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ABSTRACT: Recently, doubt has been cast on studies supporting good
genes sexual selection by the suggestion that observed genetic benefits
for offspring may be confounded by differential maternal allocation.
In traditional analyses, observed genetic sire effects on offspring phe-
notype may result from females allocating more resources to the
offspring of attractive males. However, maternal effects such as dif-
ferential allocation may represent a mechanism promoting genetic
sire effects, rather than an alternative to them. Here we report results
from an experiment on the horned dung beetle Onthophagus taurus,
in which we directly compare genetic sire effects with maternal effects
that are dependent on sire phenotype. We found strong evidence
that mothers provide more resources to offspring when mated with
large-horned males. There were significant heritabilities for both horn
length and body size, but when differential maternal effects were
controlled, the observed estimates of genetic variance were greatly
reduced. Our experiment provides evidence that differential maternal
effects may amplify genetic effects on offspring traits that are closely
related to fitness. Thus, our results may partly explain the relatively
high coefficients of additive genetic variation observed in fitness-
related traits and provide empirical support for the theoretical ar-
gument that maternal effects can play an important role in evolution.
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The differential allocation hypothesis predicts that females
can increase their reproductive success by investing in re-
production depending on the attractiveness of their cur-
rent mate (Burley 1986). The hypothesis has two under-
lying assumptions. The first assumption is that a basic
life-history trade-off exists so that an increased allocation
of resources into current reproduction must compromise
resource allocation into future reproductive events (Wil-
liams 1966; Trivers 1972; Reznick 1985; Burley 1986). The
second assumption is that resource allocation into repro-
duction with an attractive mate must be greater than the
average resource allocation across all reproductive events
(Burley 1986). Burley’s original work examined both of
these assumptions (Burley 1985, 1986, 1988). However,
there are few other studies that have (Wedell 1996; Reyer
et al. 1999), and most of the more recent studies that claim
evidence for the differential allocation hypothesis fail to
examine the life-history trade-off required by the hypoth-
esis (Petrie and Williams 1993; Gil et al. 1999; Cunning-
ham and Russell 2000; Kolm 2001). If increased resource
allocation in current reproduction does not come at a cost
to the female, support for the differential allocation hy-
pothesis is equivocal. Effects of male phenotype on female
reproductive performance can arise from alternative
sources, including male effects such as paternal investment
(Wedell 1996; Hunt and Simmons 2000; Qvarnstrom and
Price 2001), which may enhance offspring performance
without adversely affecting future female reproductive
performance.

Because sire effects on offspring phenotype may result
from allocation of more resources to the offspring of at-
tractive mates, it has been suggested that they may con-
found genetic effects observed in traditional analyses (Gil
et al. 1999; Cunningham and Russell 2000). However,
rather than confounding genetic sire effects, differences in
the allocation of resources to offspring may in fact promote
sexual selection via an amplification of the genetic sire
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effects (Sheldon 2000). To be able to amplify genetic ef-
fects, there must be some underlying genetic variance in
phenotypic traits to start with. This cannot be seen as a
problem since virtually every trait will show some genetic
variation (Houle 1992; Pomiankowski and Magller 1995;
Lynch and Walsh 1998). The second requirement for am-
plifying genetic sire effects is that the traits under study
must be directionally affected by resource allocation. This
should not be seen as a problem either because most traits
are likely to show positive phenotypic condition depen-
dence to some extent (Nur and Hasson 1984; Andersson
1986; Rowe and Houle 1996; Kotiaho 2000; Kotiaho et al.
2001). Thus, any differences in the allocation of resources
to offspring that are correlated with sire phenotype have
the potential to amplify genetic effects of sires on their
offspring (Sheldon 2000). Moreover, if there is genetic
variance for these phenotype-dependent patterns of re-
source allocation, they will act as indirect genetic effects
that can amplify evolutionary responses to selection (Wolf
et al. 1998).

Male Onthophagus taurus exhibit dimorphic horn mor-
phology: minor males have practically no horns, while
major males have large, well-developed horns (Hunt and
Simmons 19984, 2000). In general, males with large horns
are competitively superior (Emlen 1997a; Moczek and Em-
len 2000) and sire the majority of offspring produced
(Hunt and Simmons 2001). After mating, females con-
struct brood masses from dung and lay a single egg into
each brood mass. The brood mass constitutes all available
resources for the larva during its development and is a
major determinant of adult body size (Emlen 1994, 1997b;
Hunt and Simmons 1997, 2000). In several dung beetle
species, major males assist females in brood mass con-
struction (Cook 1988; Sowig 1996; Hunt and Simmons
1998b, 2000), and in O. taurus this results in the produc-
tion of brood masses that are 48% larger than those pro-
duced by a female working alone (Hunt and Simmons
19985, 2000). In order to directly compare additive genetic
sire effects and differential maternal effects on the number
and size of offspring, we adopted an experimental design
where we prevented direct paternal contribution to brood
masses.

Material and Methods
Female Reproductive Performance

To study the effect of sire and dam on the number of
brood masses produced, we housed each of 106 field-
collected sires with four F1 laboratory-reared virgin dams.
We used pronotum width as a measure of body size, and
dams did not differ in body size across sires (mean:
F = 0.11, df = 106,321, P = 1.000; variance F = 0.36,

Maternal Effects and Genetic Variance 853

df = 106,321, P = 1.000). After 5 d, dams were estab-
lished in individual breeding chambers (PVC piping, 30
cm in length and 9 ¢cm in diameter, three-quarters filled
with moist sand and topped with 250 mL of fresh cow
dung) without the sires to construct brood masses. Brood
masses were collected, and the sand and dung were re-
placed with a fresh supply every 7 d until the death of the
dam. This provided us with the longevity of the dams and
the lifetime number of offspring produced for each dam
and sire. To study the effects of sire and dam on the weight
of the brood masses, we randomly selected 50 sires with
three dams each from the above set of 106 sires. From
these 150 dams, we weighed the brood masses produced
during the first 7-d period. Brood masses (n = 2,904)
were weighed individually to the nearest 0.01 g and placed
in individual sand-filled chambers. After emergence, off-
spring were preserved in alcohol for subsequent measure-
ments. Horn length of the sires and male offspring were
measured to the nearest 0.03 mm using a binocular mi-
croscope, and pronotum width was measured to the near-
est 0.02 mm with digital calipers (table 1).

Quantitative Genetic Analysis

In order to examine potentially amplifying effects of ma-
ternal allocation on genetic sire effects, we analyzed our
data using three different methods. First, we used a stan-
dard mean offspring on single-parent regression analysis
to estimate the heritability, coefficient of additive genetic
variance (CV,), and coefficient of residual variance (CVy)
of horn length and pronotum width (Falconer and Mackay
1996; Roft 1997; Lynch and Walsh 1998). This analysis will
incorporate any differential maternal effects into genetic
sire effects. Single-parent regressions were used because
females do not possess horns and because the variance in
pronotum width is significantly different between males
and females (Levene statistic = 16.34, df = 1,2,523, P<

Table 1: Basic statistics about the populations used

Trait Mean SD n
Pronotum width of sires 4.461 .815 50
Horn length of sires 1.004 1.194 50
Pronotum width of dams 5.373 132 150
Pronotum width of sons 5.345 242 1,211
Horn length of sons 2.615 975 1,211
Pronotum width of daughters 5.260 260 1,314
Mean of mean pronotum width of

sons for each sire 5.341 .096 50
Mean of mean horn length of sons

for each sire 2.602 406 50
Mean of mean pronotum width of

daughters for each dam 5.256 131 150
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.001). We used the mean son horn length and mean son
or daughter pronotum widths averaged across the three
dams of each sire and regressed these separately on sire
horn length or pronotum width. Heritability estimates and
their standard errors were derived from the least squares
regression coefficients by multiplying both the slope and
its standard error by two (Falconer and Mackay 1996; Roff
1997; Lynch and Walsh 1998). Each of the regressions was
weighted by the respective number of offspring for each
sire to adjust for the variance in error arising from uneven
sample sizes. Additive genetic variance for each trait was
estimated as twice the covariance between offspring and
parent.

The second way we analyzed our data was by using a
multiple linear regression. We entered the brood mass
weight (In transformed) as a second independent variable
into the offspring on sire regression analyses to partial out
its effects on genetic sire effects. Heritabilities, CV,’s, and
CVy’s were calculated as for the simple linear regressions.
This analysis should thereby partial out some of the effects
of differential maternal allocation to the brood mass from
any genetic sire effects. However, the analysis is unable to
accurately account for maternal effects because it uses
means of offspring trait values and the means of brood
mass weights for each family. Nevertheless, we present this
analysis because it facilitates a direct comparison of genetic
estimates obtained from a single technique.

Finally, since our data come from a traditional half-sib
breeding design, it is compatible with a mixed-model
nested ANCOVA. This analysis is in some ways superior
because all of the maternal effects will appear as dam com-
ponents, leaving the sire components free of any potential
differential allocation effects. We therefore performed such
an analysis including a covariate (In-transformed brood
mass weight). However, since the methodology of the anal-
ysis differs from regression techniques, comparison of the
magnitude of the heritabilities, CV,’s, and CV’s may be
slightly compromised because part of the differences in
the estimates may arise due to differences in estimation
methodology. This is why the above multiple linear re-
gression analysis was also retained.

Table 2: ANCOVA on number of brood masses

Source SS df MS F P Eta’
Longevity* 2,657.48 1 2,657.48 43.81 .000 .145
Sire 5,206.69 59 88.24 1.46 .026 .250
Sire x longevity 5,090.28 59 86.27 1.42 .034 .245
Error 15,651.87 258 60.66

Note: Eta® refers to the proportion of variance explained (it is the ratio of
the between-groups sum of squares to the total sum of squares).
* Longevity of the dam is used as a covariate.

Table 3: Nested ANOVA for brood mass weight

Source SS df MS F P Eta’
Sire 227.463 49  4.642° 2.434 .000 .544
Dam(sire) 191.488 100 1.915 11.879 .000 .301
Error 443923 2754 .161

Note: Eta® refers to the proportion of variance explained.

* To account for unequal sample sizes of offspring within sires, the error
term for sires was calculated using Satterwaithe’s approximation:
0.996MS[dam(sire)] + (4.394 x 10 *)MS(error) = 1.908.

Results
Female Reproductive Performance

The lifetime number of brood masses produced was in-
dependent of dam size (r = —0.01, n = 424, P = .861),
as found in previous studies (Hunt and Simmons 2000).
Dam longevity was also independent of dam size (r =
0.04, n = 424, P = .403). However, we found an effect
of sire on dam longevity (ANOVA: F = 1.30, df =
105,318, P = .045); sire size was positively related to dam
survival (correlation between sire size and mean longevity
of his four dams; r = 0.21, n = 106, P = .033). Because
dam longevity was also positively related to the lifetime
number of brood masses produced (r = 042, n = 424,
P < .001), we controlled for longevity in all further analyses
of the number of brood masses. Interestingly, we found a
significant sire by female longevity interaction effect on
the lifetime number of brood masses produced by the
female, explaining 24.5% of the total variance (table 2).
This interaction indicates that the relationship between
female longevity and lifetime number of brood masses
produced is in fact dependent on the sire with which the
female mated. This dependence can at least partly be ex-
plained by differences in sire horn length and body size;
sire horn length and body size were both positively cor-
related with the mean lifetime number of brood masses
produced by his four dams (partial correlation controlling
for mean dam longevity; » = 0.23, df = 103, P = .021
and r = 0.24, df = 103, P = .015, respectively).

There was a strong dam effect on the weight of brood
masses (table 3), with dam size being positively correlated
with the mean weight of the brood masses the dam pro-
duced (r = 0.38, n = 150, P<.001). What was surpris-
ing, however, is that in the absence of direct paternal pro-
visioning, there was also a strong effect of the sire on brood
mass weight, explaining 54.4% of the total variation (table
3). Both sire horn length and sire size were positively
related to the mean brood mass weight produced by his
dams (r; = 0.30, n = 50, P = .036 and r = 0.32, n =
50, P = .025, respectively). Brood mass weight increased
by an average of 10% across the size range of sires used
in our experiment (fig. 1). These results indicate that fe-
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Figure 1: Relationship between mean brood mass weight for each sire
and sire pronotum width. The slope is given by the equation y =
2.85 + 1.12x. Outer lines represent the 95% confidence intervals for the
slope.

males differentially provision larger brood masses for sires
that have long horns and large body size.

Size of brood masses had a significant positive effect on
the body size of sons and daughters that emerged (cor-
relation between mean brood mass weight and mean off-
spring body size for each dam; r = 0493, n = 150, P<
.001 and r = 0.367, n = 150, P<.00l, respectively).
There was also a clear effect of brood mass weight on the
horn length of sons (r = 0456, n = 150, P < .001).

Quantitative Genetic Analysis

In the first stage, we estimated heritabilities for horn length
and pronotum width using mean offspring on father re-
gressions (Falconer and Mackay 1996; Roff 1997; Lynch
and Walsh 1998). The heritability estimate (h* = SE) for
horn length was significantly greater than 0 (h* =
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0.193 = 0.089, t = 2.16, df = 48, P = .036). Similarly,
the estimate of heritability for body size was significantly
different from 0 for both sons (h* = 0.094 *+ 0.031,
t=3.06, df = 48, P = .004) and daughters (h*> =
0.065 * 0.022, + = 2.88, df = 48, P = .006). In table 4,
we have tabulated the heritabilities, CV,’s, and CV,’s.
These results suggest that there is significant additive ge-
netic variance for both horn length and body size in On-
thophagus taurus.

However, because females provisioned brood masses de-
pending on sire phenotype and brood mass influenced
offspring phenotype, we suspect that the above estimates
may be amplified by differential maternal effects. In an
attempt to control for differential maternal effects and
facilitate a comparison of heritabilities, CV,’s, and CV.’s,
we ran a multiple linear regression partialling out the effect
of brood mass weight on offspring phenotype. Heritabil-
ities and their standard errors, CV,’s, and CV.’s are tab-
ulated in table 4. This analysis revealed that heritability
estimates from simple linear parent-offspring regression
were 20% to 35% amplified, and CV,’s were 10% to 20%
amplified due to the differential maternal effects on brood
mass weight (table 5). However, we note that the difference
between the heritability estimates are not significant (based
on overlapping SEs).

Finally, we performed a fully saturated mixed-model
nested ANCOVA separately for each of the offspring traits.
The highest-level interaction effect, between dam nested
within sire and the covariate brood mass weight, on horn
length of sons was marginally significant (F = 1.22,
df = 98,913, P = .079). Procedures for selecting models
of covariance recommend that significance of interaction
terms be set at a value of « greater than the traditional
0.05; for example, Hendrix et al. (1982) suggest a value
as high as 0.20. Therefore, we considered this full model
in addition to one in which the interaction was removed.
When the interaction was retained, the second interaction
between sire and brood mass weight on horn length also
indicated a significant interaction (F = 1.33, df =
49,913, P = .065). When we removed the least significant
dam nested within sire by brood mass weight interaction
and ran the model again, the significance of the sire by

Table 4: Heritabilities, coefficients of additive genetic variation, and coefficients of residual variation calculated from parent-
offspring regression in parent-offspring multiple regression including brood mass weight and in mixed-model nested ANCOVA

Mixed-model nested

Simple linear regression Multiple linear regression ANCOVA
Trait K £ SE Cv, CVy W = SE Cv, CVy W £ SE CV, CV;
Pronotum width,; ., 094 = 030 5.61 17.39 .066 = .030 470  17.65 .159 = .033 .82  4.45
Horn length,;,. .. 193 + .089 5220 106.81 .125 + .086 41.98 111.23 .055 £ .012 3.82 37.11
Pronotum width .065 = .022 4.67 17.66  .052 = .024 4.17 17.78  .011 £ .003 17 4.10

sire-daughter
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Table 5: Change in heritabilities, coefficients of additive genetic variation, and coefficients of

residual variation

Trait

Change in A — B (%)

Change in A — C (%)

Heritability of son’s pronotum width
Heritability of son’s horn length
Heritability of daughter’s pronotum width
CV, of son’s pronotum width

CV, of son’s horn length

CV, of daughter’s pronotum width

CVy of son’s pronotum width

CVy of son’s horn length

CV, of daughter’s pronotum width

—29.79 +69.15
—35.23 —71.50
—20.00 —83.08
—16.22 —85.38
—19.58 —92.68
—10.71 —96.36
+1.50 —74.41
+4.14 —65.26
+.68 —76.78

Note: Changes in heritabilities, coefficients of additive genetic variation, and coefficients of residual variation

are calculated as the difference between analysis where maternal effects were not controlled for (table 4 simple

linear regression) and when they were controlled with multiple regression (table 4 multiple linear regression; change

in A — B [%]) and between analysis where maternal effects were not controlled for and when they were controlled
with mixed-model nested ANCOVA (table 4 mixed model nested ANCOVA; change A — C [%]).

brood mass weight interaction became stronger (F =
1.37,df = 49,1,011, P = .050). The reduced model is pre-
sented in table 6. Both models show that brood mass
weight had a significant effect on the genetic sire effect on
horn length of sons. That is, the observed differential ma-
ternal effects influenced the genetic sire effects. For horn
length, the heritability estimate (h* £ SE) was 0.055 *
0.012, and the coefficient of additive genetic variance was
3.82 (table 4). The estimate of heritability was 71% lower
and the estimate of CV, was over 90% lower than the
estimates from simple parent-offspring regression (table
5). For son pronotum width, there were no significant
interactions (dam nested within sire by brood mass weight
[F = 1.15, df = 92,848, P = .172] and sire by brood
mass weight [F = 0.78, df = 46,940, P = .852]), and the
final analysis was performed without them (table 7). The
heritability estimate for son pronotum width was
0.159 = 0.033, and the coefficient of additive genetic var-
iance was 0.82. Again, both of these estimates were greatly
changed in comparison to the analysis where differential
maternal effects were not accounted for (table 5). For
pronotum width of female offspring, there were significant

Table 6: Mixed-model nested ANCOVA for horn length

Source SS df MS F P Eta’
BMW 74.34 1 7434 129.49 .000 .114
Sire 41.09 49 .84* 1.43 .029 .062
Dam(sire) 166.57 98 1.70 296 .000 .223
Sire x BMW 38.41 49 .78 1.37 .050 .062
Error 580.40 1,011 574

Note: Eta’ refers to the proportion of variance explained. BMW =
brood mass weight (In transformed).

* To account for unequal sample sizes of offspring within sires, the
error term for sires was calculated using Satterwaithe’s approximation:
(1.027 x 10~*)MS[dam(sire)] + 0.990MS(error) = 0.586.

dam nested within sire by brood mass weight and sire by
brood mass weight interactions (table 8), indicating that
again differential maternal effects have significant ampli-
fying effects on the genetic components of variance in
daughter pronotum width. The heritability estimate was
low at 0.011 but, nevertheless, significantly different from
0 (table 4). We note that, although significant, most of the
heritabilities are rather low. For body size, this is partly
due to relatively low additive genetic variance in sons and
daughters (table 4). However, for horn length in sons,
there is moderate additive genetic variance (table 4), as
expected for a secondary sexual trait (Pomiankowski and
Moller 1995), but the heritability estimate is low because
of the high residual variance (table 4; Houle 1992).

Discussion

The results of our study show that in Onthophagus taurus,
females differentially provision their offspring depending
on the phenotype of their mate. Results such as these have
previously been interpreted as supporting the differential
maternal allocation hypothesis (Burley 1986, 1988; Petrie
and Williams 1993; Wedell 1996; Gil et al. 1999; Cun-
ningham and Russell 2000; Sheldon 2000; Kolm 2001).
The differential allocation hypothesis is firmly rooted in
life-history theory in predicting that females paired with
attractive males should have a reduced future reproduction
because of their elevated parental investment (Burley
1986). In contrast to this prediction, our results show that
females had an elevated life span and increased lifetime
reproductive investment following mating with large, long-
horned males. Accordingly, the differential maternal effect
observed in our study cannot be taken as support for the
differential allocation hypothesis (sensu Burley 1988). Our
results illustrate the importance of measuring total lifetime
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Table 7: Mixed-model nested ANCOVA for pronotum width of
sons

Source SS df MS F P Eta’
BMW 5.55 1 5.55 152.28 .000 .134
Sire 7.12 46 .16* 142 .077 .408
Dam(sire) 10.46 93 11 3.09 .000 .226
Error 3591 986 3.64 x 10°?

Note: Eta’ refers to the proportion of variance explained. BMW =
brood mass weight (In transformed).

* To account for unequal sample sizes of offspring within sires, the error
term for sires was calculated using Satterwaithe’s
0.971MS[dam(sire)] + (2.944 x 10"*)MS(error) = 0.110.

approximation:

reproductive output in studies examining the differential
allocation hypothesis.

We have shown elsewhere that, in general, an increase
in maternal investment does come at a cost of reduced
female life span (Hunt et al. 2002). Therefore, the fact that
here large males affected both a greater female investment
and increased life span is in accord with some form of
phenotype-dependent male paternal contribution that
more than alleviates the costs of increased reproductive
investment by females. For example, paternal assistance in
provisioning has been shown to reduce the longevity costs
of female investment for this species (Hunt et al. 2002).
In the experiments reported here, females were provision-
ing alone. Therefore, the most likely explanation for the
differential maternal effect is that it represents an indirect
sire effect mediated via seminal products.

The finding that Drosophila seminal products can be
costly to females (Chapman et al. 1995) has dominated
recent literature in this area. However, more taxonomically
widespread among insects is a positive influence of male
seminal products on female reproduction (Simmons
2001). In beetles, seminal products have been shown to
be incorporated into female somatic tissue and developing
eggs (Boucher and Huignard 1987; Rooney and Lewis
1999), and they have been found to increase longevity and
the number and size of eggs produced during a female’s
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life span (Fox 19934, 1993b; Fox et al. 1995; Eady et al.
2000; Drnevich et al. 2001; Nilsson et al. 2002; Rooney
and Lewis 2002). The same is true for Lepidoptera and
Orthoptera (for review, see Simmons 2001). In general,
the positive effects of female multiple mating in insects
appear to outweigh any negative impacts on longevity
(Arngvist and Nilsson 2000). The positive effects of sem-
inal products have been shown to vary in a dose-dependent
manner (Simmons 2001); for example, large male bruchid
beetles provide larger ejaculates with concomitantly greater
benefits for females (Fox et al. 1995). Thus, we believe
that our data for O. taurus are generally consistent with
previous studies of insects that show how seminal products
have a positive influence on female reproduction; males
provide nutrients in their seminal fluids that females utilize
in reproduction. In support of this conclusion, we have
found significant additive genetic variance for ejaculate
size in O. taurus (Simmons and Kotiaho 2002) that would
account for the intrinsic differences between males in the
reproductive performance of their mates. Furthermore,
ejaculate size is positively correlated with male size (Sim-
mons et al. 1999) so that larger males may induce greater
longevity and lifetime reproductive success of females, as
found here, via quantitative variation in the ejaculate.
Whatever the proximate cause of this differential ma-
ternal effect, it holds important implications for evolution.
Considerable theoretical effort has focused on the role of
indirect genetic effects in evolution (Mousseau and Fox
1998; Wolf et al. 1998). Traits that have little or no direct
genetic basis themselves can change across generations if
the environment that contributes to such traits has some
genetic basis. Currently, there is little empirical evidence
for such indirect genetic effects in evolution (Wolf et al.
1998; but see Hunt and Simmons 2002; Rauter and Moore
2002). Our results show that differential maternal effects
can amplify heritability and levels of additive genetic var-
iation for secondary sexual traits. Differential maternal
effects could thus fuel a response to sexual selection on
secondary sexual traits even when there is only low levels

Table 8: Mixed-model nested ANCOVA for pronotum width of daughters

Source SS df MS F P Eta?
BMW 2.73 1 2.73 9495 .000 .089
Sire 1.89 46 4.11 x 107 1.06 .398 .289
Dam(sire) 3.84 94 4.08 x 1072 1.42 .007 .120
Sire X BMW 1.88 46  4.09 x 1072 1.42 .036 .063
Dam(sire) x BMW 3.62 94 3.85 x 1072 1.34  .021 .114
Error 28.00 973 2.88 x 1072

Note: Eta® refers to the proportion of variance explained. BMW = brood mass weight

(In transformed).

* To account for unequal sample sizes of offspring within sires, the error term for

sires  was
0.153MS(error) = 3.896 x 102

calculated using Satterwaithe’s

approximation: 0.847MS[dam(sire)] +
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of additive genetic variance for these traits (Wolf et al.
1998; Qvarnstrom and Price 2001). Moreover, the finding
that secondary sexual traits generally exhibit higher co-
efficients of additive genetic variation than naturally se-
lected traits (Pomiankowski and Meller 1995) may be at
least partly explained by the amplifying effects of differ-
ential maternal effects such as those reported here.

Acknowledgments

We thank W. Blankenhorn, D. Houle, and J. Merild for
discussions on the genetic analyses; T. Tregenza and N.
Wedell for clarifying discussions on maternal effects; and
B. Sheldon and the Round Table Discussion Group at the
University of Jyviskyld for comments on the manuscript.
J.S.K. was funded by the Academy of Finland, L.W.S. by
the Australian Research Council, J.H. by an Australian
Postgraduate Award, and J.L.T. by a postdoctoral research
fellowship from the University of Western Australia.

Literature Cited

Andersson, M. 1986. Evolution of condition-dependent
sex ornaments and mating preferences: sexual selection
based on viability differences. Guakiag 40:804-816.

Arngvist, G., and T. Nilsson. 2000. The evolution of poly-
andry: multiple mating and female fitness in insects.
R 0:145-164.

Boucher, L., and J. Huignard. 1987. Transfer of male se-
cretions from the spermatophore to the female insect
in Caryedon serratus (OL): analysis of the possible

trophic role of these secretions. | ENEGTGTNGNG
iglocy 33:949-957.

Burley, N. 1985. Leg band color and mortality patterns in
captive breeding populations of zebra finches. Auk 102:
647-651.

. 1986. Sexual selection for aesthetic traits in species

with biparental care. | ENENEEEGEEEEN 127:415-445.
. 1988. The differential allocation hypothesis: an

experimental test. | NNREEEEN 132:611-628.

Chapman, T., L. E. Liddle, J. M. Kalb, M. E. Wolfner, and
L. Partridge. 1995. Cost of mating in Drosophila me-
lanogaster females is mediated by male accessory gland
products. Naturg 373:241-244.

Cook, D. 1988. Sexual selection in dung beetles. II. Female
fecundity as an estimate of male reproductive success
in relation to horn size, and alternative behavioural

strategies in Onthophagus binodis Thunberg (Scara-
bacidae: Onthophagin). NN
36:521-532.

Cunningham, E. J., and A. E. Russell. 2000. Egg investment
is influenced by male attractiveness in the mallard. Na-
ture 404:74-77.

Drnevich, J. M., R. S. Papke, C. L. Rauser, and R. L. Ru-

towski. 2001. Material benefits from multiple mating in
female mealworm beetles (Tenebrio molitor L.). louznal
B 14:215-231.

Eady, P. E., N. Wilson, and M. Jackson. 2000. Copulating
with multiple mates enhances female fecundity but not
egg-to-adult survival in the bruchid beetle Callosobru-
chus maculatus. Eaaluieg 54:2161-2165.

Emlen, D. J. 1994. Environmental control of horn length

dimorphism in the beetle Onthophagus acuminatus (Co-
leoptera: Scarabaeidae).
256:131-136.

. 1997a. Alternative reproductive tactics and male
dimorphism in the horned beetle Onthophagus acumi-

natus (Coleoptera: Scarabaeidae). |G
I 4 1:335-341.

. 1997b. Diet alters male horn allometry in the

beetle Onthophagus acuminatus (Coleoptera: Scarabi-
doc). I

I 264:567-574.
Falconer, D. S., and T. E C. Mackay. 1996. Introduction

to quantitative genetics. Longman, Essex.

Fox, C. W. 1993a. The influence of maternal age and mat-
ing frequency on egg size and offspring performance in
Callosobruchus maculatus (Coleoptera: Bruchidae).
DI 06:139-146.

. 1993b. Multiple mating, lifetime fecundity and
female mortality of the bruchid beetle, Callosobruchus
maculatus (Coleoptera: Bruchidae). I NENEEENEEEGG_—
7:203-208.

Fox, C. W,, L. A. McLennan, and T. A. Mousseau. 1995.
Male body size affects female lifetime reproductive suc-
cess in a seed beetle. NN 50:281-284.

Gil, D., J. Graves, N. Hazon, and A. Wells. 1999. Male
attractiveness and differential testosterone investment in
zebra finch eggs. Science (Washington, D.C.) 286:
126-128.

Hendrix, L. J., M. W. Carter, and D. T. Scott. 1982. Co-
variance analysis with heterogeneity of slopes in fixed
models. Rigiatkaas 38:641-650.

Houle, D. 1992. Comparing evolvability and variability of
quantitative traits. EeRekies 130:195-204.

Hunt, J., and L. W. Simmons. 1997. Patterns of fluctuating
asymmetry in beetle horns: an experimental examina-
tion of the honest signalling hypothesis. Rokdiiakl
I 1 1:109-114.

. 19984. Patterns of fluctuating asymmetry in beetle

horns: no evidence for reliable signalling. Reldssaksd

Ecalagy 9:465-470.

. 1998b. Patterns of parental provisioning covary

with male morphology in a horned beetle (Onthophagus

taurus) (Coleoptera: Scarabidae). |G
I 12:447-451.

. 2000. Maternal and paternal effects on offspring

This content downloaded from 144.173.241.029 on January 31, 2017 16:10:18 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2408465
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F284493
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fbeheco%2F9.5.465
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fbeheco%2F9.5.465
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1994.0060
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1994.0060
http://www.journals.uchicago.edu/action/showLinks?pmid=10716444&crossref=10.1038%2F35003565
http://www.journals.uchicago.edu/action/showLinks?pmid=10716444&crossref=10.1038%2F35003565
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2FBF00318042
http://www.journals.uchicago.edu/action/showLinks?pmid=6756494&crossref=10.2307%2F2530045
http://www.journals.uchicago.edu/action/showLinks?pmid=10973716&crossref=10.1006%2Fanbe.2000.1446
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050459
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F284877
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050459
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050393
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050393
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2389888
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2F0022-1910%2887%2990007-2
http://www.journals.uchicago.edu/action/showLinks?pmid=1732160
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2F0022-1910%2887%2990007-2
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1023%2FA%3A1007889712054
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1023%2FA%3A1007889712054
http://www.journals.uchicago.edu/action/showLinks?pmid=7816137&crossref=10.1038%2F373241a0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1997.0081
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1997.0081
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1006%2Fanbe.1995.0242
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050370
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650050370
http://www.journals.uchicago.edu/action/showLinks?pmid=11209792&crossref=10.1111%2Fj.0014-3820.2000.tb01259.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1071%2FZO9880521

phenotype in the dung beetle Onthophagus taurus. Exgz
lution 54:936-941.

.2001. Status-dependent selection in the dimorphic
beetle Onthophagus taurus.

268:2409-2414.
. 2002. The genetics of maternal care: direct and

indirect genetic effects on phenotype in the dung beetle
99:6828-6832.

Hunt, J., L. W. Simmons, and J. S. Kotiaho. 2002. A cost

of maternal care in the dung beetle Onthophagus taurus?

15:57-64.
Kolm, N. 2001. Females produce larger eggs for large males

in a paternal mouthbrooding fish.
268:

2229-2234,
Kotiaho, J. S. 2000. Testing the assumptions of conditional

handicap theory: costs and condition dependence of a
cexully selected trait. [
higlogy 48:188-194.

Kotiaho, J. S., L. W. Simmons, and J. L. Tomkins. 2001.
Towards a resolution of the lek paradox. Naturg 410:
684—686.

Lynch, M., and B. Walsh. 1998. Genetics and analysis of
quantitative traits. Sinauer, Sunderland, Mass.

Moczek, A. P, and D. J. Emlen. 2000. Male horn dimor-
phism in the scarab beetle Onthophagus taurus: do al-
ternative reproductive tactics favor alternative pheno-
types? NN 59:459—466.

Mousseau, T. A., and C. W. Fox. 1998. Maternal effects as
adaptations. Oxford University Press, Oxford.

Nilsson, T., C. Fricke, and G. Arnqvist. 2002. Patterns of
divergence in the effects of mating on female repro-
ductive performance in flour beetles. Exalibial 56:
111-120.

Nur, N., and O. Hasson. 1984. Phenotypic plasticity and
the handicap principle. “
110:275-297.

Petrie, M., and A. Williams. 1993. Peahens lay more eggs

for peacocks with larger trains.

251:127-131.
Pomiankowski, A., and A. P. Mgller. 1995. A resolution

of the lek paradox.
260:21-29.

Qvarnstrom, A., and T. D. Price. 2001. Maternal effects,

paternal effects and sexual selection. [N
Samakuiian 16:95-100.

Rauter, C. M., and A. J. Moore. 2002. Evolutionary im-
portance of parental care performance, food resources

and direct and indirect genetic effects in a burying
bectt. NN - 10741

Maternal Effects and Genetic Variance 859

Reyer, H.-U., G. Frei, and C. Som. 1999. Cryptic female

choice: frogs reduce clutch size when amplexed by un-
desired males.
266:2101-2107.

Reznick, D. 1985. Cost of reproduction: an evaluation of
the empirical evidence. Qikag 44:257-267.

Roff, D. 1997. Evolutionary quantitative genetics. Chap-
man & Hall, New York.

Rooney, J., and S. M. Lewis. 1999. Differential allocation
of male-derived nutrients in two lampyrid beetles with
contrasting life-history characteristics. [ uiu——
ogy 10:97-104.

. 2002. Fitness advantage from nuptial gifts in fe-

male fireflies. | NEEE 27:373—-377.

Rowe, L., and D. Houle. 1996. The lek paradox and the

capture of genetic variance by condition dependent
traits. H

D 263:1415-1421.

Sheldon, B. 2000. Differential allocation: tests, mechanisms
and implications. 15:
397-402.

Simmons, L. W. 2001. Sperm competition and its evolu-
tionary consequences in the insects. Princeton Univer-
sity Press, Princeton, N.]J.

Simmons, L. W,, and J. S. Kotiaho. 2002. Evolution of
ejaculates: patterns of phenotypic and genotypic vari-
ation and condition dependence in sperm competition

traits. Eaaldkiaa 56:1622-1631.
Simmons, L. W,, J. L. Tomkins, and J. Hunt. 1999. Sperm

comietition iames ilaied bi dimorihic male beetles.

Seialeas 266:145-150.
Sowig, P. 1996. Duration and benefits of biparental brood

care in the dung beetle Onthophagus vacca (Coleoptera:
Scarabaeidae). | NENREGEEE 2 1:31-36.

Trivers, R. L. 1972. Parental investment and sexual selec-
tion. Pages 136-172 in B. Campbell, ed. Parental
investment and sexual selection. Aldine-Atherton,
Chicago.

Wedell, N. 1996. Mate quality affects reproductive effort
in a paternally investing species. [ NNNEREIEBEN
148:1075-1088.

Williams, G. C. 1966. Natural selection, the costs of re-
production, and a refinement of Lack’s principle. Amgrs

e 100:687-690.
Wolf, J. B., E. D. Brodie III, J. M. Cheverud, A. J. Moore,

and M. J. Wade. 1998. Evolutionary consequences of
indirect genetic effects, NS

13:64-69.

Associate Editor: Ben C. Sheldon

This content downloaded from 144.173.241.029 on January 31, 2017 16:10:18 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).


http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650000221
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs002650000221
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.1365-2311.2002.00420.x
http://www.journals.uchicago.edu/action/showLinks?pmid=12353755&crossref=10.1111%2Fj.0014-3820.2002.tb01474.x
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F285972
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1995.0054
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1995.0054
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F3544698
http://www.journals.uchicago.edu/action/showLinks?pmid=11983863&crossref=10.1073%2Fpnas.092676199
http://www.journals.uchicago.edu/action/showLinks?pmid=11983863&crossref=10.1073%2Fpnas.092676199
http://www.journals.uchicago.edu/action/showLinks?pmid=11287953&crossref=10.1038%2F35070557
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1996.0207
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1996.0207
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1999.0614
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1999.0614
http://www.journals.uchicago.edu/action/showLinks?pmid=11913656&crossref=10.1111%2Fj.0014-3820.2002.tb00853.x
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F282461
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F282461
http://www.journals.uchicago.edu/action/showLinks?pmid=11165708&crossref=10.1016%2FS0169-5347%2800%2902063-2
http://www.journals.uchicago.edu/action/showLinks?pmid=11165708&crossref=10.1016%2FS0169-5347%2800%2902063-2
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.1420-9101.2002.00374.x
http://www.journals.uchicago.edu/action/showLinks?pmid=10998516&crossref=10.1016%2FS0169-5347%2800%2901953-4
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1365-2311.1996.tb00269.x
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0022-5193%2884%2980059-4
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1046%2Fj.1420-9101.2002.00412.x
http://www.journals.uchicago.edu/action/showLinks?pmid=10937266&crossref=10.1111%2Fj.0014-3820.2000.tb00093.x
http://www.journals.uchicago.edu/action/showLinks?pmid=10937266&crossref=10.1111%2Fj.0014-3820.2000.tb00093.x
http://www.journals.uchicago.edu/action/showLinks?pmid=21238202&crossref=10.1016%2FS0169-5347%2897%2901233-0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fbeheco%2F10.1.97
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fbeheco%2F10.1.97
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.2001.1792
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.2001.1792
http://www.journals.uchicago.edu/action/showLinks?pmid=10675268&crossref=10.1006%2Fanbe.1999.1342
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1993.0018
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1993.0018
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1999.0894
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1098%2Frspb.1999.0894
http://www.journals.uchicago.edu/action/showLinks?pmid=11747558&crossref=10.1098%2Frspb.2001.1758
http://www.journals.uchicago.edu/action/showLinks?pmid=11747558&crossref=10.1098%2Frspb.2001.1758

