-Danek and Mgller 1999; Thorn-
hill et al. 1999). : ,

¢) the certainty with which the fate of indi-
viduals was known. We distinguished be-
tween studies where the individuals were
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TABLE 3

Summary statistics for the relationship between male traits and survival for different moderator variables
(a) Samples : ‘ .
Class Weighted _ 9%C 0, Failsafe  ry

Effect size (r) Lower Upper )
All samples 0.084 0.068 0.099 122 10.331%%k 780 4%k 5583 +  —0.294%**
Ordinary traits 0.079 a 0.051 0.107 43 5572k 229 Tk 438 + —0.02 ns
Secondary sexual traits 0.064 a 0.042 0.085 61  5.834%%% 4BFkkk 1125 + —0.382%*
“Mating rate” 0.182 b 0.138 0.225 18  8.014%** 75 2%k 349 + —0.545%
Behavioral sex traits 0.126 a 0.063 0.188 17  3.905%** 154 Hxsk 101 + —0.302 ns
Morphological sex traits 0.056 b 0.033 0.078 44  4.809%*%* 204 2%k 512 + —0.307*
Monogamous 0.109 a 0.081 0.137 36  7.590%%* 133 8%k 561 + —0.367*
Polygynous/ territorial 0.059 b 0.037 0.080 58 5.367**% 367.6%%* 923 + —0.135ns
Lekking/Active male search 0.130 a 0.086 0.174 - 28  5.748%%*k 266.3%** 364 + -—0.481*
Free-ranging 0.102 a 0.083 0.120 78 10.748%%k 28] 2%k 2614 + —0.353%*
Captive or telemetry 0.035 b 0.004 0.065 44 2215% 485 7%k 515 + —0.271 ns
Survivor/Nonsurvivor - 0.050 a 0.032 0.068 87 5.385%%k 487 gk 1070+ —0.239%
Life span/days alive 0.188 b 0.157 0.219 35 11.518%%* 238.2%%x 1688 + -—0.369*
Strongly Excluded 0244 a 0197 0288 18 10.063%%% 136.9%kx 544 + —0.579%
Included 0.064 b 0.047 0.081 99  7.382%k* 578 Tk 2324 + © —0.25%
Weakly Excluded ' 0.053 b —0.042 0.147 5 1.088ns 15.1%* 2 -
Birds 0.066 a 0.049 0.084 91  7.523%** 400.3%** 2020 + —0.23*
Insects/Spiders 0.206 b 0.163 0248 27  9.284%%k 328 Bk 784 + —0.471%
Mammals 0.430 0.166 0.637 2 3.085%* 1.8 ns 4 -
Fish —0.055 —0.169 0.060 2 —0.942 ns 3 ns 0 -
continued

free-ranging and studies where they were
captive or radiotelemetry was used. We
made this comparison because the latter
studies are more likely to determine the
actual fate of individuals. However, one

caveat is that laboratory. studies with

predators may overestimate the intensity
of predation (e.g.; Kotiaho et al. 1998 vs.
Kotiaho et al. 1999).

d) whether the estimate of survival was based

on a comparison between living and dead
individuals or an estimate of adult life
span/“days alive.” Different estimation
techniques may systematically under or

overestimate the true effect size.
e) the criteria for inclusion of the trait. We

scored traits as: (0) “excluded” because
the trait was only included on the basis of
sexual dimorphism or the trait was “mat-
ing rate” in a species with weaker evidence
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TABLE 3

Continued
(h) Studies
Class Weighted _.33%Cl_ n Q.  Failsafe .

Effect size {r} Lower Upper

All stuclies 01w 0081 0122 W WGEAFET B O Rt e S VI B
Ordinary waity 0.062 a ozs 002 22 ANEGEE R [EEE 5 =006 ns
Secendary sexual trails 0081 a 0.067 0121 34 By TTEEE JO) TREE 3206+ -0400%
"Mating rate” 0.190 b 0110 0239 13 TA8TEEE By 1R 21461 (LGT6#
Belavioral sex {raits ULt a 0Ly 2e2 15 RAIE S U A 109 +  —0.431 ns
Morphalogical sex traits RV 0431 1o 21 HUAFYERE (L e 138 + —0.217 ns
Monogamans 0L DATR LE 23 GB3IFEE O TEsE Ay 4 -0 A485HE
Polygynous/ rerritorial (L0074 0045 0h M ABGRREEE G R 14+ —0033 ns
Lekking A Active male search (L1404 004G (L194 200 G20 |27 T 298 4+ =186 ns
Free-ranging 0,104 « 0082 (127 32 9 121%#s 2] 4w 1278 & =405
Captive or telemetry {L082 3 0031 QL134 1T 3 119%E |52 4% 129 +  —0.500ns
BUVIVOE S NOIs o Q050 2 G35 0086 41 4 BTHFEE JON Rk 238 - 242 ns
Life span/days alive %l b BIBT 0204 28 gBTIEEE [0 e UHG - {1369 ns
Strongly Facluded .224 AR UL Y R 1] THRTFRE 0 gk LA+ —ih 1l us
Inchuclecl 084 b G2 007 54 TOAMREEE R E A 1067 + =034
Weakly Exclnded 0070 b =028 0I67 4 1.89% ns 125 B -
BRirds 0010 a 0057 0103 46 [§3:1H) R 25+ —0258 s
InscctssSpiders 213 b 0,165 0460 19 R.A479F#F HA+ - 050
Muammals 0.430 0.166 0636 2 BHRER 18 ns#ss 4 -
Fish —0.056 =0.170  0.080 2 0.9 ns 3 ng¥E= 0 -

that this varies due 10 sexual selection;
(1} always “included” because the wait
was significantly correlated with "mating
rate”; (2) "weukly excluded” because the
trait was “mating rate,” but there is well-
documented evidence for sirong sexual
selection in the study species, We made
this comparison hecause the criteria for
inclusion may influcnce the effect size
{(Englund et al. 1999). Funhennore, “mat-
ing raie” may be a beuer predictor of the
attractiveness,/ dominance of a male than
u single, sexually sclected rait if sexual
selecrion acls on several waits and/or
most variation in mating rate is due to
scxual sclection.

the taxa of the study animal. We scored
this as bird, maminal, fish, and inscct/
spider. We made this comparison becanse
previous studics have shown that che tax-

ennibiiterd

cnomic stalus can sometimes cxplain
variation in ellect size {c.g., Thornhill et
al. 1999).

Focused contrast tests to detect the source
of heterogeneity were not generally required
{Rosenthal 1991) because there were only two
groups per analysis of variance. The output of
MetaWin presents  for both within and be-
tween-group heterogeneity (Rosenberg et al.
1997). The associated level of significance of
(Jy is thus the probability that the difference
I mean cltect size between two groups oc-
curred by chance. When there were three
groups we tollowed the contrast methods of
Cooper and Hedges (1994:292-293), using
the Bonferreni correction procedure. We cal-
culated the x” vaiue for the contrast, which was
then compared to the critical value a1 the 98.3
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TABLE 3

Continued

{c) Specics

&
Class Weighted ﬂ N x . Fail-safe Fivias
Effect size (r) Lower Upper

All species 0,125 0048 0152 40 R B | [y + =05
Ovdinary traies h1vY g Uolna 257 10 FUTOHEE R e 93+ =48] s
Secondury sexual trails 0078 b na42 0114 18 B PR e a7 =017 ns
"Mating rate” (1199 o G.14G (1250 12 TETQERE O RT Phes 194 +  —0.6249%
Behavioml sex traits 319 a 0.21% 414 7 SAUREEE 15 3% 3% + 0.036 ns
Morphoelogieal sex traits 00531 b 0415 {rOsy 11 26064 285%* 0 0191 ns
Monogameons 0141 a 0086 0195 12 4.001%= 143 ns 1) =~ 16 s
Polvpynous/ territorial 0,099 a 0061 013G 15 DORREEE ) gees 156 +  —0431 ns
Lekking /Actve male scurch 0168 a 0112 0292 15 HRZHFEE PRk 16+ =031 ns
Freeranging 0135 a .15 116G 24 HoaRGHEE 106 GEeE 6o+ —h]*E
Captine or telemenry LOEH o g o046 0 L1 2029 1NR) 70t -0.127 ns
Suvivor/ Nonsurvivor 0058 a s oo 17 2601 %* 40, 7%= 31 —(0.137 ns
Life span/days alive 0108 b 151 0203 23 QoAldms 15] T THE + —0.475*
Strongly Excluded 0244 a QU183 0B 9 T.Ge2ERE 36 GRS 118+ —0.067 ns
Included (L1} b oss 0142 27 B AR g 408 — =285 ns
Weakly Exclueded LAY B =028 0167 4 1.509% ns 3.5 i -
Birds 0001 a oonk fo2s o B FOANPEEE L 2 -~ 0260 s
Frseois/Spiders 02553 b 0 0807 14 R E SR D I 552 - 0402 ns
Maonmals (1430 0166 0.636 3 F0RG L& ns 4 -
Fish —{LOAG =050 0.060 2 0042 ns 3 ns { -

e i e

percentage point of the chisquare distribu-
tion {df = 1) because a total of three pairwise
contrasts are possible when there are three
groups (0.983 = 1 — 0.05/3). There were only
two species of fish and mammal respectively.
We therefore limited pairwise comparisons for
taxa to that between birds and insects/spiders,
In a few cases, the scores for a moderator vari-
able differed for samples within a sindy (4 cases)
or studies within a species (3 cases). When we
moved to a higher level of analysis, the study
arspecies effect size for the variable of interest

was only caleulated from lower level units ol

analysis with the same score for that variable,
We used the variable with the largest number
of samples, largest sample size, or least well
represented at the next level of analysis.
Different moderator variables may be corre-

lated with cach other, and this could obscure
wrends in the data. We therclore used two-way
ANOVA models, following the procedure
given by Hedges (1994:293-295). Briefly, we
ran weighted ANOVAs in Systat 8.0, with ellect
size as the dependent variable, The weight was
the reciprocal of the sampling variance. The
weighted sum of squares for each factor and
the interaction equals the (statistics for each
moderator variable and the interaction. Om-
nibus tests (using the () statistics) were then
carried out to see whether the moderator vari-
ables were significant and whether they inter-
acted. Each model contained the factor taxa
(bird and insect/spider) and one of five mod-
erator variables. We excluded data from mam-
mals and fish because there were oo few cases
to examine interaction terms. For mating sys-
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TABLE 3

{nntinied
{d}) Other

[
Class Weighted 95% CI N z Q. Fail-safe Fiins
Effect size () Lower Upper

Unpullished samples 00349 o —inine: o 1 b3 LETU s L2 prEr [ -5 7
Published samples LI8T a 07T (10 108 TOU8EFRE i |k 4358 +  —).2h5
Unpublished studies — 032 4 —NN3R  (1.023 g =L I35 ns ARt 1] = 0429 ny
Published studies [tARERT 0006 4140 61 10L0RYE B3 [+t 2958 +  —0.399%
Unweighted Fiteoy sizes
All species {1237 0187 {257 4 B gqyphes - - —0.349%
Included + Weakly Excluded (LU o 0,164 {)287 31 (3. 05 - - —L3654*
Inchicled only (L2130 nl44 D279 27 U3t - -

— (12348 ns

Note: "Mating rate” inchides measures of altractivencess, mating rate, and reproduction rate. The effect size is Pearson’s
correlation r, with upper and lower limits o the 85% Confidenee Tntenals (C), For effect sives, values with ditterent
subscripts for a given maderator variable have a pairwise ditferencee winh £ <0 005 (Boolvronnd correcied), & is the
nuniher of analysis nnis. zis the standard normal deviate for the mean eftect size, 4, is the withinclass heterogencity
in cfteet sizes, The failsate number is the number of hypothetical null results needed to reduced the mean effect
size Lo A value not significantly greater than zero, A ™ 7 indicates a robust Laibsafe number, being greates than 3N— 10
(Rosenthal 19917 #,, s the Speanmags correlation between sunple sive aned elfect sive per analvsis anit, 2 < (105,

R (LM, FEERR D Q0] ns = nonsigoifican,

tem type and exclusion/inclusion type we re-
duced the numbher of levels per factor from
three o two so that both levels were repre-
sented in both taxa. To do this we removed
datz on monogaimous species (none coded for
insecis/spiders) and traits that were “weakly
excluded” (none coded for insects/spiders).
We carried out weighted two-way ANOVASs at
the study and species levels of analysis.

We compared effect sizes between this anal-
vsis and that of Maller and Alatalo (1999). We
were able to pair elfect sizes [or seven species
and therefore calculate the diflerence in effect
size (Cohen’s g3, which is defined us 7, — 7,
This has an estimated variance of 1/(N, — 3) +
L/(N: — 3} {Roscnthal 1994). The weighting
factor is the inverse ol the vartance. We then
calculated the weighted mean Cohen's ¢ and
tested the null hypothesis thatit did not differ
significantly from zero by calculating the stan-
dard normal deviate.

PURBLIUATION BIAS

We tested tor a publication bius following
standard protocols. First, we examined a plot
of sample size versus effect size. If there is no

publication bias, this graph is funnel-shaperl
and centered on the weighted mean effect size
with reduced variance in the estimate as sam-
ple size increases (Light and Pillemer 1984,
Begg 1994). We used variance ratio f“tests to
determine whether there was lower variance
in effect size estimates for samples above the
median sample size. Second, we tested whether
departures from normality of the effect size
distribution depended on sample size by
conducting one-sample Kolmogorov-Smirnov
(K-8} 1ests for normality (Lillicfors test) on
overlapping groups of 20 samples {c.g., 1-20,
11-30, 21-41}; see Palmer 1999). Third, we
tested whether the overall distribution of ef-
fect sizes uround the mean value was symmet-
rical (i.e., normally distributed).

We calculated the Spearman’s r, correlation
between effect size and sample size to determine
whether studies with smaller sample sizes pro-
duced eitheramore positive or negative effect
size than studies wich larger sample sizes. This
is the so-called r,, of Palmer (1999). Meta-
analysts do not recommend the promotion of
the term 7., (Gurevitch and Hedges 1999), in
part because of the confounding role of mod-
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crator variables {e.g., Thomhill et al. 19949).
Fienso, due tostrong claims by Palmer (1999)
that differences in sample sizes can systemati-
cally hias comparisons between classes of of-
fect sizes, we caleulated ., for cach subset of
moderator vaniables, When there was asignifi-
cant effect of a moderator variable, we com-
pared n,, between classes using Z, = (£, — Z3)/
[1.06/(N, — 3) + 1.06/(Ny — 3)]"*—which 1s
distributed as ¢ for so df (Zar 1984). This tests
whether reported differences in eftect size be-
tween groups are due Lo diflerences in sample
sizes combined with significant »,,. (Palmer
1999). We also examined the significance of
the covariate “sample size” in an ANCOVA
where moderator variables were included as
fixed factors and cffect size was the dependent
variable, There was no slope heterogeneity
(all P> 0.15) and interactions between sam-
ple size and factors were removed from the
[inal model (Systet 8.0 1998). We did not in-
clude interacudons bhetween factors in the
model as there were 1oo many interactions
represenied by only one or two cases. We ex-
cluded data on mammals and fish as there
were only two samples per taxon.

We tested whether there was o correlation
between vear of publication and effect size
{unpublished studics were treated as 2000
publications). We compared mean weighted
etfect sives and 7, between published and un-
published studies.

In general, our statistical procedures follow
the standard procedures oullined in Hedges
and Olkin (1985) and Cooper and Hedges
(1994) {e.g., Maller and Thornhill 1998a; Palmer
199, Unless otherwise stated, all statistical
tests are two-talled with alpha set at 0.05,

Rescis
SAMPLES AS UNITS OF ANALYSIS

Meuasures of the relationship between sur-
vival and the expression of a trait positively
correlated with male mating success were col-
lected from 69 studies of 40 species for a total
of 122 samples (Table 2). Of these relation-
ships, 29 were negative and 93 were positive.
The weighted average eflect size was » = (.08
(95% confidence interval: 0.07-0.10), which
is significantly greater than zero (z = 10.31,
£ < 0.00001). The mean effect sirve did not
differ significantly between ordinary and sec-
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ondary sexual traits, but it was significanily
greater for “mating rate” (Qy = 22.5, df = 2,
P<C0.001). It was also significantly greater for
behavioral than morphological secondary sex-
wal wraits (Qy = 1.27, df = 1, P = 0.04). The
eftect size was signilicantly larger for samples
that involved free-ranging males than those
with captive or radiotelemetry marked males
(Qy= 1349, df = |, P<<0.001). Tt was larger
when the estimate was based on life span
rather than a comparison of live and dead in-
dividuals (@ = 54.79, df = |, P<<0.001}, and
tor “strongly excluded” than “included” or
“weakly excluded” traits (Qy = 19.70, df = 2,
P <2 0.001). The mean etlect size was signifi-
cantly greater for insects/spiders than it was
forbirds (Qp = 34.83, df= 1, P< 0.001). There
was also a significant difference in weighted
effect size among the three groups classified
on the basis of mating wpe (= 12.73, df = 2,
P = 0.002). Monogamous and lekking/active
male search svstems did net differ signifi-
cantly, but both had significantly larger effect
sizes than those for polygynous systems (both
P <2 0.00). Effect sizes and associated statistics
are summarized in Table 3a.

STUDIES AS UNLLS OF ANALYSIS

The effect size was positive for 35 of the 69
studies. The weighted average cffect size was
r=0.10 {45% confidence interval: 0.08-0.12),
which is significantly greater than zero (2 =
9.68, P < 0.00001). The mean effect size did
not differ signilicantly between ordinary and
secondary sexual traits, but it was significantly
greater for “mating rate” (Qy = 16.07, df = 2,
P < 0.001). It was also signilicantly greater for
behavioral than morphological secondary sex-
ual traits {Qy = 7.25, df = 1, P= (.007). There
wus no difference in the eflect size [or studies
that involved free-ranging males compared to
those with captive or radiotelemetry marked
males (G, = .59, df= 1, P= (1.44). The eltect
size was significantly larger for studies where
the estimate was based on life span rather than
a comparison of live and dead individuals
((h= 2608, df= 1, P<2(LO01}, and for “strongly
excluded” compared 1o “included” or “weakly
cxcluded” studies {(F; = 20,92, df = 2, P <
0.001). The mean effect size was significantly
greater {or insccts /spiders than it was for birds
(Qy = 23.31, df = 1, P < 0.001). There was a
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significant difference in weighted effect size
among mating system types ((z = 6.26, df =
2, P = 0.043), but none of the pairwise com-
parisons were significant. Effect sizes and asso-
ciated statistics are summarized in Table 3b.

Weighted two-way ANOVA on effect size in-
dicated that there were significant interac-
tions between taxa and mating system (Q =
16.53, df = 1, P < 0.001), taxa and survival
estimate type (@ = 6.10, df = 1, P = 0.014),
and taxa and monitoring technique (Q = 4.51,
df= 1, P= 0.034). Thus the individual effects
of these factors could not be examined. There
was no significant interaction between taxa
and trait type or exclusion category. Taxa was
asignificant moderator variable when control-
ling for trait type (Q = 16.24, df= 1, P<2 0.001)
and exclusion category {Q=13.60,df=1, P<<
0.001). Controlling for taxa, trait type (Q =
14.18, df = 2, P < 0.001) and exclusion cate-
gory (Q = 11.37, df = 1, P < 0.001) also had
significant effects.

SPECIES AS UNITS OF ANALYSIS

At the species level the weighted average ef-
fectsize was r= 0.13 (95% confidence interval:
0.10-0.15), which is significantly greater than
zero {z = 8.94, P << 0.00001). The mean effect
size was significantly smaller for secondary sex-
ual traits than for ordinary traits or “mating
rate” (Qy = 15.85, df =2, P<<0.001). The latter
did not differ significantly from each other.
It was also significantly greater for behavioral
than morphological secondary sexual traits
(Qp = 2051, df = 1, P < 0.001). There was no
difference in the effect size for species with
free-ranging males compared to those with
captive or radiotelemetry marked males ( Oy =
1.99, df = 1, P = 0.15). The effect size was
significantly larger for species where the esti-
mate was based on life span rather than a com-
parison of live and dead individuals (Qy =
15.32, df = 1, P < 0.001), and for “strongly
excluded” species compared to “included” or
“weakly excluded” species ((; = 18.08, df = 2,
P < 0.001). The mean effect size was signifi-
cantly greater for insects/spiders than it was
forbirds (Qz = 25.65, df= 1, P<00.001). There
was no significant difference in weighted ef-
fect size among mating system types ((p =
4.46, df = 2, P = 0.15). However, when we
looked only at birds, effect size differed be-
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tween mating system types (Qp = 13.70, df =
2, P=0.001). It was significanty lower for po-
lygynous species {r = 0.05) than for socially
monogamous {r = 0.14) or lekking species
(r = 0.28; both pairwise comparisons, P <
0.05). The latter did not differ from each
other. Effect sizes and associated statistics are
summarized in Table 3c.

Weighted two-way ANOVA on effect size in-
dicated that there was a significant interaction
between taxa and mating system (Q = 11.36,
df = 1, P < 0.001} and taxa and monitoring
technique {@= 28.80, df= 1, P<<0.001). Thus
the individual effects of these factors could not
be examined. There was no significant inter-
action between taxa and trait type, survival es-
timate type, or exclusion category. Taxawas a
significant moderator variable when control-
ling for trait type (Q = 10.28, df = 1, P <
0.001), survival estimate type (Q = 16.17, df =
1, P << (.001), and exclusion category (Q =
6.09, df = 1, P = 0.014). Gontrolling for taxa,
only exclusion category (@ = 6.09,df= 1, P=
0.014) had a significant effect (trait type: @ =
4.62, df = 2, P = 0.10; survival estimate type:
G = 049, df = 1, P> 0.50}. Considering the
results of the weighted two-way ANOVAs at the
study and species level, it therefore appears
that most of the variation in effect size is deter-
mined by whether the animal is a bird or an
insect/spider, rather than monitoring or sur-
vival estiination techniques, mating system, or
trait type. Inclusion criteria may, however,
have some influence on effect size,

ALTERNATIVE APPROACHES! MIXED-EFFECT
MODELS AND UNWEIGHTED EFFECT SIZES

When mixed-effect models were used, the
estimate of the weighted mean effect size was
larger. It varied slightly depending on the
moderator variable. The mean weighted ef-
fects at the sample, study, and species level
were 7= 0.15, 0.16, and 0.21 (z = 6.75, 5.67,
and 5.31; all P< 0.0001). When examined at
the species level, there was significant be-
tween-group heterogeneity for the moderator
variables: morphological versus behavioral
secondary sexual traits (@ = 11.28,df= 1, P<
0.001), survival estimate type (Qp = 7.17, df =
1, P = 0.007), and taxon (bird versus insect/
spider; O = 6.83, df = 1, P = 0.009). There
was no significant heterogeneity for trait type
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(= 0.31, df = 2, P = (.31}, mating system
type (5= 1.07, df= 2, P= (.39}, monitoring
method (Qp; =021, df = 1, 2= 0.63), or exclu-
ston/inclusion wvpe (G = 0.64, of = 2, P =
0.73). These findings broadly agree with those
trom the fixed-effect models. The only excep-
tions being that trait tyvpe and exclusion/in-
clusion type were significant modcerator vari-
ahles in fixed-effect models {Table 3¢).

AL present there is no method to perform
mela-analysis in a phyvlogenetic framework.
Some readers may be concemed that specics
with larger sample sizes, such as collared flyv-
caichers (F. albicollis), contribute dispropor-
tionately to the weighted mean effect size.
Fuch species can be given equal importance
by simply calculating the average effect size
without weighting for sample size per species.
The unweighted average eflect size s r = (.24
(95% confidence interval; 0.19-0.29), which
is significantly greater than zero (z = 8.95, P<C
0.0001). If only species eflect sizes based on
“included” traits are used, the mean effect is
r=10.21 (35% conflidcnce interval: 0.14-0.28),
which is stll significantly greater than zero
{z = 596, << 0.0001; Table 3d). The effect
size was positive for 33 of the 40 species (Bino-
mial test, <2 0.001) and 21 of 27 species using
only the “included” trait criteria {(Binomial
test, £ <7 0.01). Thus, ever: with the highly sta-
tistically conservative approach of simply not-
ing whether the mean relationship per species
is positive or negative, there is still astatistically
signilicant trend for a positive relationship be-
mween trait expression and survivorship.

MALF. TRAIT-OTFSPRING VIABILITY VLERSUS
MALE TRATT-0WN VIABILLLY

Mpller and Alatulo (1949) reported that the
weighted average effect size for the relation-
ship betwveen the expression of preferred male
traits and offspring viability was r= (.128. The
unwcighted average etfect size was r = (.218,
These values are very similar to those reported
in the present study (r = (1125 and 0.237, re-
spectively). Maller and Alatalo {1994 included
seven species used in the presentanalysis. This
allows us to test for differences in effect size
using a paired approach. The difference (Co-
hen's g} was calculated as the effect size for
male trait-offspring survival minus the effect
size for male trait-own survival. Mean weighted
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gwas = 0.022 (CI 95%: —0.040-0.022), which
does not dilfer from zero (z = (.61, P=(0.27).
Giving equal weighting to each species {l.e.,
no weighting for sample size), the average ef:
fect sizes was ¢ = 0.161 (CI 95%: 0.0070-
(1.315), which issignificantly greater than zero
{z= 2.04, P= (0L02). Thus the trend was for a
greater eflect size in the relationship between
male trait and offspring viability than for the
relationship between male trait size and his
own adult viakility. In five species the male
trait-offspring viability cffect size was greater,
and in one case it was identical. There was also
a strong trend towards a significant correla-
tion between the two effect sives (r, = 0.7h, I'=
(.075}, but the sample size is small and more
data are need {N = 7 species),

PUBLICATION BIAS

There was no correlation beoween vear of
publication and effect size (= —0.011, N =
122 samples, 2> 0.50; r, = —0.135, & = 69
studies, > 0,207, This was true when birds
and insects/spiders were analyzed separately
at the study level (birds: » = —0.06, N = 46;
inseets: . = —0.123, N = 19). At the sample
level, the mean weighted eflect size did not
difter sighificantly between unpublished (r =
(0.049) and published samples (r = 0.087)
(=199, df =1, P= 0.158; N = 109 pub»
lished, 13 unpublished; Tahle 3d). At the study
level of analysis, however, there was a differ-
ence in the mean weighted effect size for un-
published (r = —0.03) and published studies
(r=10.118) (= 2438, df= 1, P<0.000]; N=
61 published, 8 unpublished; Table 3d}, In a
mixed-eftect model, however, the difference is
farlesssignilicant { Gy = 4.41, df= 1, P=(1.04).

The risk that publication or retrieval bias
alters the conclusions from meta-analyses is
perhups best measured by calculating the fail-
sate munber, Rosenthal (1991) suggested that
a failsafe number five times larger than the
sample size plus 10 indicates a robust result.
Table 3 {a—d) shows that the failsafe number
is almost always robust. In particular, at the
species level of analysis and using the most
conservative trait inclusion criteria, the f{ail-
safe number s 408 against a current sample
of 27 specices.

Inspection of the plots of sample sizes against
elfect sizes for samples, studies, and species all
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suggest i funnelshaped relationship (Figure 2).
The variance in cifect size for samples with a
sample size below the median was significanuy
larger than the variance for samples with a
sample size above the median (Variance ratio
test: F = 3.24, df = 60, 60, P << 0.001). The
sane was true when analyred at the level of
studies (F= 3.67, df = 34, 33, P << 0.001) and
at the level of species (F = 6.06, df = 19,19, <
G001, There was also no evidence that the
effect size was less normally distributed at
smaller sample sizes (Figure 3).

Overall, the distribudon ol effect sizes was
skewed towards more positive values, The dis-
wibution differed from normality al the sam-
ple and study level, but notat the species level
{ Kolomogarov-Smirnoy tests, Lilliefors; D, =
0.145, 0.124, and 0.136; P << 0.001, P = 0.01,
and P = 0.06). This skew was due to a consis-
tent trend for the relationship between sam-
ple size and effect size (n,,.) to show a negative
relationship (Tahle 3a—d}. This does not ap-
pear to be a consequence of combining eflect
sizes from studics collected from different
taxa or using different criteria because r,, is
negative invespective of the subgroup exam-
ined. We carried out an ANCOVA with trait
type, survival estimate type, mounilering tpe,
mating system, taxon (hird or insect/spider},
and exclusion type as factors and sample size
as the covariate, There was a significant rela-
tionship between sample size and effectsize at
both the sample (F= 7.025, df = 1,107, P =
0.004) and swady level of analysis (F = 5.908,
4f= L, 54, P = 0.018). The relationship was
iarginally significant at the species level {(#=
4.01, df = 1, 25, P=0.056). Thesc data there-
[ore indicate that studies with smaller sample
sizes are move likely o report a positive cf-
fect sive.

Differences in ciffect size hetween groups
were not related to differences in »,, {cf. Palmer
1999). The only contrasis for which the difter-

Froure 2. SAMPLE S17¥ AN ExvecT Si4k.
The relationship bewween sample size (V) and
effect size (A for: (a) samples, (b) studies, and (c)
species. The lower horizontal line is for a mean el-
feet of zero. The upper line is for the nhserved
weightled mean eflect size.
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Ficure 3.

NORMALITY AND SAMPLE S12L,

Depariures from normality as a luncuon of sample size for the 122 sanples. 0,15 from a Kolomogorov
[ 3 ] 1ol g

Smirnoy test where A= 20,

ence in r,, approached significance were be-
tween “mating rate” as 4 traitand ordinary or
secondary sexual Lraits at the sarople and study
level (hoth 2 = 1.89, P = 0.06). There was no
difference in », for any other contrasts be-
tween groupswith significantly different effect
sizes (all P> 0.12), Ttis also worth noting that
i did not differ between published and un-

published work al the study or sample level of

analvsis. In lact the trend was 1owards more
negative 7., lor unpublished work (samples:
i = — 0657, studies: 1, = —(1.429). This sug-
gests that negative values ol #,, [or published

studies may not reflect the failure of authors
to publish negative effect sizes when sample
sizes are small.

What eflect do sample size, trait inclusion
oritenia, and level of analysis have on our main
conclusion that there is a positive effect size?
To test this we looked ondy at the species level
of analysis, excluded specics with sample sizes
smaller thart the median (N, = 61 males),
and used the conservative approach of enly
examining the direction of the effect, The of-
fect size was positive for 17 of 20 species, and
for 1T of 13 species when the effect size was
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TABLE 4
Additional studies with dale on adult mortality that were not included in the meln-noalysts
Species Trait N r Remarks Reference
Nepisis cynipsea Sive 34 {a} 0004 Genetic carvelationts with adull longevity 1
Scethaphae steveoravia Size W7 —0.4%  Hive wvsoage as determined by wing dumage 2
Dinsaphile. buzsatii Size 230 0249 Size i age as determined by testes stage 3
£ buzratiy Sire 151 0.135  Size vsouge as determined by lestes srage 3
D, buzzati Sive 281 COGE ST v age as determined by testes stage 5
1. hrizzatid Sive B2 —(LHA  Sire vi age as determined by testes stage k]
Phinopdeiles melernngiester Size 160 (1) {L073  Phenoopic correlation with longevity 4
L3 wmelnogrster Size M} () 0.234  Genetic correlation with longeviry 1
Pive piea Qualicy 53 Positive  Short v, long-lived. Former have lower quality 3
territories, but there is a "mule effect™ om
Drecding success independent of werrmony
Creospiza fortis Size B34 (e) RPositive  TU76-1977 (F 0 A% 0 0710 () 3]
G, fortis Size 336 (¢} Negative 19841986 (7 — 008 o 0.17) () 6

Reterences; 1y Mihlizoser 1998 2) Burkluaeds 19499, 3) Santos cral, 1992, 4) Tlughes 1995, 5} Birkhead and Goodburm
Tesly (Uable 112 Gooallaarn 1988 6) Grans ] Grand 19485,

Note: Effect size is the productmoment correlation v Unless otherwise stted, sampte sive relers to the munber
of males measured, {a) fullsib lamilies: (b)Y genotpe<crosses: (0] males and females combined: {d) 7 — imensity

of selection.

only based on “included” traits (Binomial
tests, both P <2 0.03; see Figure 3¢}, Our main
conclusion therefore seems to be very robust,

GENERAL DISCUSSION

There has long been debate as to the rela-
rive importance of Fisherian and viability indi-
cator ("good gene”) processes in the evolu-
tion ol elaborate male traits. There is general
cvidence that sexually attractive Wraits are costly
due to increased predation risk, higher rates
of parasitism, and greater physiological costs
{reviews: Andersson 1994; Zuk and Kolluru
1988). Surprisingly, the very simple prediction
of pure Fishevian models—males with more
claborate traits will show reduced longevity—
has rarely been directly tested (e.g., Kotiaho et
al, 19963, Most evidence comies from acoustic
plavback experiments but, as already noted,
these studies do not control for other modifi-
cations in male behavior or condition that may
alter the cost of being more attractive (c.g.,
Hedrick 2000). lere we show that the average
relationship between waits correlated with
male mating success and traits correlated with
male survivorship is positive. The mean cffect
was significantly positive, and has similar val-
ues atall three levels ol analyses. For individual
samples the mean weighted effect () was 0,08,
forstudies 0.10, and forspeciesitwas (.13, The
estimate was even higher when mixed-cffect

madels or unweighted effect size was calcu-
lated at the species level (r = 0.21 and 0.24,
respectively). Il the traits we studied are gener-
ally costly, then their expression mustbe corre-
lated with a hidden third variable that in-
creases viability (e.g., van Noordwijk and de

Jong 1986; Zeh and Zeh [98K).

Since purely attractive Fisherian trails are
predicted to be relatively more important in
species with highly polygamous mating svs-
tems, we compared effect sizes among imonog-
amous, weakly polvgynious, and lekking spe-
cies. For birds, the effect sive was most positive
for lekking species, less so for socially monoga-
modus specics, and significantly weaker lor po-
lygvneus species. Thus the expected linear
trend was not ubserved. This may be duc to
large wmounts of “hidden” sexual selection in
socially monogameous species. Extra-pair cop-
ulations can greatly increase the aciual vari-
ance in reproductive success among males
and mav lead to strong selection for secondary
sexual characters {review: Mpller and Ninm
1998). Becauise the correlation between trait
size and survival was strongest for lekking spe-
cies, this argues against purely attractive Fish-
erian traits predominating, even when male
carc is absent. Interestingly, Gontard-Danek
and Mpller (1999) reported that sexual selec-
tion on male secondary sexual traits is signifi-
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cantly weaker in polygynous birds compared
to socially menogamous or lekking birds.

There are several reasons to be cautious be-

fore discounting the prevalence of pure Fish-
erian traits in nature. First, we have only exam-
ined adult survival. The survival costs of sexual
traits may mainly arise during earlier stages
of a male’s life (Owens and Bennett 1994},
Juveniles that died before they developed the
trait were excluded from our analysis. This
could lead to an overestimate of the positive
nature of the relationship between trait size
and total viability, if males that died during
trait development were more likely to have de-
veloped larger ornaments. There are, to our
knowledge, only a few studies that show this
effect (but see Brooks 2000). Most evidence
comes from artificial selection or examination
of genetic correlations in insects, where larger
individuals suffer greater mortality due to pro-
longed larval development time {e.g., Wilkin-
son 1987; Partridge and Fowler 1993; Hughes
1995; Bertran et al. 1998; see Arnqvist 1994 for
an unusual example). Price and Grant (1984)
argued that selection favoring large body size
in adult Darwin’s finches Geospiza fortis due to
natural and sexual selection is countered by
selection for small body size during the juve-
nile stage. Unfortunately, they were unable to
sex juveniles, so the importance of this effect
for males cannot be determined. There scems
to be a contradiction between the positive ef-
fect of sire trait size on offspring viability re-
ported by Mgller and Alatalo (1999} (assuming
sexual trait size is heritable)} and evidence from
artificial selection studies that selection for
larger traits increases juvenile mortality {e.g.,
Paruridge and Fowler 1993). Clearly, more re-
search is needed on mortality costs associated
with the development of preferred sexual
traits, as this may reveal the opposite relation-
ship to that documented for adults (e.g., Clut-
ton-Brock et al. 1985).

Second, survival estimates are not easy to ob-
tain under field conditions because recapture
probability and survival may be confounded
(Lebreton etal. 1992). It is possible that recap-
ture probabilities are directly related to male
condition. If so, we should expect that our
mean estimates of effect sizes represent un-
derestimates of the ttue underlying effects.
We can address this potential for bias in two

VoLUME 76

different ways. First, there will be no bias of
this kind under laboratory conditions. Hence
studies such as Mappes et al. (1996) are unbi-
ased estimates. Similarly, studies of individuals
with radiotransmitters provide unbiased esti-
mates (e.g., Grahn 1993). We found no differ-
ence in weighted effect size between telemetry
orlaboratory studies and those of free-ranging
animals. Second, the relationship between the
expression of secondary sexual characters and
survival has usually been determined using sur-
vival estirnated as recapture probability rather
than survival based on more sophisticated cap-
ture-mark-recapture models (review: Lebreton
et al. 1992). For example, Mgller (1991) esti-
mated the relationship between tail length
and survival in male bam swallows Hirundo rus-
fica based on recaptures; however, a subsequent
investigation based on mark-capture-recapture
analyses according to modern techniques gave
very similar results (Mgller and Szep, unpub-
lished data). This particular study may not be
representative though, because the capture
probability exceeded 95% in any given year.
Third, another methodological problem could
arise if researchers are more likely to examine
patterns of mortality following extreme cli-
matic events {(e.g., Brown and Brown 1998,
1999} that vield results that differ significantly
from the median effect. Longer-term studies
suggest that the direction of selection on a
trait may fluctuate through tme (Gibbs and
Grant 1987). Alternatively, one could argue
that extreme events have important evolution-
ary effects because high mortality creates popu-
lation bottlenecks.

Third, there was little data on conspicuous
acoustic and chemical signals that are known
to attract predators and parasites (review: Zuk
and Kolluru 1998). These longrange attract-
ant traits may be more likely to show the nega-
tive relationship predicted for Fisherian traits
between attractiveness and mortality. On the
other hand, no sexually selected traits associ-
ated with copulatory and postcopulatory court-
ship are included. It seems unlikely that ex-
pression of these sexually selected traits is
strongly associated with increased mortality
(Eberhard 1996; Jennions and Petrie 2000).

The observed positive relationship we re-
port is consistent with sexual traits acting as
honest advertisements of male genetic quality
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as predicted by good-gene models of sexual
selection, It is equally consistent with second-
ary sexual traits acting solcly as advertisements
of male phenotypic quality or purenial ability
as predicted by direct benefit models (Anders-
son 1994). Verbal models have predicted that
alder males will be of higher quality and should
thus be preferred hy femates (Trivers 1972;
Manning 19849; review: Jones ctal. 2000). Kokko
(1998}, while confirming this is possible, has
also shown that counterexamples can he con-
structed in which lower quality males live
longer because they invest more in survival. 1f
we start from the assumption that males with
larger sexual traits are of better quality (at
least in terms of condition), then these verbal
models are supported. This suggests that the
conditions under which higher quality males
invest disproportionately more into mating
than survival are limited. This is simply u re-
statement of Grether’s 1997 observation that
higher quality males do not “overinvest” in
mating that leads to reduced survivorship.

Alternative explanations for the positive re-
lationship must also be considered. First, the
inclusion of individuals that differ in age may
tend 1o generate a positive relationship if trait
expression increases with age and the Jikeli-
hood of survival increases with age. In general,
survival prospects do not appear to differ ap-
preciably among younger adulis (¢.g., similar
mortality rates {or onc versus two-year old pas-
serines: sce chapters in Clutton-Brock 1988).
In fact, studies of age dependent expression
of secondary sexual characters suggest that
there is an effectof senescence, with elder males
with larger sized secondary sexual characters
having lower survival prospects (e.g., Clutton-
Brock et al. 1982; Mgller and de Lope 1999},
There is a trend for survival probability to de-
crease with increasing age (e.g., Brown and
Brown 1998). Failing to correct for variation
in age is a source of variation that may there-
fore reduce (rather than increase) any overall
positive trend between trait expression and
survival prospects.

Second, the source of the underlying varia-
tion in male viability is usually unknown, It
could be purely environmental in origin, al-
though studies usnally show a heritable com-
ponent to life-history trais {(Houle 1992, 1448).
Males with greater access to resources may de-
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velop larger sexual traits. The positive eftect
of food availability on male courtship and or-
nament size has been shown in many different
studies {e.g., Jennions and Backwell 1998; Wag-
ner and Hoback 1999). As such, the positive
relationship we report, white consistent with,
should not be interpreted as strong evidence
for the importance of “good viability genes”
processes in sexual selection. Even so, it leads
us to conclude that males do not invest a tixed
amount into sexually selected traits irrespec-
tive of their underlying viability. Differencial
investment in relation to male quality is the
first requirement of any handicap model of
signaling, be it an advert of direct or genetic
benefits (Grafen 1990), Third, we have not dis-
tnguished between traits that intluence mat-
ing success because they are benelicial during
male-male competition versus female choice.
Traits that evolve through female choice may
show a different effect size to those that evolve
through male-male combat, There is currently
no consensus as to whether male-male compe-
tition and female choice usually act in the
samc or opposite directions (e.g., Moore and
Moore 1999; reviews: Berglund et al. 1996;
Qvarnstrom and Forsgren 1998).

MaGNITUDFE OF THE EFFRCT

The mean cffectsize for the relationship be-
tween the expression of traits associared with
male mating rate and survival for analysis at
the species level was + = (.13, accounting for
1.7% of variance in survival. In a single study,
to detect a significant relationship between
trait expression and adult survival ae the 0.05
level with 80% probability, a sample size of
over 800 males is required (r = (.10, Cohen
1988}, Most future studies will therefore fail
to detect a significant relationship (only 2 of
122 samples in the current analysis had N >
800). Fuailure to reject the null hypothesis
should therefore be viewed through the lens
of statistical power analysis. We urge authors
to interpret nonsignificant results with far
greater caution.

Our estimates of the weighted effect size were
almost always highly significant but, by defini
tion, the effect strength was small (Murphy and
Myors 1998). But what is the biological impor-
tance of our finding? First, in evolutionary
studies, unlike social studies or medicine, it
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is rarely important whether or not an effect is
sufliciendy strong o have major predictive pow-
ers. A trait that only has a very small selective
advantage can, over evelutionary time scales,
greatly increase in frequency due to the slow
but steady cumulative effect of directional se-
lection in each successive generation. Second,
as noted, measurement error of survivorship
is high and many of our measures of survival
were over fairly short time periods. Given the
high degree of statistical noise this introduces
to the relationship, the true eftect size may be
larger than the estimated one. Third, measnred
elfect sizes in evolulionary behavioral studies
are usually small. At the species level of analy-
sis, the weighted mean effect sizes () were:

{Thornhill et al. 1999); —(.22 for assmmetry
versus measures of sexual selection (Thormnhill
and Mgller 1998); 0.14 for size versus measures
of sexual selection {Thornhill and Maller
1948);0.31 forsize of secondarysexual charac-
ters versus mating success (Gontard-Danek
and Mgller 1999): (1.12 {or male traits and off-
spring survival {Mwsller and Alatalo 1999): and
0.16, —(1.34, —0.24 for the relationships be-
tween asymmetry and growth, fecundity, and
survival, respectively (Meller 1999). At the study
level of analysis, the average weighted mean
clfect sizes {(direction removed) was (124 for
relatienships between mating success and
eight behavioral or morphological traits in
lekking males (Fiske et al. 1998), The maxi-
mun cffect reported in a meta-analysis of cor-
relates of paternity in birds was (.34 (Mpller
and Ninni [998). Effecr sizes larger than a
‘medium sorength” of » = 0.30 are thercfore
rare in behavioral ecology, even tor widely ac-
cepted relationships like that between sexu-
ally selected traits and mating success, The
reasons for such relatively low values may be
related to the high degree of noise and ran-
dom variation in biological refationships. For
example, even though females may have strong
mate preferences, these may not be realized
because preferred males are unavailable in
that particular site or vear, or hecause other
femaies have already attached themselves to
these males. The considerable heterogeneity
in effect sizes, even when moderator variables
are used to partition the data, may partially
reflect stochastic events as well as underlying
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differences among species or he due to data
heing collected using different techniques.

Two direct comparisons of the effect size we
onhtained can be made. The effect size for the
relationship between asvmmetry and survival
was — (.25 {Mealler 1999). Thus, trait asymme-
try is a stronger predicior of survival than the
size: or display rate of the traits in the present
study. This transkates to explaining 4.5% more
of the variance m survival (6.2 vs, 1.7%). Sur-
prisingly, there wus no difference in the mean
eftect size tor the relationship between male
trait size and adualt survival {this study) and
that between the same male traits and off-
spring survival (Mpller and Alatalo 1999), 1f
anything, the latter was larger. We had ex-
pected that the former would be greater, The
difference between the two should reflect the
positive effect of environmentally induced
varigtion in condition dependence on both
survival and trait expression. The positive cor-
relation of r = 0,12 reported by Moller and
Alatalo {1399) may therefore be an overesti-
mate of the genetic contribution of males to
oftspring viahility. Maternal etfects, including
positive assortative mating with regards to ge-
netic quality, nongenetic parental etfects such
as diflerential investment, and commeon envi-
ronmental eftecis ftor fathers and offspring
may have contributed 10 the net positive rela-
tionship. However, the magnitude of the good
gene effect on offspring survival can also be
estimated if we assume a relationship between
the heritability of [itness and secondary sexual
characters, and the magnitude of direct fitness
benefits as suggested by Kirkpatrick and Bar-
ton (1997). Using estimates of the heritability
of fitness from Burt (1995}, of secondary sex-
ual characters from Pomiankowsk: and Maller
(1995), and the magnitude of direct fitness
benefits from Kirkpatrick and Maller {unpub-
lished study), the “gocd genes effect” estimate
is very close to that obtained by Mpller and
Alatalo (1999). This suggests that there is no
scrious bias in the available data, or that the
biases act in ways that cancel cut. If the value
of r =012 is approximately correct, then the
estimuted effectin the present study is proba-
bly smaller than the true effect.

One general finding across levels of analysis
and conirolling for moderator variables was
that effect sive was larger for insects and spi-
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ders than for birds. Zeh and Zeh {personal
communication} have suggested one explana-
tion: coefficients of variation in sexually se-
lected traits are usually lower in hirds than
they are in arthropods. It is more dificult to
detect a relationship between traits when van-
ation is low,

Finally, the positive relationship between
trait size and survival has implications for those
studying life-history evolution. Schluter ct al,
(1991) noted that conflicting selection pres-
sures on major life-history traits (antagonistic
plciotropy} are common. As such, studies of
opposing setection provide information about
the underlying mechanisms responsible. In
this case, possible differences in the relation-
ship between adult and juvenile mortality and
trait expression warrant further investigation.
These studies alse noted that the identitication
of opposing forces of selection can be compli-
cated by confounding variables, in particular
differences in nutrition among individuals.
Our findings confirm that this may generally
be the case across a range of (axa and traits,
emphasizing the importance of experimental
manipulation to accurately determine the di-
rect effect of selection on a (rait of interest
(¢.g., Muller and de Lope 1994}, Indeed, sex-
ual display can be treated as just another lite-
history trait (Héglund and Sheldon [998).
While vigorously debated, there is clearly great
value in experimental manipulation of life-
history traits (in addition to calculution of ge-
neiic correlation between traits or artificial
selection experiments) t promike understand-
ing of the mechanistic bases of the trade-offs
thal determine life-history evolution (Sinervo
and Svensson 1998).

PUBLICATION BlAS

Our conciusions could be erroneous il the
ohserved studics are a biased sample of those
conducted. We assessed this problem in sev-
eral ways. First, we determined faiksafe num-
bers, which are the standard way of analyzing
publication bias (Rosenthal 1991; Gurevitch
and Hedges 1999), This represents the num-
ber of studies with a mean effect of zero
needed to nullify the reported eftect (Roscn-
thal 1991). We found large fail-sufe numbers
for analysis at the study and species level of
2,288 and 1,200. The fail-sale number was gen-
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crally very robust, no matter how the datawere
divided up or which studies were included or
exclided. Second, the vartance i effect size
estimales decreased as sample size increased.
Third, there was no decrease in the normality
of the distribution of cffect size as sample size
decreased. Fourth, we found asignificant neg-
ative relationship between sample size and ef-
feec size. Thus studics with smaller sample sizes
vielded larger, more positive etfect sizes. There
isageneral trend in recent evelutionary meta-
analyses that #,, is in the direction of smaller
studies that produce more extreme values in
the same direction as the sign of the weighted
mean effecsize (e.g., Moller and Thomhill 1997
[sample: 7, = —0.146, ¥ = 34, P> 0.50]; Mal-
fer 1999 [samples for growth: 5, = 0.600, N =
11, P< 0.10; fecundity: »,, = 0405, N=21, P<
0.10; survival: r,,, = L3601, N =29, P < (0.20;
Palmer 1999 [P<0.001); Gontard-Danek and
Moeller 1999 [P = 0.007]; Mpller et al. 1999
[1hee = L3008, N = 69, = 0.01]). In several
cases this may be due to uncontrolled modera-
tor variables that influence eflect size, in par-
ticular whether the work was ahservational or
experimental (compare Palmer 199% with
Thornhill etal. 1999). In the present study, how-
ever, the bias remained even when we con-
wrolled for six moderaten variables. We do not
kniow why this trend was observed. Gurevitch
and Hedges (1999:1147-1148) concluded that
a correlation between sample and effect size
may reflect rational experimental design rather
than publication bias, They recommend the
failsafe nhumber as a more appropriate test
than using .

There is no obvious theoretical or sociologi-
cal reason for 4 publication bias. Data on sur-
vival is generally scarce and of interest whart-
ever the finding. Furthermore, within sexual
selection studics, there are theoretical reasons
Lo expect either a negative or a positive rela-
tionship, depending on whether a trait evolves
by Fisherian or honest indicator processes.
Findings should be equally publishable re-
gardless of the direction of the effect. Also,
several studies were conducted with the main
intention of describing how different compo-
nents of ftness contribute to lifetime repro-
ductive success (Clutton-Brock 19858; Newion
1989). It is hard to see why some descriptions
would be less publishable than others. Itis also
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relevant to note that 7, was negalive for un-
published work, suggesting that publication
bias alone cannot explain this particular result.
Another potential probiem is that studices that
show a positive relationship may have been
more frequently cited of late, and we were more
likely to retrieve them for this meta-analysis,
Other researchers have reported a year effect
{e.g., Gontard-Danek and Mgller 1999; Sim-
moms etal. 1999), although temporal changes in
research techniques or sampling effort should
alwavs be considered (Maller, unpublished
data). There was, however, no cvidence of a
chrenological change in effect size estimates,
even when data were analyred separately for
birds and insects,

In conclusion, we found a small but highly
significant positive relatonship (accounting
for £2% of the variance) between the expres-
sion of sexually selected traits and male survival.
Variation in this relationship was mainly due 10
differences between birds and insects/spiders.
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There was also a significant influence of sam-
ple size. As Gontard-Danek and Mgller (1999)
pointed out, however, it is only through meta-
analysis and the examination of publication
bias that we can establish the true nature of
the relationship between variables in nature.
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