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Abstract Females may choose mates based on the ex-
pression of secondary sexua characters that signal di-
rect, material fitness benefits or indirect, genetic fitness
benefits. Genetic benefits are acquired in the generation
subsequent to that in which mate choice is performed,
and the maintenance of genetic variation in viability has
been considered a theoretical problem. Consequently, the
magnitude of indirect benefits has traditionally been con-
sidered to be small. Direct fitness benefits can be main-
tained without consideration of mechanisms sustaining
genetic variability, and they have thus been equated with
the default benefits acquired by choosy females. There
is, however, dtill debate as to whether or not males
should honestly advertise direct benefits such as their
willingness to invest in parental care. We use meta-anal-
ysis to estimate the magnitude of direct fitness benefits
in terms of fertility, fecundity and two measures of pater-
nal care (feeding rate in birds, hatching rate in male
guarding ectotherms) based on an extensive literature
survey. The mean coefficients of determination weighted
by sample size were 6.3%, 2.3%, 1.3% and 23.6%, re-
spectively. This compares to a mean weighted coefficient
of determination of 1.5% for genetic viability benefitsin
studies of sexual selection. Thus, for several fitness com-
ponents, direct benefits are only slightly more important
than indirect ones arising from female choice. Hatching
rate in male guarding ectotherms was by far the most im-
portant direct fitness component, explaining almost a
quarter of the variance. Our analysis also shows that
male sexual advertisements do not always reliably signal
direct fitness benefits.
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Introduction

Sexual selection arises from variance in mating success
due to female choice and/or male-male competition
(Darwin 1871). Females often agree to a high degree up-
on the ranking of potential mates with respect to their at-
tractiveness, and these preferences generally have a sig-
nificant genetic component (Bakker and Pomiankowski
1995). This consistency in mating preferences has pro-
vided an obstacle to functional explanations for the evo-
lution and the maintenance of directiona mate prefer-
ences, particularly when males do not interact with fe-
males after copulation (Taylor and Williams 1982).

Females may benefit from being choosy through di-
rect, material benefits obtained in the present generation,
or from indirect, genetic benefits for their offspring in
the subsequent generation (Andersson 1994; Magaller
1994a). Direct benefits may derive from enhanced fertili-
ty, fecundity or paterna care obtained from mating with
preferred males, enhanced courtship feeding, higher
quality of a breeding territory, anti-predator behaviour of
amate, or simply the absence of directly transmitted dis-
eases (Hoelzer 1989; Hamilton 1990; Andersson 1994,
Mgller 1994a). Indirect, genetic benefits may derive
from enhanced viability of offspring because of geneti-
cally based viability or parasite resistance, or from en-
hanced attractiveness of sons to femalesin the following
generation (Fisher 1930; Hamilton and Zuk 1982;
Heywood 1989). Genetic benefits have the inherent
problem that strong directional selection will tend to
drive al alleles affecting preferred traits to fixation. This
creates the ‘lek paradox’, which contrasts strong and
unanimous mate preferences with no apparent reason for
such unanimity (Taylor and Williams 1982). Hamilton
and Zuk (1982) suggested that host—parasite interactions
might help maintain genetic variance in viability traits,
on which females could continuously base their mate
choice, and other mechanisms have also been proposed
(see review in Charlesworth 1987; Andersson 1994). Fit-
ness per se has a small but significant additive genetic
component (Burt 1995).
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Direct fitness benefits have traditionally been as-
sumed to be of overriding importance because their ef-
fects are immediate, and do not require mechanisms that
maintain genetic variance. Thus, mate choice for direct,
material benefits has almost been considered a trivial
case by theoreticians because this is bound to be wide-
spread and of major importance (Mgller 1994a). It is
therefore unsurprising that theoretical models of direct
benefit mechanisms are few and scattered (Heywood
1989; Grafen 1990; Price et al. 1993; Kirkpatrick 1996).
Mate choice for direct benefits may, however, be less
straightforward than once thought because the relation-
ship between the magnitude of direct benefits and the ex-
pression of secondary sexual characters is not always
positive as predicted (Mgaller 1994a). Burley (1986), in a
classical experiment, showed that females mated to the
most attractive males in fact obtained fewer direct bene-
fits in terms of paternal care than females mated to less
attractive males. Interspecific differences in this pattern
have recently been attributed to mechanisms of sexual
selection. Mgller and Thornhill (1998) argued that spe-
cies with indirect benefits show differential parental in-
vestment by females, while females mated to the more
extravagantly ornamented males provide less parental
care in species with direct fitness benefits. Thus, mate
choice for direct fithess benefits is not clear-cut and
needs assessment.

Based on our current knowledge, we can state with
some confidence that both direct and indirect fitness
benefits are probably at work. The remaining question is
then: What is their relative magnitude? Here we attempt
to estimate the magnitude of direct benefits from female
choice of preferred males in terms of three fitness com-
ponents: fertility, fecundity and paternal care. We then
compare these estimates with that obtained for indirect,
viability effects estimated in a previous study (Mgller
and Alatalo 1999).

Recent theoretical models have also asked whether
males should reliably signal the direct benefits they offer
to females (Kokko 1998). Depending on the background
assumptions, signals may or may not be reliable. For ex-
ample, male signals are more likely to be honest if the
opportunities for polygyny are low. An empirical survey
of the strength of the relationship between signalling and
different direct benefits is therefore required. It can pro-
vide an indication of which assumptions are most likely
to be correct; and whether this is constant or varies
across taxa and types of signals.

Materials and methods

We determined the relationship between the expression of mae
secondary sexual characters (or other characters associated with
male mating success that appear to influence female choice deci-
sions) and four components of direct fitness for females. The rela-
tionship between the expression of secondary sexua characters
and indirect components of fithess have been dealt with extensive-
ly elsewhere (Maller and Alatalo 1999). Such effects are either ge-
netic benefits or maternal effects due to differential investment by
females [the latter may also have evolved because of the presence

of genetic effects (Sheldon 2000)]. First, fertility was determined
as either (1) the proportion of eggs fertilised among females mated
to agiven male; (2) the probability that copulation led to offspring
production; or (3) the proportion of eggs that hatched in species
without paternal care. Since multiple mating is common among fe-
males of many species and sperm storage may occur, we can be
sure that this effect is larger than estimated here. Second, we de-
termined fecundity as (1) clutch size; (2) the number of eggs laid
over a specified time interval; or (3) litter size in live-bearing spe-
cies. Third, we determined male investment in parental care in
birds as (1) the proportion of feeding visits to offspring relative to
the total number of feeds by both male and female, or (2) the ab-
solute feeding rate of the male. Where possible we used the latter
measure because differential allocation by females may lead to an
underestimate of the absolute amount a male invests in offspring.
Four, we also included measures of hatching success for fish, am-
phibians and insects where there is paternal care but males do not
feed offspring. In all these speciesit is clear that male parental be-
haviour is a major factor in the hatching success (e.g. due to fan-
ning of eggs or attacking predators). We excluded data on fledg-
ling production or the number of young reared to independence by
birds and mammals because we did not feel we could adequately
cover the huge literature that this entails. However, we are un-
aware of any study relating the expression of secondary sexual
characters to the quality of male parental care and subsequently to
offspring viability (recruitment into the following reproducing
population). In addition, variation in territory quality is likely to
play amajor role in offspring survival because it will influence the
rate at which offspring are fed. Thus, we would need to partition
reproductive success into effects related to the expression of male
secondary sexual characters and effects due to territory quality per
se. We are unaware of any studies that have done so. We treated
eggs in the nest as a sexually selected character in fish. Exclusive
male parental care in insects (and fish) appears to be a sexualy
rather than naturally selected trait, because females should use the
number of clutches or eggs a male cares for as areliable signal of
paternal intent and quality (Tallamy 2000).

We searched the literature extensively by systematically con-
sulting the content pages (and then examining candidate papers) for
each issue of Animal Behaviour (1993-October 2000), Behavioral
Ecology, Behavioral Ecology and Sociobiology, Behaviour and
Ethology up until November 2000. For papers up to 1992 we main-
ly relied on the review by Andersson (1994), and for studies of pa-
ternal care the review by Mgller and Thornhill (1998). We also
consulted papers cited by Johnstone (1995) as studies where a cor-
relation between a signal and either fecundity or reproductive suc-
cess was examined (irrespective of whether or not a significant re-
lationship was found). We also used three key references to ‘for-
ward search’ using an electronic database (Web of Science). We ob-
tained alist of all papers that had cited Knapp and Kovach (1991),
Robertson (1990) and Hoelzer (1989). We then examined these for
relevant data. We also examined the reference lists of these papers
and identified additional candidate studies. We did not exclude any
studies from the present analyses that fit our criteria, with the ex-
ception of studies that did not report a test statistic that could be
used in the meta-analysis (e.g. Jones et a. 1986). Finally, we asked
scientists for unpublished studies on the relationship between ex-
pression of male secondary sexual characters and direct fitness
benefits. Obviously, we make no claim to have identified al rele-
vant studies. Obtaining every possible study is an amost impossi-
ble task (Cooper and Hedges 1994). We do not believe our search
method was strongly biased towards certain effect sizes. Any bias
that it may have produced can be taken into future consideration,
however, because our search method is clearly outlined.

We used Pearson’s correlation coefficient r as a measure of ef-
fect size for the relationship between the expression of secondary
sexual characters and direct fitness. If the original sources did not
provide a correlation coefficient, we transformed the statistics into
acorrelation coefficient using the formulae for transformation giv-
en by Rosenthal (1991, p. 19). These Pearson correlation coeffi-
cients were subsequently transformed by means of Fisher’s trans-
formation to Z, values on which all subsequent analyses were per-
formed.



The weighting factor in a meta-analysis is the inverse of the ef-
fect size variance. Hence studies where the effect size is known with
greater certainty receive a larger weighting. The asymptotic vari-
ance in Fisher's transformation of r is V=1/(n-3). We therefore ad-
justed the mean weighted effect size at the study level using n-3 as
the adjustment factor (Rosenthal 1991, pp. 27-28). Although fixed-
effect models have been used more often in biology, mixed or ran-
dom-effect models are preferable (Gurevitch and Hedges 1999). A
fixed-effect model assumes that al studies share a common true ef-
fect size and that the observed variation is only due to sampling er-
ror. This is obviously a false assumption for behavioura ecology.
Studies employ different techniques (e.g. experimental and observa-
tional approaches) and various measures of outcome. There is aso
likely to be variation due to genuine differences in effect size among
taxa (Arnqvist and Nilsson 2000). We cannot fully control for these
sources of variation so we ran mixed-effect models using the soft-
ware package MetaWin 2.0 (Rosenberg et al. 2000).

The mean weighted effect size is Z=% (n; -3)Z; /~ (0, —3),
where Z,; is the z-transformed effect sze for analyss unit J We
consider each reference given in the tables to represent a separate
study. Where there were several samples per study, we first calcu-
lated the weighted mean effect size per study, and the mean sample
size for that study. We then analysed the results at the study level.
For the analysis of effect size at the species level we used the Z,
values directly if only one study was available. If severa studies
were available, we first calculated the mean weighted effect size Z,
for that species. We then used the arithmetic mean sample size for
studies of that species to determine the appropriate adjustment fac-
tor at the species level. For each level of analysis the mean weight-
ed Z, values was tested against the null hypothesis that it did not
differ significantly from zero (Rosenthal 1991). To do this we de-
termined whether the 95% confidence intervals for the mean
weighted Z, value overlapped zero using resampling methods that
do not require that the data fit parametric assumptions. Confidence
intervals were generated via a bias-corrected bootstrapping ap-
proach with 999 iterations (Rosenberg et al. 2000).

We subsequently calculated an estimate of heterogeneity in ef-
fect sizes among analysis units using the formula provided by
Rosenthal (1991, pp. 73-74): QT—\/(n -3)(Z,; —-mean Z,)2, which
has a x2 distribution with K—1 degrees of freedom Where K isthe
number of analysis units (e. g. studies, species). If there was sig-
nificant heterogeneity, we then tested for variation among groups
of studies (e.g. taxa) by examining the significance of the Q,, sta-
tistic. This tests whether effect size differs significantly between
groups. There were seven species where studies with effect sizes
involving both grouping factors were recorded. In these cases, we
used the weighted mean effect for each grouping factor per species
when analysing the influence of grouping factors. When calculat-
ing the overall weighted mean effect, however, only one data point
per species was used.

The samples included in a meta-analysis may represent a bi-
ased sample if the probability of publication is influenced by a
specific result (Hunter and Schmidt 1990), such as a statistically
non-significant result. We attempted to test for any bias in the pub-
lished literature by: (1) inspection of the funnel graph relating ef-
fect size to sample size (Light and Pillemer 1984); (2) determining
the correlation between sample size and effect size (Begg and
Mazumdar 1994); (3) using the ‘trim and fill’ method of Duvall
and Tweedie (2000) to estimate the number of ‘missing studies
that could be due to publication bias. We then tested the robust-
ness of our findings by recalculating weighted mean effects sizes
after including hypothetical ‘missing studies’; (4) determining the
relationship between effect size and year of publication (Gontard-
Danek and Mgller 1999; Palmer 1999; Vdllestad et al. 1999); (5)
testing for a difference in effect size between published and un-
published studies; and (6) calculating the fail-safe number of
studies, X, needed to nullify an effect at the 5% level, following
Rosenthal (1991, p. 104) as:

x=32zj)?/2.706 — K (a

where Z,=Z; \/(nJ —-3) and K is the number of analysis units. The
fail- safe number estimates the number of studies that are unknown
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to us as aresult either of journals rejecting papers with null results
or scientists not writing up papers on null results. A different way
of viewing the fail-safe number is that it provides an estimate of
the number of future studies needed to change a significant effect
to a non-significant one. Further details concerning publication
bias testing can be found in Mgller and Jennions (2001). Unless
otherwise stated, all tests are two-tailed with the a level of signifi-
cance set at 5%.

Results
Fertility

Effect sizes for the relationship between fertility and the
expression of a sexually selected trait were collected
from 26 studies of 24 species (Table 1). Of these studies,
21 of 26 were positive (binomia test, P<0.0001). The
weighted average effect size was r=0.237 (95% CI:
0.083-0.436). There was significant heterogeneity in ef-
fect size (Q;=50.11, df=25, P=0.002), but the mean ef-
fect size did not differ significantly between frogs, in-
sects and birds (Qy=3.24, df=2, P=0.408). At the species
level, 21 of 24 effects were positive (binomia test,
P<0.0001). The weighted average effect size was
r=0.251 (95% CI: 0.066-0.448). Again, there was signif-
icant heterogeneity in effect size (Q;=41.86, df=23,
P=0.009), but the mean effect size did not differ signifi-
cantly between frogs, insects and birds (Q,,=2.60, df=2,
P=0.459). The unweighted study and species mean effect
sizes were r=0.198 (95% CI: 0.060-0.336) and 0.205
(95% ClI: 0.059-0.351), respectively.

Fecundity

Effect sizes for the relationship between fecundity and
the expression of a sexually selected trait were collected
from 76 studies of 51 species (Table 2). Of these studies,
62 of 76 were positive (binomial test, P<0.001). The
weighted average effect size was r=0.164 (95% CI:
0.108-0.220). There was significant heterogeneity in ef-
fect size (Q;=102.2, df=75, P=0.020), but the mean &f-
fect size did not differ significantly between birds and
insects (Qy=0.001, df=1, P=0.984). For insects, the
mean effect size did not differ between studies where the
trait was a nuptial gift versus an aspect of the male's
phenotype (Q,,=0.380, df=1, P=0.563). At the species
level, 39 of 51 effects were positive (binomial test,
P<0.001). The weighted average effect size was r=0.151
(95% CI: 0.080-0.223). Again, there was significant het-
erogeneity in effect size (Q;=70.17, df=50, P=0.030),
but the mean effect size did not differ significantly be-
tween birds and insects (Q,,=0.004, df=1, P=0.957). For
insects, the mean effect size did not differ between spe-
cies where the trait was a nuptial gift versus an aspect of
the male’'s phenotype (Q,,=0.604, df=1, P=0.491). The
unweighted study and species mean effect sizes were
0.186 (95% Cl: 0.125-0.247) and 0.172 (95% CI:
0.097-0.246).
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Table 1 Effect sizes found for fertility in studies of sexual selec-
tion. Taxa are amphibians (A), birds (B), fish (F), insects (1) and
mammals (M). The test statistic is the test statistic used in the

original source for calculating effect size. r is Pearson’s prod-
uct—-moment correlation coefficient used as an estimate of the ef-
fect size. nissample size

Species Taxa Character Test statistic r n Reference

Bufo americanus A Body size (Ratio) r~0.29 -0.169 19 Kruse (1981)

Bufo bufo A Body size (Ratio) r=0.379 0.379 41 Daviesand Halliday (1977)
Bufo bufo A Body size (Ratio) r=-0.17 -0.17 76  Hoglund and Robertson (1987)
Bufo cognatus A Body size (Ratio) F=0.51 -0.125 34 Krupa(1988)

Clethrionomys glareolus M Urine marking X&=1.77 0.172 60 Horne (1998)

Coelopa frigida I Body size X%=11.8 0.176 379 Crocker and Day (1987)
Danaus plexippus I Spermatophore size t=1.79 0.364 23 Oberhauser (1989)

Falco sparverius B Colour r=0.225 0.225 52 Wiehn (1997)

Galerucella nymphaeae I Body size Z=0.06 0.008 61 Parietal. (1997)

Geospiza fortis B Plumage colour r=0.14 0.14 44 Price (1984)

Gryllus bimaculatus I Chosen vs small male contrast F=0.66 -0.138 35 Simmons (1987)

Hirundo rustica B Tail length r=0.028 0.028 800 Mgller (1994a)

Hirundo rustica B Song r=0.048 0.048 291 A.P Mdgller (unpublished)
Hyperolius marmoratus A Paired vs unpaired Hedge'sg 0.374 26 Grafe (1997)

Hyphessobrycon pulchripinnis  F No of matings (1 vs 10) P<0.01 0505 26 Nakatsuru and Kramer (1982)
Mus musculus M Preferred X2=7.60 0.291 90 Drickamer et a. (2000)
Nezara viridula I Inexperienced vsrejected  P<0.001 0.264 155 McLain (1998)

Nezara viridula I Accepted vs rejected P<0.001 0.222 220 McLain (1998)

Oenanthe leucura B Stones carried r=0.021 0.021 51 A.P Mdller et al. (unpublished)
Ololygon rubra A Body size (Ratio) P<0.0001 0.95 62 Bourne (1993)

Ololygon rubra A Body size (Ratio) P<0.0001 0.95 20 Bourne (1993)

Papilio machaon I Spermatophore size t=1.525 0.529 7  Svérd and Wicklund (1991)
Pavo cristatus B Train length r=0.28 0.28 8  Petrie and Williams (1993)
Physalaemus pustul osus A Body size F=1.4 0.147 68 Ryan(1983)

Rana temporaria A Body size (Ratio) r=0.202 0.202 116 Gibbonsand McCarthy (1986)
Taeniopygia guttata B Leg bands P<0.1 0.359 21 Burley (1986)

Taeniopygia guttata B Leg bands U=83.5 0562 21 Burley (1986)

Thalassoma bifasciatum F Mating success r=-0.718 -0.718 33 Warner et a. (1995)

Uperolia laevigata A Body size difference P=6x10-8 0.916 35 Robertson (1990)

Paternal care: feeding in birds

Effect sizes for the relationship between feeding effort
and the expression of a sexually selected trait were col-
lected from 39 studies of 26 bird species (Table 3). Of
these studies, 29 of 39 were positive (binomia test,
P<0.001). The weighted average effect size was r=0.099
(95% Cl: —0.055-0.238), which does not differ signifi-
cantly from zero. There was no significant heterogeneity
in effect size (Q;=41.84, df=38, P=0.310), and the mean
effect size did not differ significantly between measures
based on the proportion of visits by males, or the abso-
lute feeding rate of males (Q,,=0.109, df=1, P=0.765).
At the species level, 18 of 26 effects were positive (bino-
mia test, P<0.001). The weighted average effect size
was r=0.112 (95% CIl: -0.080-0.293), which does not
differ significantly from zero. Again there was no signif-
icant heterogeneity in effect size (Q;=25.35, df=25,
P=0.440), and the mean effect size did not differ signifi-
cantly between measures based on the proportion of vis-
its by males, or the absolute feeding rate of males
(Qu=0.037, df=1, P=0.852). The unweighted study and
species mean effect sizes were 0.125 (95% CI:
-0.011-0.263) and 0.136 (95% CI: -0.045-0.317).
Again, neither unweighted effect is significantly greater
than zero.

Paternal care: hatching success in ectotherms
with male guarding

Effect sizes for the relationship between hatching suc-
cess and the expression of a sexually selected trait were
collected from 26 studies of 20 species (Table 4). Of
these studies, 25 of 26 were positive (binomial test,
P<0.0001). The weighted average effect size was
r=0.477 (95% CI: 0.373-0.584). Overall, there was no
significant heterogeneity in effect sizes (Q;=26.76,
df=25, P=0.368). For fish, the mean effect size did
not differ significantly between studies where the
preferred trait was eggs in the nest or some aspect of
male phenotype (display or morphology) (Q,,=0.166,
df=1, P=0.692). At the species level, al 20 effects were
positive (binomial test, P<0.0001). The weighted aver-
age effect size was r=0.468 (95% CIl. 0.368-0.556).
Again there was no overall significant heterogeneity
in effect sizes (Q;=15.77, df=19, P=0.673). For fish,
the mean effect size did not differ significantly be-
tween species where the preferred trait was eggs in the
nest or some aspect of male phenotype (display or
morphology) (Q,=0.06, df=1, P=0.811). The unweight-
ed study and species mean effect sizes were 0.467
(95% ClI: 0.159-0.368) and 0.480 (95% Cl: 0.367-0.593).

Mean effect sizes and 95% confidence intervals for
the various sub-divisions of the data-set are presented in
Table 5.
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Table 2 Effect sizes found for fecundity in studies of sexual se- statistic is the test statistic used in the original source for calculat-

lection. Taxa are amphibians (A), birds (B), fish (F), insects (I) and
mammals (M). Nuptia gift was present (Y) or not (N). The test

ing effect size. r is Pearson’s product-moment correlation coeffi-
cient used as an estimate of the effect size. nis sample size

Species Taxa Nuptiad Character Test statistic r n Reference
gift

Aleochara curtula I N Mating status =pheromone P<0.05 0.318 38 Peschke (1987)

Aleochara curtula I N Mating status =pheromone  P<0.05 0.476 17 Peschke (1987)

Ceratitis capitata I N Pheromone F=9.7 -0.316 83 Whittier and Kaneshiro
(1995)

Clethrionomys glareolus M - Pheromone r=0.069 0.069 37 Horne (1998)

Clethrionomys glareolus M - Mating rank P=0.099 —0.206 73 Oksanen et al. (1999)

Coelopa frigida I N Choice vs no choice Hedge's g 0.15 38 Crocker and Day (1987)

Coelopa frigida I N Choice vs no choice Hedge'sg 0.015 19 Crocker and Day (1987)

Coelopa frigida I N Body size r=0.022 0.022 59 A. Gilburn (personal
communication)

Coelopa vanduzeei I N Body size r=—0.209 —-0.209 53 A. Gilburn (personal
communication)

Coelopa nebularum I N Body size r=0.136 0.136 60 A. Gilburn (personal
communication)

Cyrtodiopsis dalmanni I N Eye width r=0.22 0.22 31 Wilkinson and Reillo
(1994)

Danaus plexippus I Y Spermatophore size P=0.386 -0.185 22 Oberhauser (1989)

Dectitus verrucivorus I Y Spermatophore weight Partial r=-0.019 -0.019 46 Wedell and Arak (1989)

Dectitus verrucivorus I Y Spermatophore weight Partial r=-0.170 -0.17 28 Wedell and Arak (1989)

Diapreps abbreviatus I N Body size t=0.257 0.048 30 Harari et a. (1999)

Drosophila grimshawi I N HighvsLow protein diet  t=2.03 0.252 63 Droney (1996)

Drosophila melanogaster | N Body size t=2.52 -0.37 42 Pitnick (1991)

Drosophila melanogaster | N Body size F=4.24 —0.246 68 Pitnick (1991)

Drosophila melanogaster | N Body size F=0.09 -0.033 87 Pitnick (1991)

Drosophila montana I N Song frequency t=0.039/0.061 0.064 100 Hoikkalaet al. (1998)

Drosophila subobscura I Y Feeding drop X2=6.06 0.301 67 Steele (1986)

Drosophila subobscura I Y Feeding drop x2=0.06 0.03 67 Steele (1986)

Emberiza citrinella B - Colour intensity r=0.050 0.05 32 Sundberg (1995)

Emberiza citrinella B - Colour r=—0.050 -0.05 61 Sundberg (1995)

Ephestia elutella I N Body size F=6.7 0.312 64 Phelan and Baker (1986)

Falco sparverius B - Colour r=0.190 0.19 57 Wiehn (1997)

Falco tinnunculus B - Tail r——0.03 -0.03 66 Palokangaset al. (1992)

Falco tinnunculus B - Brightness score P=0.001 0.349 89 Tolonen and Korpimaki
(1994)

Falco tinnunculus B - Brightness score r=0.54 0.54 25 Palokangaset al. (1994)

Ficedula albicollis B - Patch size F=3.7 0.043 2018 Qvarnstrom et a. (2000)

Ficedula hypoleuca B - Colour Hedge's g 0.056 10 Reskaft and Jarvi (1983)

Galerucella nymphaeae | N Body size t=1.13 -0.144 61 Parri et al. (1997)

Gryllus bimaculatus I N Chosen vs small male contrast F=4.96 0.357 35 Simmons (1987)

Harpobittacus nigriceps | N Body size P=0.035 0.47 20 Thornhill (1983)

Harpobittacus nigriceps | N Body size P=0.02 0.52 20 Thornhill (1983)

Hirundo rustica B - Tail length F=8.03 0.442 36 Mdller (1992)

Hirundo rustica B - Tail asymmetry r=0.061 0.061 261 Mdller (1992)

Hirundo rustica B - Tail asymmetry F=0.04 0.037 35 Mdller (1993)

Hirundo rustica B - Tail length r=0.40 0.4 55 deLopeand Mdller
(1993)

Hirundo rustica B - Tail spot Contrast F=0.98 0.136 54 Kose and Mgller (1999)

Hirundo rustica B - Tail spot Contrast F=7.44 0.363 51 Koseet d. (1999)

Hirundo rustica B - Tail asymmetry r=0.115 0.115 108 Mdller and Cadée
(2000)

Hirundo rustica B - uv r~—0.298, -0.168 -0.234 83 Perrier (2000)

Hirundo rustica B - Tail length r=0.05 0.05 710 A.P.Mdller
(unpublished)

Hirundo rustica B - Song r=0.074 0.074 291 A.P. Mdller
(unpublished)

Ips pini I N Body size F=0.56 0.087 75 Robertson and Roitberg
(1998)

Ips pini I N Body size F=4.07 0.238 70 Robertson (1998)

Kawanaphila nartee I Y Spermatophore (yes/no) F=14.48 0.525 40 Simmons (1990a)

Luscinia svecica B - Colour rings P=0.18 -0.23 34 Rohdeet al. (1999)

Lutzomyia longipalpis I N Preferred r=0.10 0.1 186 Joneset al. (1998)

Nauphoeta cinerea I N Dominance r=0.067 0.067 164 Moore (1994)

Nezara viridula I N Antennalength t=3.0 0.469 37 McLain (1998)

Nezara viridula I N Antennalength t=0.28 0.041 49 McLain (1998)

Nezara viridula I N Inexperienced vsrejected  P=0.762 0.024 157 MclLain (1998)
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Table 2 (continued)

Species Taxa Nuptid Character Test statistic r n Reference
gift

Nezara viridula I N Accepted vs rejected P=0.847 0.013 232 McLain (1998)

Nezara viridula I Mating success r=0.38 0.38 26 MclLain and Marsh
(1990)

Nezara viridula I N Mating success r=0.52 0.52 28 McLainand Marsh
(1990)

Nezara viridula I N Body size (difference) r=0.31 0.31 44 MclLain et a. (1990)

Nezara viridula I N Body size (difference) r=-0.15 -0.15 44 MclLain et a. (1990)

Nezara viridula I N Body size r=0.28 0.28 165 McLainet al. (1990)

Nymphicus hollandicus B - Natural vsforced pair Hedge'sg 0.226 15 Yamamoto et al. (1989)

Oecanthus nigricornis I Y Attractiveness r=0.37 0.37 34 Brown (1997)

Oenanthe leucura B - Stones carried r=0.300 0.3 37 Moreno et al. (1994)

Oenanthe leucura B - Stones carried F=0.19, t=0.00 0.042 31 Soler et al. (1996)

Oenanthe leucura B - Stones carried r=—0.031 -0.031 51 A.P.Mgdlleretal.
(unpublished)

Ophioblennius atlanticus  F - Body size r=0.35 0.35 41 Cote and Hunte (1989)

Papilio machaon I Y Spermatophore size t=0.306 0.088 13 Svérd and Wicklund
(1991)

Parus major B - Colour r=0.264 0.264 36 Norris (1993)

Parus major B - Colour r=-0.110 -0.11 606 Lemel (1993)

Parus montanus B - Song rate rs=0.05 0.05 53 Welling et al. (1997)

Passer domesticus B - Colour r=-0.13,-048 -0.305 41 Mgller (1989)

Passer domesticus B - Colour Hedge'sg 0.075 58 Veiga(1993)

Passer domesticus B - Colour r=0.35 0.35 14 Kimball (1995)

Passer domesticus B - Smaller badge R?=0.02 0.141 28 Griffith et al. (1999)

Pavo cristatus B - Train length r=0.832 0.832 8 Petrie and Williams
(1993)

Phasianus colchicus B - Spur length r=0.36 0.36 45 von Schantz et al.
(1989)

Phasianus colchicus B - Spur length r=0.76 0.76 18 Goransson et a. (1990)

Pieris napi I Y Spermatophore size contrast F=47.96  0.853 21 Karlsson (1998)

Poecilimon veluchianus | Y Spermatophore (yes/no) F=3.78 -0.334 34 Reinhold and Heller
(1993)

Polygona c-album I N Plant type F=0.518 0.148 28 Wedell (1996)

Requena verticalis I Y Spermatophore size Contrast F=1.48 0.241 31 Gwynne (1988)

Sepsis cynipsea I N Body size r=0.15, 0.32 0.235 38 Blanckenhorn et al.
(1998)

Sator limbatus I N Body size r=0.5 0.5 38 Fox et al. (1995)

Sator limbatus I N Body size r=0.632 0.632 30 Fox et al. (1995)

Sator limbatus I N Body size P<0.001 0.444 55 Savalli and Fox (1998)

Sator limbatus I N Body size P=0.001 0.378 76 Savalli and Fox (1998)

Taeniopygia guttata B - Leg bands Contrast F=0.375  0.167 14 Burley (1986)

Taeniopygia guttata B - Leg bands Z=311 0.372 70 Zann (1994)

Taeniopygia guttata B - Leg bands Contrast F=6.92 0.64 18 Swaddle (1996)

Taeniopygia guttata B - Attractiveness t=1.98 0.397 22 Balzer and Williams
(1998)

Tenebrio molitor I N Infection intensity F=12.74 0.54 32 Worden et al. (2000)

Tetrao tetrix B - Copulatory success rank P<0.01 0.463 31 Rintaméki et al. (1998)

Upupa epops B - Strophe length P<0.05 0.462 18 Martin-Vivaldi et a.
(1999)

Valenciennea longipinnis  F - Body size Partial r=0.23 0.23 9 Takegaki and Nakazono
(1999)

Publication bias

First, we plotted the relationship between effect size and
sample size (Light and Pillemer 1984). Inspection of
plots suggested funnel-shaped relationships (Fig. 1). The
variance in effect size for cases with a sample size below
the median was larger than the variance for cases with
a sample size above the median for all four fitness
components at the study level (Variance ratio tests: fer-
tility: Fy4,=31.14, P<0.0001; fecundity: Fj;3,=2.82,

P=0.001; parental care in birds: F5,4=2.09, P=0.06;
hatching success in guarding ectotherms: F101,=2.64,
P=0.053). At the species level the same was true (fer-
tility: Fyy,=56.54, P<0.0001; fecundity: F,,,s=3.21,
P=0.0026; hatching success in guarding ectotherms:
Fg9=5.25, P=0.011), except for parental care in birds
(F121,=1.14, P=0.412). The distribution of effect sizes
did not differ significantly from normality at the study
and species level for fecundity and parental care in birds
or hatching success in guarding ectotherms at the



Table 3 Effect sizes found for feeding by male birds in studies of
sexual selection. Taxa are amphibians (A), birds (B), fish (F), in-
sects (I) and mammals (M). Feeding rate was either absolute male
feeding rate (A) or proportion of male feeds (P). The test statistic
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isthe test statistic used in the original source for calculating effect
size. r is Pearson’s product-moment correlation coefficient used as
an estimate of the effect size. nis sample size

Species Feeding Character Test statistic r n Reference

measure
Acrocephalus schoenobaenus A Song flights r=0.019 0.019 21  Buchanan and Catchpole (2000)
Acrocephalus schoenobaenus A Song repertoire F=5.63 0.488 20  Buchanan and Catchpole (2000)
Agelaius phoeniceus A Display r=0.69 0.69 39 Searcy and Yasukawa (1981)
Agelaius phoeniceus - Display P=0.04 0.53 15 Eckert and Weatherhead (1987)
Agelaius phoeniceus - Display P=0.40 0.266 10 Eckert and Weatherhead (1987)
Cardinalis cardinalis A Plumage colour P=0.12 0.377 17 Linvilleet a. (1998)
Cardinalis cardinalis A Colour P=0.12 0.377 17 Linvilleet a. (1998)
Carpodacus mexicanus P Colour r=0.42 0.42 32  Hill (1991)
Dendroica petechia A Colour r—0.54 -0.54 11  Studd and Robertson (1985)
Dendroica petechia A Colour r=—0.60 -0.6 27  Studd and Robertson (1985)
Dendroica petechia A Colour r=0.01 0.01 16 Lozano and Lemon (1996)
Emberiza citrinella A Colour r=—0.65 -0.65 18 Sundberg and Larsson (1994)
Falco sparverius A Colour r=0.42 0.42 20 Wiehn (1997)
Falco tinnunculus A Tail r—0.10 -0.1 38 Palokangaset a. (1992)
Falco tinnunculus A Brightness score r=0.16 0.16 33 Tolonen and Korpiméaki (1994)
Falco tinnunculus A Colour r=0.46 0.46 23 Paokangaset al. (1994)
Ficedula albicollis P Colour F=2.02 -0.214 47  Qvarnstrom (1997)
Ficedula hypoleuca P Colour t=1.17 0.14 70 Lundberg and Alatalo (1992)
Ficedula hypoleuca A Colour Hedge'sg 0.15 22 Sadreet al. (1995)
Ficedula hypoleuca A Colour Hedge'sg -0.057 22 Sadreet al. (1995)
Ficedula hypoleuca A Song repertoire r=-0.02, 0.09 0.027 27 Rinden et al. (2000)
Ficedula hypoleuca A Colour r=0.07 0.087 36 Rinden et a. (2000)
Ficedula hypoleuca A Song repertoire r=0.09 0.027 21  Rinden et a. (2000)
Ficedula hypoleuca A Colour r=0.11 0.087 27 Rinden et a. (2000)
Ficedula hypoleuca A Colour F=5.326 0.27 74 Sanz (2001)
Geospiza fortis - Colour r=0.35 0.35 20  Price (1984)
Guiraca caerulea A Colour Mean r=0.115 0.115 15 Keyser and Hill (2000)
Guiraca caerulea A Colour Mean r=0.49 0.49 9 Keyser and Hill (2000)
Hirundo rustica P Tail length r=0.12 0.12 16  Smith and Montgomerie (1992)
Hirundo rustica A Tail length r=0.048 0.048 167 Mdller (1992)
Hirundo rustica A Tail length P<0.05 -0.358 30 delopeand Mgller (1993)
Hirundo rustica A Tail asymmetry F=17.88 -0.481 69 Mdller (1994b)
Hirundo rustica A Tail length F=30.94 -0536 69 Mdller (1994b)
Hirundo rustica A uv r=0.246,-0.105  0.073 23 Perrier (2000)
Larus argentatus A Courtship feeding  r=0.735 0.735 6  Niebuhr (1981)
Luscinia svecica P Colour r=0.12 0.12 21  Reinsborg (1995)
Luscinia svecica A Leg bands P=0.36 0.245 14 Rohdeet al. (1999)
Luscinia svecica A Leg bands P=0.72 0.092 15 Rohdeet al. (1999)
Oenanthe leucura A Stones carried r=0.56 0.56 13 Moreno et al. (1994)
Panurus biarmicus A Beard r=-0.73 -0.73 48 Hoi and Hoi-Leitner (1997)
Parus major A Colour F=0.09 0.047 41  Norris (1990)
Parus montanus A Song rate r=0.59 0.59 16  Welling et al. (1997)
Passer domesticus P Colour r=0.49 0.49 13 Kimball (1995)
Saxicola torquata P Song rate r=0.59 0.59 13 Greig-Smith (1982)
Serna hirundo A Courtship feeding  r=0.57 0.57 9  Nisbet (1973)
Serna hirundo A Courtship feeding  r=0.92 0.92 7  Wiggins and Morris (1986)
Surnus vulgaris A Repertoire size r~=—0.318 -0.318 15 Mountjoy and Lemon (1997)
Sylvia atricapilla A Song r=0.65 -0.65 12 Hoi-Leitner et al. (1993)
Taeniopygia guttata P Leg bands g=-0.46 -0.46 31 Burley (1988)
Upupa epops A Strophe length 1=0.56 0.56 9 Martin-Vivaldi et al. (1999)
Upupa epops A Strophe length 1=0.26 -0.26 11 Martin-Vivaldi et a. (1999)

study level (Kolomogorov-Smirnov tests, Lilliefors, all
P>0.08). Distributions did, however, differ from normal-
ity for hatching success in guarding ectotherms at the
species level (D,,,,,=0.196, P=0.042) and fertility at both
the study and species level (D,=0.201, P=0.008 and
D,,=0.200, P=0.014). Overall, the distribution of effect
sizes was dlightly skewed towards more positive effect

sizes at smaller sample sizes.

Second, we determined the correlation between sam-
ple size and effect size (Begg and Mazumdar 1994). The
effect size decreased significantly with increasing sam-
ple size for hatching success in fish where the male trait
was morphological or behavioural, and for fecundity
(both P<0.05). More generally, 9 of 10 mutually exclu-
sive sub-divisions of the data showed a decrease in ef-

fect size as sample size increased. This skew could be
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Table 4 Effect sizes found for hatching success in male guarding
ectotherms in studies of sexual selection. Taxa are amphibians (A),
birds (B), fish (F), insects (I) and mammals (M). Eggs were in nest
(Y) or not (N). The test statistic is the test statistic used in the orig-

inal source for calculating effect size. r is Pearson’s product—mo-
ment correlation coefficient used as an estimate of the effect size,
nissamplesize

Species Taxa Eggs Character Test statistic  r n Reference
in nest

Aidablennius sphynx F Y Eggsin nest F=45.5 0.698 49 Kraak (1996)
Amblyglyphidodon leucogaster F Y Eggsin nest Contrast 0.021 461 Goulet (1998)

F=0.204
Chrysiptera cyanea F Y Eggsin nest r=0.46 0.46 138 Gronell (1989)
Cichlasoma citrinellum F N Body size t=0.523 0.228 12 Rogers (1995)
Cottus bairdi F N Body size r=0.91 0.91 6 Downhower and Brown (1980)
Cottus gobio F Y Partial brood lose X2=7.98 0.399 50 Bisazzaand Marconato (1988)
Etheostoma flabellare F Y Eggsin nest t=3.89 0.529 41 Lindstrém and Sargent (1997)
Etheostoma nigrum F N Defensiveness t=2.12 0.384 27 Grant and Colgan (1983)
Gasterosteus aculeatus F Y Eggsin nest x2=1.81 —0.196 41 Beélles-sleset al. (1990)
Gasterosteus aculeatus F N Pectoral fin r=0.34 0.34 18 Kinzler and Bakker (2000)
Gasterosteus aculeatus F N Redness (food-deprived) F=0.10 0.087 14 Candolin (2000)
Gasterosteus aculeatus F N Redness (fed) F=14.3 0.724 14 Candolin (2000)
Gasterosteus aculeatus F N Redness (difference) r=0.141, 0.335 18 Candolin (2000)

0.529
Ips pini I - Body size r=0.522 0.522 32 Reid and Roitberg (1985)
Oxylebius pictus F Y Eggsin nest r~=0.423 0.423 184 DeMartini (1987)
Parasitizopus armaticeps I - Body size Hedge'sg 0.361 143 Rasaeta. (1998)
Pimephal es promelas F Y Eggsin nest t=4.77 0.847 10 Sargent (1988)
Pimephales promelas F Y Eggsin nest t=3.34 0.763 9 Sargent (1988)
Pomatoschistus microps F Y Eggsin nest t=2.549 0.648 11 Lindstrém (1998)
Pomatoschistus microps F N Small nest entrance P>0.70 0.065 35 Jonesand Reynolds (1999)
Pomatoschistus minutus F Y Eggsin nest r=0.62 0.62 46 Forsgren et a. (1996)
Pomatoschistus minutus F N Preferred P<0.01 0.341 57 Forsgren (1997)
Rana catesbeiana A - Body size r=0.61 0.61 26 Howard (1978)
Spinachia spinachia F N Preferred t=0.31 0.137 12 Ostlund and Ahnesjo (1998)
Spinachia spinachia F N Body shake frequency r=0.566 0.566 17 Ostlund and Ahnesj6 (1998)
Segastes partitus F N Display r=0.943 0.943 18 Knapp and Kovach (1991)
Segastes partitus F N Display r=0.33 0.33 8 Knapp and Warner (1991)
Stegastes partitus F Y Previous brood success  P=0.01 0.549 22 Knapp (1993)
Segastes rectifraenum F Y Eggsin nest G=6.55 0.518 44 Petersen and Marchetti (1989)
Valenciennea longipinnis F N Body size Partial 0.78 9 Takegaki and Nakazono (1999)

r=0.78

due to publication bias or reflect rational design of stud-
ies such as the difference in sample size between experi-
mental and observational studies (Mgller and Jennions
2001).

Third, we used the ‘trim and fill’ method of Duvall
and Tweedie (2000) to estimate the number of ‘missing
studies' that could be due to publication bias. Using the
L estimator, thisidentified 8, 13, 4 and 3 missing studies,
respectively, at the species level for the fitness compo-
nents fertility, fecundity, feeding in birds, and hatching
success in guarding ectotherms. We therefore recal cul at-
ed the weighted means including these ‘missing’ cases.
The recalculated effect sizes were 0.441 (95% CI:
0.248-0.595) for fertility, 0.051 (95% CI: —0.027-0.136)
for fecundity, 0.015 (95% CI: —0.184-0.211) for parental
care in birds and 0.432 (0.321-0.534) for hatching suc-
cess in guarding ectotherms. These values differed from
the initially calculated mean effect sizes by +0.190,
—0.100, —0.097 and —0.036, respectively.

Fourth, we determined the relationship between effect
size and year of publication. There were no significant
correlations between year of publication and effect size

for each of the four fitness components (all P>0.05).
This was true even when year effects were analysed sep-
arately as a moderator variable (explanatory variable) in
the meta-analysis.

Fifth, we tested for a difference in effect size between
unpublished and published studies. There was no signifi-
cant difference for studies of feeding in birds or fertility
effects (Mann-Whitney tests. n=36,3, P=0.460; U=35,
n=24,2, P=0.290, respectively). Sample sizes for unpub-
lished studies were very small so these tests have little
statistical power. There was, however, a significantly
smaller effect size for unpublished than published stud-
ies of fecundity (Mann-Whitney U=421.5, n=68,8,
P=0.011).

Finally, we calculated the fail-safe number of studies
needed to nullify an effect at the 5% level following Ro-
senthal (1991). By convention, a fail-safe number of
5n+10 indicates a robust result. The fail-safe number
was not robust for fertility effects in birds and insects,
fecundity effects in insects with nuptial gifts, or feeding
effectsin birds (Table 5).
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Table5 Mean effect size, 95% confidence intervals, estimate of correlation between sample size and effect size (R(Begg)), fail-safe
number, and correl ation between effect size and year (Year) for different fitness components and levels of analysis, nis sample size

Fitness component Taxa n Meanr 95% ClI R(Begg) Fail-safe Year
number
Species level of analysis
Fertility All taxa 24 0.251 0.066-0.448 -0.168 601*
Birds 6 0.181 0.072-0.320 -0.543 8
Frogs 8 0.453 0.056-0.797 -0.167 208*
Insects 6 0.168 0.013-0.329 -0.029 23
Fecundity All taxa 51 0.151 0.080-0.223 —0.357 ** 923*
Birds 17 0.15 0.052-0.259 -0.531* o7*
Insects (All) 31 0.155 0.056-0.259 -0.330 344*
Insects (Nuptial gifts) 9 0.223 —0.013-0.498 -0.017 34
Insects (Other traits) 22 0.139 0.042-0.230 -0.486 * 141*
Feeding rate All 26 0.112 —-0.080-0.293 -0.275 4
Feeding rate 20 0.099 -0.123-0.329 -0.247 0
Proportion of feeds 7 0.141 —0.155-0.389 -0.270 0
Offspring survival All taxa 20 0.468 0.368-0.556 -0.134 1,319*
Fish (All) 17 0.468 0.337-0.561 -0.093 877*
Fish (Eggsin nest) 12 0.455 0.293-0.574 0.081 569*
Fish (Other traits) 9 0.489 0.315-0.718 -0.717* 116*
Study level of analysis
Fertility All taxa 26 0.237 0.083-0.436 -0.227 651* -0.03
Birds 6 0.154 0.061-0.288 -0.543 8 -0.61
Frogs 9 0.424 0.062-0.744 -0.084 222 0.32
Insects 7 0.164 -0.001-0.318 -0.071 28 0.38
Fecundity All taxa 76 0.164 0.108-0.220 —0.342** 2,510* -0.13
Birds 36 0.17 0.097-0.258 -0.323 599* -0.11
Insects (All) 36 0.168 0.081-0.257 -0.332* 577* -0.11
Insects (Nuptial gifts) 9 0.223 —-0.035-0.484 0.017 34 0.49
Insects (Other traits) 27 0.159 0.072-0.243 —0.453* 303* -0.34
Feeding rate All 39 0.101 -0.055-0.238 -0.244 30 -0.18
Feeding rate 30 0.073 —0.099-0.255 -0.199 0 -0.03
Proportion of feeds 7 0.136 —0.158-0.393 -0.270 0 -0.09
Offspring survival All taxa 26 0.477 0.373-0.584 -0.063 1,977* -0.33
Fish (All) 23 0.479 0.350-0.598 0.006 1,427* -0.31
Fish (Eggsin nest) 12 0.458 0.285-0.583 0.081 569* 0.05
Fish (Other traits) 1 0.512 0.314-0.737 -0.579 184* -0.59

*P<0.05, **P<0.01

Discussion

In this paper we have attempted to determine the relative
magnitude of four different kinds of direct, material bene-
fits obtained by females during their mate choice. For fer-
tility, fecundity, feeding in birds and paternal carein ecto-
therms we found mean effect sizes adjusted for sample
size of 0.251, 0.151, 0.114 and 0.468, respectively
(Fig. 2). This implies that 6.3%, 2.3%, 1.3% and 23.6%
of the variance in these direct fithess components are as-
sociated with the expression of preferred male traits. A
recent meta-analysis of the importance of indirect, viabil-
ity effects in studies of sexual selection, measured as the
correlation between expression of secondary sexual char-
acters and survival of offspring, showed that the weighted
mean effect was r=0.122. Thus about 1.5% of the vari-
ance in offspring viability could be explained by differ-
ences in the expression of chosen male sexual characters
(Mgller and Alatalo 1999; Fig. 2). Direct comparison of

the magnitude of direct and indirect effects is obviously
based on an assumption of similarity in the quality of the
underlying data. The effect sizes of the present study and
that of Mgller and Alatalo (1999) are robust, as measured
by the fail-safe number, and after controlling for a num-
ber of potentially confounding variables (this study; A.P.
Mgller and M.D. Jennions, unpublished data). Other mea-
sures of publication bias used in this study also suggest
that the effect size estimates are robust.

While the effects of direct and indirect benefits may
not be directly comparable because they are based on
different fitness components, it seems unlikely that a
very weak relationship can tranglate into a strong fitness
relationship at a later stage in the life cycle. Aside from
the direct benefits of greater hatching success in ecto-
therms, the direct benefits from female choice due to
greater fecundity, fertility or male feeding of offspring
are fairly small. Thus, there is strong evidence of taxon-
specific differences in the relative importance of direct
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Fig. 1 Funnel plots at (a) the study level of analysis and (b) the
species level of analysis. Effect size is the z-transformed Pearson
product-moment correlation coefficient
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Fig. 2 Coefficient of determination (r2) for indirect fitness bene-
fits (from Mgller and Alatalo 1999) and direct fitness benefits
(from the present study) of sexual selection

fitness benefits. Male sexual traits only predict an extra
1-5% of the variation in these three fitness components
relative to indirect fitness gains. Kirkpatrick and Barton
(1997) developed a theoretical model which suggested
that the absolute force of indirect selection on mating
preferences is small. They noted, however, that the ques-
tion of the relative strength of this force compared to that
from direct selection on mating preferences is an un-
known empirical question. Our findings suggest that
many previous papers may have overestimated the dif-
ference in the relative strength of these two forces.

Here we have assumed throughout that any correla-
tion between the expression of secondary sexua charac-
ters and fertility, fecundity or paternal care can be entire-
ly attributed to non-genetic sire effects. Thisis obviously
not the case. First, studies of infertility in humans have
shown that only a fraction can be attributed to males,
while a larger proportion can be attributed to women
(Khatamee 1988; WHO 1990). Many clinical cases of
infertility in humans are caused by infections and sexual-
ly transmitted diseases. However, multiple mating and
sperm storage may lead to an underestimate of variation
in male fertility.

Second, and perhaps most important, the magnitude
of these direct effects can partly be attributed to the ef-
fects of assortative mating, where females of poor fertili-
ty, fecundity or parental care become mated to males
with small secondary sexual characters. Maternal effects
may therefore lead to the direct benefits provided by
males being overestimated. In some cases, such as that
of black grouse, Tetrao tetrix, reported by Rintamaki
et al. (1998), it seems highly unlikely that the change in
fecundity was due to a non-genetic male effect. There is
no obvious mechanism whereby males can increase fe-
mal e fecundity. We cannot exclude these cases from the
analysis, however, because subtle material benefits in
species where males only transfer sperm (and females
were experimentally assigned to males) have been de-
tected (e.g. McLain 1998).

Third, females may differentially allocate resources to
reproduction and invest more heavily when mated to an
attractive male (for a review, see Sheldon 2000). This
could increase both the rate of production and survival of
offspring, again leading us to overestimate the direct
benefits the male provides. In studies of feeding behav-
iour, however, differential allocation may increase the
relative investment of the female to that of the male.
This could lead to an underestimate of the direct benefits
the male provides when the analysis is based on the pro-
portion of feeding visits by males rather than on absolute
feeding rate. In our analysis, however, we found no dif-
ference in effect size between cases based on proportion-
al or absolute measures of offspring feeding by males.

Fourth, a male's genetic contribution, either due to
general ‘viability genes or genetic complimentary with
the female, may increase offspring viability (Zeh and
Zeh 1996; Mdller and Alatalo 1999). This may increase
the number of offspring born or eggs laid if females re-
absorb or abort inferior zygotes. If weak offspring disap-



pear shortly after birth then researchers may be less like-
ly to count them. Misidentification of eggs as unfertil-
ised may also arise when failure occurs prior to cell divi-
sion, or within the first few mitotic divisions. Olsson and
Shine (1997) discuss the difficulties of distinguishing in-
fertility from other explanations. Again, hidden genetic
benefits could lead to an overestimate of the direct bene-
fitsamale provides.

Fifth, in insects there is often a short-term increase in
egg production immediately after mating due to males
transferring chemicals that promote oviposition. These
chemicals often act in a dose-dependent manner and
larger males are likely to transfer greater amounts
(Eberhard 1996). Although we treat this short-term
change as an increase in fecundity, there may be no net
effect on the lifetime reproductive output of a female
(for a review, see Arngvist and Nilsson 2000). Again,
thisis likely to lead to an overestimate of the net direct
benefit of mating with a more attractive male. In at least
some cases, larger doses of chemicals promoting ovipo-
sition may have negative effects on female longevity and
no actual effect on the average rate of egg production.

For the five reasons outlined above we can therefore
conclude that the direct fitness benefits of sexual selec-
tion are probably overestimated in the present study.

We have only considered four different kinds of direct
fitness benefits. Fertility, fecundity and aspects of pater-
nal care are, however, the direct fitness benefits most
likely to be widespread and of general importance. Of
course, there are potentially numerous other direct fit-
ness benefits of mate choice including territory quality
of males, courtship feeding (including nutrients or defen-
sive chemicals transferred in spermatophores or seminal
fluid) (e.g. lvy et a. 1999; Heller et a. 2000), and the
absence of directly transmitted parasites and diseases
(e.g. Simmons 1990b). While these effects may be of im-
portance in particular systems, the correlation between
mal e sexual signals and these benefits remains unknown.

Arngvist and Nilsson (2000) recently provided an in-
teresting complementary meta-analysis. They examined
the effect of multiple mating on female fecundity, fertili-
ty and lifespan by comparing singly versus multiply mat-
ed females. Females were randomly assigned to each
group. The mean correlations (expressed as Pearson’s r)
were 0.218 (95% CI, 0.127, 0.431) for egg production,
0.450 (0.484, 0.390) for offspring production and 0.06
(-0.173, 0.172) for longevity. Clearly, females gained di-
rect benefits from remating. These correspond to ex-
plaining 4.8%, 20.3% and 0.4% of the variation in the
fitness components (correlations were generaly lower
for species without nuptial feeding, suggesting smaller
benefits and even costs to remating). These beneficial ef-
fects are, however, due to mating with two or more and
usually several males rather than a single male. For fe-
mal e choice among males during a single mating to have
the same effect then the difference in resources provided
by a chosen male would have to be more than twice that
provided by a randomly selected male. Such extreme
variation in male quality seems unlikely. Indeed, if that
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was the case, we would have expected to locate more
studies where authors correlated fecundity gains with the
size of male nuptial gifts. Most of the papers that we en-
countered, however, used the single versus multiple mat-
ing approach to assess the benefits of nuptial gifts (e.g.
Butlin et a. 1987; Rutowski et al. 1987). This strongly
suggests that most workers implictly assume that varia-
tion among males in the size of nuptial gifts will have ef-
fects on female fitness that are too small to be detected
with standard sample sizes.

The present study also has important implications for
power analyses and determination of necessary sample
sizes for experiments. Empiricists will typically perform
a study and then test the null hypothesis of no difference
between treatments. A power analysis will be based on
the presumed magnitude of the “true” effect. In the ab-
sence of information, most biologists present results for
a medium-size effect of r=0.30 as defined by Cohen
(1988). Given that the mean effect sizes estimated in the
present study were r =0.114, 0.151, 0.251, and 0.468,
this assumption is only justified for studies looking at di-
rect benefits due to parental care in ectotherms. Whether
effects of this magnitude are generally the case in eco-
logical and evolutionary studies is not clear. In a survey
of 36 published meta-analyses in biology, A.P. Mdller
and M.D. Jennions (unpublished data) found that the
mean variance explained is about 5%. Thus, in the ab-
sence of information, an average effect size of r=0.2 is
probably more appropriate. If this is the true effect size,
a sample size of 200 is needed to detect a significant re-
lationship with a set to 5% with 80% power. If the effect
size is r=0.1, as in severa of the studies presented in
Tables 1 -4, then a sample of more than 800 individuals
is required. Thus, empiricists will need to work very
hard to safely conclude that there is “no small or inter-
mediate effect” when examining the hypothesis that male
secondary traits are honest signals of male parental qual-
ity.

Should male signals revea their parenting ability?
Models of the evolution of signals of parenting ability
have reached conflicting conclusions (Price et al. 1993;
Fitzpatrick et al. 1995; Kokko 1998). Fitzpatrick et al.
(1995) suggested that signals should have no cost in
terms of reducing parenting ability. However, this con-
clusion is at conflict with costs being implicit in the evo-
lution of reliable signals (Grafen 1990). Price et al.
(1993) concluded that signals might be so costly that
they reduced the amount of care and hence the fecundity
of females mated to ornamented males. Kokko (1998)
considered that males either signal their parenting ability
honestly or reduce their investment in parental care when
attractive due to differential parental investment by their
mates. The option adopted depends on the marginal
gains from multiple mating. If opportunities for polygy-
ny or extra-pair paternity are minimal, this should result
in honest advertisement of male parental care. However,
if opportunities for multiple mating are large, differential
parental investment should evolve. Mgller and Thornhill
(1998) and Mgller (2000) provided comparative, empiri-
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cal support for these predictions. The present meta-ana-
lyses suggest that to obtain reliable information on male
food provisioning of offspring, the expression of male
secondary sexual charactersis generally not very useful.
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