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Bateman’s (1948) study showing greater variances in number of mates and reproductive success in male than female Drosophila

melanogaster is a foundational paper in sexual selection. Here we show for the first time that his methods had flaws, including the

elimination of genetic variance, sampling biases, miscalculations of fitness variances, statistical pseudo-replication, and selective

presentation of data. We conclude that Bateman’s results are unreliable, his conclusions are questionable, and his observed variances

are similar to those expected under random mating. Despite our analysis, we do not intend this article as a criticism of Bateman; he

accomplished his work without modern computational tools, and his approach was groundbreaking emphasizing the significance

of fitness variance for sexual selection. However, this reanalysis has implications for what counts as evidence for sexual selection

and we believe that our concerns should be of interest to contemporary students of sexual selection. We call for repetitions of

Bateman’s study using modern statistical and molecular methods.

KEY WORDS: Bateman gradients, mating success variance, null model, sex differences, variance in number of mates, variance in

reproductive success.

A. J. Bateman’s experiment (1948), cited 15 times before and
nearly a thousand times after the birth of sociobiology, was re-
discovered by Parker (1970) and Trivers (1972), who used Bate-
man’s conclusions to support their theories of sperm competition
and parental investment. After Parker and Trivers, investigators
frequently cited Bateman as the classic demonstration of sexual
selection, whose mechanisms, mate choice, and within-sex com-
petition, create within-sex variance in fitness (Darwin 1871). Bate-
man’s paper also is the key citation, along with Darwin (1871),
for generalities about the evolution of sex differences in fitness
(Andersson 1994). These generalities, which began as Bateman’s
hypotheses, became his conclusions, and have more recently be-
come elevated to “Bateman’s principles.” These generalities were:
(1) there is greater variance in numbers of mates among males than
among females; (2) fitness is more closely associated with number

of mates for males than for females; and (3) differences between
the sexes in the variance in number of mates (VNM) is the sine qua
non signature of sexual selection. Others (Sutherland 1985; Dews-
bury 2005; Tang-Martinez and Ryder 2005) have criticized the in-
terpretations of Bateman’s paper. The paper has stimulated similar
studies in other species, some of which are consistent (Clutton-
Brock et al. 1988; Le Boeuf and Reiter 1988; McLain 1991) with
Bateman’s hypotheses, whereas others are inconsistent (Hafernik
and Garrison 1986; Oring et al. 1991; Ribble 1992; Bartmann and
Gerlach 2001) (Table 1). Despite previous criticism and equivocal
support from modern studies in some species, Bateman’s paper
retains its place as the single most important empirical observa-
tion in sexual selection. Because of the foundational nature of
Bateman’s paper, it is important to know that Bateman’s data are
robust, his analyses are correct and his conclusions are justified.
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Table 1. A list of studies with results inconsistent with Bateman'’s principles. This list is not from a comprehensive search of the literature,

thus we expect that it does not include all results inconsistent with Bateman’s principles. Nor is it meant to suggest that other studies

have not found results consistent with Bateman’s principles.

Conclusion (significance; if reported)

Study Species Prediction

Bartmann and Gerlach 2001 Wood mice, Apodemus
sylvaticus

Hafernik and Garrison 1986 Damselfly, Ischnura
gemina

Ribble 1992 California mouse,
Peromyscus
califonicus

Sheridan and Tamarin 1988 Meadow vole,
Microtus
penslyvanicus

Oring et al. 1991 Spotted Sandpiper,
Actitis macularia

Becher and Magurran 2004 Trinidadian guppies,
Poecilia reticulata

Marti 1997 Barn owls, Tyto alba

Thomas and Coulson 1988  Kittiwake gulls, Rissa
tridactyla

Jensen et al. 2004 House sparrow, Passer
domesticus

Scott 1988 Bewick’s swan,
Cygnus
columbianus

Smith 1988 Song sparrow,
Melospiza melodia

Merila and Sheldon 2000  Collared flycatcher,
Ficedula albicollis LRS

Male VRS > Female VRS

Male VNM > Female VNM

Male VNM > female VNM

Male VRS > Female VRS

Female VRS > Male VRS
Male VNM > Female VNM;
Male VRS > Female VRS
Male VRS > Female VRS
Male VRS > Female VRS
Male VRS > Female VRS

Male VRS > Female VRS

Male VRS > Female VRS

Male A2 of LRS > Female A2

No difference between male and female VRS
(P =0.75)

No difference in male and female mating
success variance (P > 0.50)

Female VNM > Male NVM (F-test: P = 0.01)

Male VRS < Female VRS

Male VRS > Female VRS

Male VNM = Female VNM; Male VRS >
Female VRS (P < 0.01)

No difference between male and female VRS

No difference between male and female VRS

No difference between male and female VRS

No difference between male and female VRS

Male variance in number of eggs fertilized >
female variance in number of eggs laid (P =
0.001); male variance in number offspring
fledged < female variance in number
offspring fledged (P = 0.03)

Male 42 of LRS is not different from 0; Female
h? of LRS is > 0

In studying Bateman’s work to attempt to experimentally repeat
it, we found that Bateman’s paper contains methodological and
theoretical flaws, reported here for the first time, that call into
question his conclusions.

‘We do not intend this reanalysis as a criticism of Bateman; his
approach was groundbreaking and we are well aware that he ac-
complished his work without modern computational aids. We are
much more concerned with modern researchers, many of whom
have accepted Bateman’s intuitive results at face value and uncrit-
ically cited them as demonstrating sexual selection. We hope our
reanalysis will contribute to a more nuanced discussion of sex dif-
ferences in fitness variances and the relationship of reproductive
competition to fitness variances.

Bateman’s Study

Bateman put small populations of virgin Drosophila
melanogaster, consisting of either three males and three fe-

males, or five males and five females, in small milk bottles for
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three or four days. He studied 64 populations organized into
six “series.” The series varied in the number of replications,
in the number of days over which mating could occur, in the
number of males and females in the populations, the ages of
males and females, and in their dominant marker mutations
(Table 2). Bateman treated each series as a separate experiment,
although he was not explicit about his reasons. Table 2 lists
possible justifications for each series. There were 215 adult
males and 215 adult females in Bateman’s experiments. Each
adult was heterozygous for a different dominant phenotypic
mutation (Table 3). One-quarter of an individual’s offspring
would in theory exhibit the mutations simultaneously from the
mother and from the father; a quarter would show a mutation
only from the father; a quarter would show a mutation only from
the mother. Thus, Bateman was able to assign genetic parentage
to, on average, three quarters of the offspring. From these data
(Table 3), he inferred how many mates and offspring each male
and female had in each of the experimental populations.
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Table 2. Bateman’s experimental design.
Series Number of Number Lengthof Ageof flies  Mutations? Pedigree of Justification (inferred
replicates of each experiment at start (females x males) experimental from pp. 354-356)
sex per (days) (days)! animals
replicate
1 5 5 3 1,3, 6 (mixed) Hw, Pm, Sb,H&  Mass cultures Difference in age between
Me x B, Cy, series 1 and 2 allows for
CyL, Bl and Mc determination of influence
of age on variance in
fecundity
2 9 5 3 1,3, 6 (age Hw, pm, Sb, H&  Mass cultures
constant) Me x B, Cy,
CyL, Bl and Mc
3 9 3 4 1,3, 6 (age CyL, Cy & Mc x  Mass cultures Switched to three
constant) Pm, H & Sb individuals of each sex
because of difficulty
genotyping some mutants
4-1 8 3 3 1,3, 6 (age Pm, H & Sb x Crossed to Or+ for Crossed to eliminate genetic
constant) CyL, Cy & Mc three generations  variation; reciprocal
crosses to control for
effects of markers
42 9 3 3 1,3, 6 (age CyL, Cy & Mc x  Crossed to Or+ for
constant) Pm, H & Sb three generations
5-1 4 3 4 1,3, 6 (age Pm, H & Sb x Crossed to Or+ for Crossed to eliminate genetic
constant) CyL, Cy & Mc six generations variation; backcrossed to
then crossed to increase heterozygosity;
Skd+ reciprocal crosses to
control for effects of
markers; flies transferred
to new vials daily to
examine female use of
male sperm
52 4 3 4 1,3, 6 (age CyL,Cy & Mc x  Crossed to Or+ for
constant) Pm, H & Sb six generations
then crossed to
Skd+
6—1 8 3 3 3 Pm, H & Sb x Crossed to Or+ for Crossed to eliminate genetic
CyL, Cy & Mc 15 generations variation; backcrossed to
then crossed to increase heterozygosity;
Skd+ reciprocal crosses to
control for effects of
markers
62 8 3 3 3 CyL, Cy & Mc x  Crossed to Or+ for

Pm, H & Sb 15 generations
then crossed to

Skd+

1

25ce Figure 1.

Although Bateman did not record the behavior of males and
females in his experimental populations, he concluded, as Dar-
win had hypothesized (1871), that male—male competition and
female choice were the causes of high variance in male fitness.

mixed” means that the ages of the flies in a population were variable; "age constant” means that the ages of the flies in one population were the same.

Based on his claim that male VNM exceeded female VNM, he
concluded that males were under stronger sexual selection than
females. Bateman reasoned that this difference in the strength of
sexual selection could explain the sexual dimorphism observed

EVOLUTION 2007 3



COMMENTARY

Table 3. The phenotypic mutants and their viability effects that Bateman used to identify genetic parents of offspring in his experiments

(copied from Bateman 1948).

Chromosome Symbol Name Main effect

Extra long bristles on wing veins. Homozygote viable and more extreme.
Reduction of size of eye that becomes a narrow kidney shape. Homozygote fully viable

Eye color brown: slight darkening of body color. Homozygote lethal.

Cy with, in addition, eye reduced in size and with a nick in the ventral edge.
All bristles shortened and thickened. Homozygote lethal.

Same as BI. Sb + Bl more extreme than either.

Eyes paler than wild type with shimmering appearance of shot silk. Body color paler.

Hairs removed from various parts of the body, particularly the post verticals at back of

I Hw Hairy-wing
B Bar
and more extreme.
11 Pm Plum
Cy Curly Wings curled upward. Homozygote lethal.
CyL? Curly-Lobe
Bl Bristle
I Sb Stubble
Md Moire
Homozygote lethal.
H Hairless
head. Homozygote lethal.
Mc

Microcephalous Eyes reduced or absent. Homozygote viable.

in some species: the evolution of showy, extravagant, and bizarre
traits in males, but not in females. It was Bateman who first con-
cluded that differences between the sexes in variance in repro-
ductive success (VRS) are a “sign of intramasculine selection”
(Bateman 1948, p. 362).

Bateman’s results have since been codified into Bateman’s
three principles (Arnold 1994b). These are: (1) the sex experienc-
ing the more intense sexual selection has higher variance in the
number of mates. (2) The sex experiencing the more intense sexual
selection has higher VRS (Wade 1979; Wade and Arnold 1980).
(3) The slope of the relationship between number of mates and
reproductive success is greater in the sex experiencing stronger
sexual selection (Arnold and Duvall 1994; Arnold 1994b).

D._* Males W
m m

DY DpD* | DFW,

Females

W,| WD * W, W

m

Figure 1. A stylized Punnett square with the progeny types from
mating two individuals, each heterozygous for different dominant
markers (D) and wild-type (W). Bateman used D¢*D,* (where D¢
and D, are dominant alleles inherited from females and males,
respectively) to estimate VNM of females and males. He used the
sum of D¢*Dp* + WD * as an estimate of reproductive success of
males and Ds*Dp* + Ds*W, for reproductive success of females.
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Note on Terminology

In contemporary literature, variation in number of mates is often
called mating success variance (MSV). However, we, like Bate-
man (p. 360), prefer the operational terms “number of mates” and
VINM to avoid confusing number of mates with number of cop-
ulations. Bateman also frequently used the term “mean square”
of the number of mates or (mean square of fertility). Bateman’s
term “mean square” has generally gone out of common usage,
but it is synonymous with “variance.” Using the data in Bateman
(1948, table 7, p. 360), we determined that he used the equation,
> (I_’ — Y)2 /n — 1, to compute mean squares. This is the stan-
dard formula for the second moment about the mean, or “variance”
in common usage (Sokal and Rolf 1969) and is the same formula
for variance in IMP@, which we used for all recalculations.
Throughout the remainder of the article we will use VNM
when discussing what Bateman called either VNM or mean square
in number of mates, and VRS for what Bateman called the mean
square of fertility. In Bateman’s study, “fertility” was operationally
the number of larvae that eclosed. We use the operational term,
“the number of eclosed offspring” or “reproductive success” to
refer to what Bateman called “fertility.” We use VNM and VRS
to remain as precise as possible both with the current literature

and with Bateman’s terminology.

Methodological Problems
with Bateman’s Study

Bateman’s methods were constrained by the technology and
knowledge available to him in the mid 1940s. His use of pheno-
typic mutants (Table 3) was an ingenious technique and necessary
at that time as the only way to determine parentage in populations
with more than one individual of each sex. Nevertheless, the use of

phenotypic markers may have altered the mating behavior of adult
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100

Male minus Female Mean RS

1 2 3 4-1

42 5l 52 61 6-2

Bateman's Experimental Series

Figure 2. Mean reproductive success of males and females is unequal in Bateman’s experiment, indicating rounding error or sampling

bias that may have affected the magnitude of VNM and VRS and thus Bateman’s conclusions. Data for this figure were in Bateman (1948,

table 7, p. 360 and table 8, p. 361).

male and female subjects. In general, inbred, mutant animals mate
less often and have fewer viable offspring than out-bred, wild-type
animals (Merrel and Underhill 1956; Greer and Green 1962; Sharp
1984). Modern studies in many other species (Andersson 1994)
suggest that it is probable that mutations of major effects affect
individual mate choice and mating behavior. In fact, Bateman was
aware that the Curly mutation, which he used, potentially affected
the mating behavior of D. pseudoobscura females by making it
harder for them to “interpose their wings between their abdomi-
nal and approaching males.” (Bateman 1948, p. 351). Thus, sex
differences in D. melanogaster in Bateman’s study were probably
affected by differences in behavior, mating capacity, or attractive-
ness of different mutants, and therefore could be artifacts of his
methodology, rather than rules of nature.

Bateman was clearly aware of some of these potential prob-
lems. He conducted an analysis of variance to determine the effects
of his markers, age, and variation between populations (bottles) on
variation in reproductive success (“fertility” in Bateman’s table 6,
p- 358). He reported that the within-group variance was generally
greater than the between group variance, suggesting that the size
of the effect of his experimental manipulations on VRS exceeded
the size of the natural VRS. However, he was also able to use this
analysis to demonstrate that, in all but one case, the male within-
group VRS was not greater than the female within-group VRS
suggesting that the portion of male reproductive success due to
the markers did not vary more than female reproductive success
due to markers.

Besides the possible effects of mutant phenotypes on behav-
ior, more than half of the mutations Bateman used were lethal
when homozygous (Table 3), and some of the heterozygous off-
spring had reduced viability (Bateman 1948, table 2, p. 355). Be-

cause Bateman used the phenotypes of the eclosing (and thus
surviving) flies that carried one dominant marker from the male
and/or one from the female (Fig. 1) as a way to estimate the num-
ber of mates and the reproductive success of each adult fly of the
parental generation, his results were likely confounded with via-
bility effects. If viability deficits were greater in offspring having
more than one mutation simultaneously (e.g., heterozygous for
both curly wings and short bristles), Bateman’s counts of surviv-
ing offspring to estimate the VNM may have been underestimates
for one or both sexes.

In diploid species with an equal sex ratio, an equal mean
reproductive success for the sexes is a biological necessity, but
only one of Bateman’s six series showed equal mean reproduc-
tive success of males and females (Fig. 2). This result suggests
that differential mortality may have been a problem in Bateman’s
study. The results in Figure 2 could be partly due to rounding er-
ror, but the differences are sufficiently large that this cannot be the
full explanation. Bateman used unequal progeny classes to assign
paternity and maternity (Fig. 1). That is, Bateman assigned single
parentage (Bateman 1948, p. 353 and table 4, p. 357) to offspring
that only expressed a mutation from one parent. Had he confined
parentage assignments to offspring exhibiting two mutations, he
would have been able to unambiguously assign both of an indi-
vidual’s parents, as he noted, and he also would have constrained
his estimates of reproductive success for mothers and fathers to be
equal. The fact that he did not do this is critical to the reliability of
his conclusions about sex differences in VRS, because means and
variances are positively correlated. Bateman’s summary of mean
reproductive success for females and males (Bateman 1948, table
8, p. 361) shows that males in six of the nine comparisons had
higher mean reproductive success than females (Fig. 2), a bias
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that may have contributed to higher VRS in males (see below). In
the wild, when mean reproductive success of males and females
of diploid species are unequal, we would conclude that we did not
sample all males and all females. In Bateman’s laboratory study
with equal numbers of males and females in small populations,
failure to observe equal mean reproductive success for the two
sexes is an indication that sampling was biased.

Bateman’s sex differences in VNM may have also been a
consequence of sex differences in age of first reproduction. He
used one-, three-, and six-day-old virgin males and females in
constant and mixed-age populations (Table 2). In general, mod-
ern studies (Markow 1996) indicate that male D. melanogaster
are sexually mature at one day, but females are not sexually ma-
ture until they are four days old. Thus, only in the populations
with six-day-old females (approximately one-third of experiments
is in series 1-4) would modern investigators expect females to
have been old enough to mate more than one time. In series
one, the only mixed-age population, inclusion of sexually imma-
ture females may have artificially increased the VRS of females.
Bateman wrote, for males “the mean square due to age is 20.5
whilst in females it is 424.6. There is a probability of 5 per cent
that this is random” (Bateman 1948, p. 358). In the remainder of
the populations, those with constant aged flies, the use of sexu-
ally immature individuals may have decreased female VNM and
VRS. In populations that began with one-day-old flies and ran for
three days (approximately one-third of experiments in series 1,
2, and 4), females would reach reproductive maturity just as the
experiment ended and would be expected to mate only once. The
fact that many of the females that were only one-day old at the
start of experiments produced offspring is surprising and could be
due to forced copulation (Manning 1967; Markow 2000). Thus,
an alternative explanation for Bateman’s data is that the sex dif-
ferences in VNM were due to the inclusion of immature females
in his breeding populations.

Finally, in half of Bateman’s experimental series (i.e., series
4-6, table 2) he purposefully eliminated all genetic variation other
than that associated with the mutations (Bateman table 3, p. 356).
In series 4-6 Bateman crossed his mutant flies to highly inbred
strains for three, six, or 15 generations. In series 5 and 6 he then
backcrossed these inbred flies to another highly inbred strain to
introduce heterozygosity lost during generations in inbreeding.
Due to this inbreeding, the individuals within a sex and series
would be nearly genetically identical, except for the parts of the
genomes linked to the phenotypic mutations (given that inversions
accompanied four of the six mutations he used for these series [see
Bateman 1948, p. 354], the section of the genome linked to these
mutations may have been relatively large). Bateman did this to
control for background genetic variation. However, in doing so
he rendered series 4—6 much less useful for the study of sexual
selection because he eliminated genetic variation.
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Reanalysis of Bateman's Data

Bateman’s use of statistics was far ahead of its time; many pa-
pers in the field written during Bateman’s time did not contain
any statistical analyses. Despite this, by modern standards, there
are a number of problems with his statistical analysis. Our com-
ments are not directed at Bateman, but rather at modern students
of sexual selection. We call for more caution about Bateman’s data
because, apart from methodological and sampling problems, there
are problems of miscalculations, pseudo-replication, and statisti-
cally unanalyzed data that render Bateman’s conclusions ques-
tionable.

Although Bateman did not report statistical tests for sex dif-
ferences in VNM, we were able to recalculate male and female
VINM (Table 4) from a table in Bateman (1948, table 9, p. 360).
One of nine female VNM and two of nine male VNM were in-
correct in Bateman’s table. We easily attributed two of the mis-
takes to rounding errors, but the other appears to be an error in
arithmetic—acceptable in an era before calculators. Comparing
Bateman’s reported VNM ratios with recalculated VNM ratios
(using statistical formulae in JMP® that are identical to those
Bateman used for his analysis of VRS) reveals that only two
of the nine recalculated VNM ratios are statistically significant
(Table 4). Bateman did not test their statistical significance; thus,
the often-cited result from Bateman of significant sex differences
in VNM is, and has always been, weak.

Bateman also reported sex differences in VRS (Bateman
1948, p.357). Itis impossible given the information in his paper to
reconstitute a reliable record of individual reproductive success.
Toretest the VRS ratios that Bateman reported, we used Bateman’s
reported data (Bateman 1948, table 5, p. 357). Bateman said that
eight of the nine tested ratios demonstrated statistically significant
sex differences in VRS. There were between four and nine repli-
cates for each of Bateman’s treatments (Table 2). However, he
used between 11 and 44 degrees of freedom in his statistical anal-
yses (see Bateman 1948, table 5, p. 357). Evidently, he considered
each individual fly, and not the populations, to be the experimental
unit, because the degrees of freedom Bateman used were exactly
what one would expect had he considered each individual rather
than each population the experimental units. Because several flies
all inhabited the same bottle, their behavior and their reproduc-
tive success were not independent. More importantly, VRS is a
population statistic that is not a property of individuals. Thus, by
treating each fly within a bottle as the experimental unit and not
the bottle population, Bateman pseudo-replicated his statistical
analysis (Hulbert 1984). Repeating Bateman’s analysis using an
F-test on untransformed data the same test Bateman used but with
the correct degrees of freedom associated with the number of study
populations, only two of the nine ratios support his conclusion that
male VRS exceeds female VRS (Table 4). (Note that in modern
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Table 4. Reanalysis of Bateman's VNM and VRS showing (in bold) calculation errors and pseudo-replication. Starred items include

significant P values and Bateman’s calculation errors. Like Bateman, we used an F-test for comparisons of male and female variance in

number of mates and reproductive success.

Variance in numbers of mates (VNM) analysis

Variance in reproductive success (VRS) analysis

Series Bateman’s Bateman’s Calculated Calculated S?  df P-value Bateman’s Bateman’s S*  Bateman’s True P-value
Female Male Female Male Female Male ratio df df
VNM VNM VNM VNM VRS VRS
1 0.36 1.51 0.36 1.52 423 4 0.096 4749 1377.8 29 19 4 0.16
2 0.44 1.48 0.44 1.53 3.5 8 0.048° 1839 734.6 3.99 44 8 0.033*
3 0.55 1.17 0.55 1.17 2.12 8 0.15 858.5 2433 2.83 26 8 0.081
4-1 0.13 0.48 0.13 0.48 3.70 7 0.053* 215.0 463.7 2.16 23 7 0.166
4-2 0.23 0.85 0.23 0.85 3.70 8 0.0412*% 454.5 1367.7 3.01 26 8 0.07
5-1 0.27 0.45 0.27 0.45 1.66 3 0.34 984.6 1604.4 1.63 11 3 0.35
5-2 0.39 0.93 0.39 0.93 241 3 0.24 208.9 1700.4 8.14 11 3 0.059
6-1 0.27 0.96 0.34 1.04 3.04 7 0.083 992.7 2798.4 2.82 23 7 0.097
6-2 0.38 0.55 0.38 0.55 145 7 0.32 276.7 1098.0 3.97 23 7 0.045*

studies, investigators would probably log-transform variances be-
fore testing for differences between independent variances.)

The most famous parts of Bateman (1948) are his graphs
(p. 362), which are closely associated with the second and third of
Bateman’s principles. Two graphs (Bateman 1948, fig. 1a and b,
p- 362) show reproductive success (expressed as relative RS) as a
function of the mean number of mates for males and females. The
second graph (Bateman 1948, fig. 1b, p. 362) pools results over
series 5 and 6 (Table 2), which were inbred (see above). This graph
shows the familiar and most cited figure in which female relative
reproductive success plateaus after mating with one male. In con-
trast, the first graph (Bateman 1948, fig. 1a, p. 362) pools results
over experimental series 1—4 (Table 2), and it shows that female
reproductive success does not in fact plateau, but continues to in-
crease with a female’s number of mates. Tang-Martinez and Ryder
(2005) point out that series 5 and 6, which gave the intuitively ex-
pected result but which were based on fewer number of breeders
(Bateman, fig. 1b, p. 362) is the graph most often cited and re-
published when modern researchers describe sex differences in
the relationship between number of mates and reproductive suc-
cess (Krebs and Davies 1987; Arnold 1994a; Freeman and Herron
2001; Drickamer et al. 2002). Apparently, Bateman’s sole ratio-
nale for graphing these series separately was that *“. . .series 5 and
6 differed somewhat from the rest” (Bateman 1948, p. 361). This
was neither a legitimate nor an a priori justification. Bateman goes
on to note that series 5 and 6 were different from series 1-4 because
the flies in series 5 and 6 were derived from crosses with inbred
strains. However, series 4 was derived from inbred lines in a sim-
ilar way, and, all six series differed in important ways including
the number of flies in each population. A more appropriate way
of presenting and analyzing these data would be to analyze each
series separately (Fig. 3) and to use a combined probability anal-

ysis (see below), or to do an analysis combining individuals over
all trials (see below). Unfortunately, because Bateman reported
mean reproductive success rather than reproductive success and
number of mates for each individual in each population, we cannot
complete a single analysis using the most robust of approaches.
Consequently, we used the next most reasonable analysis and re-
graphed all the data on the same graph (Fig. 4). A regression
using these means (Fig. 4) shows that the number of mates ex-
plains a significant amount of the variation in mean reproductive
success for males and for females, contrary to Bateman’s con-
clusion for females, and contrary to Bateman’s second principle.
The 95% confidence interval for the female slope is very close to
the male slope, so the evidence that the male and female curves
are different is weak. Moreover, because these regressions are on
means, the true 95% confidence intervals for individuals may be
wider than the ones we report. The fact that the male line lies
above the female line in Bateman’s figure and in our reanalysis
may be due to the sampling problems we discussed above, which
gave rise to a higher apparent mean reproductive success of males
(Fig. 2). Thus, we conclude that there is no serious statistical basis
in Bateman’s data for his conclusion that the reproductive success
of females does not increase with the numbers of mates females
have. In fact, had Bateman graphed his data on a single figure, he
could have claimed the first evidence for a benefit of polyandry
for females.

Bateman could have made other semiarbitrary decisions for
how to group his series for analysis, which could have affected
his conclusions. For example, had Bateman been focused on the
effects of population history on female mating decisions with in-
bred and outbred flies, he might have come to different conclu-
sions. Females faced with mating with inbred males may have
chosen less often to mate multiple times because there would

EVOLUTION 2007 7
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Figure 3. Separate graphs of Bateman’s “series,” Lines (solid =
females and dotted = males) connect each value. Refer to Table 2
for a description of the methodological differences in each series.

be little or no genetic benefit for their offspring, which might
explain the apparent plateau in reproductive success in series
4-6 (Fig. 5). However, perhaps the females in series 1-3, mated
multiply to secure survival-enhancing genetic variation for their
offspring, which could explain why female reproductive success
did not plateau with number of mates in these outbred populations.

If one sets aside the methodological difficulties and sampling
problems we have described, one can find support for Bateman’s
results in our reanalyzed VNM and VRS ratios and their prob-
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abilities (Table 4). Fisher’s test for combined probabilities from
independent tests (Sokal and Rohlf 1969) shows that both the
recalculated VNM ratios and the VRS ratios in Bateman are sig-
nificantly different, with greater male than female VNM and VRS
(VNM: x2 = 38.02, df = 18, P < 0.005; RSV: x? 43.04, df =
18, P < 0.001). Yet, the problems with the mutants and unequal
reproductive success for males and females (see above) remain,
and it is unclear whether these sex differences in fitness variances

are due to sexual selection or to some other cause (see below).

Theoretical Problems

with Bateman’s Study

It takes time to search, mate, and reproduce, and there is chance
individual variation in each of these time-dependent processes.
A proper theoretical analysis of Bateman’s results would ask
the question: can his results be explained by chance? Sutherland
(1985) showed that a simple stochastic time-allocation model,
which included chance effects on search time as well as fixed
(nonheritable) sex differences in time between reproductive bouts
(latency to receptivity to remating), could explain Bateman’s data.
Chance differences in life span (Hubbell and Johnson 1987) also
affect VNM and VRS.

Because of the importance of Sutherland’s theoretical chal-
lenge that Bateman’s results could be due entirely to chance, we
have explored chance effects on time allocation (arising from de-
mographic stochasticity in survival and mate encounter rates and
fixed latencies) more thoroughly using an individual-based sim-
ulation model, DYNAMATE (Gowaty and Hubbell 2005) for in-
dividuals in Bateman-like populations. DYNAMATE simulates
mating and reproductive success for unique, named individuals
in a population under demographic stochasticity in the context of
time available for mating. DYNAMATE is related to Hubbell and
Johnson (1987) but in contrast to their model, DYNAMATE mod-
els individuals, each described by their survival probability, mate
encounter probability, and postmating latencies, which change
dynamically over time as the social environment changes. In the
null version of DYNAMATE, mating is random: there is no mate
choice and no intrasexual competition. It is a null model because
in this version of DYNAMATE, no sexual selection is possible.
Individuals mate as they encounter receptive opposite sex indi-
viduals. Individuals move between states: searching for mates,
mating, and in a latency period after a mating when they cannot
mate. What determines the availability of an individual to mate
is whether it is still alive, searching, or in latency. Whether it en-
counters another receptive individual depends on the number of
opposite sex individuals alive, the encounter rate, and the number
of others in latency.

We used DYNAMATE to calculate mating success over a

very short mating “season,” simulating the short durations of
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Figure 4. Regression of the mean number of offspring for females (solid line) and males (dotted line) pooled over Bateman’s two figures.
The points indicate the means listed in tables from Bateman (1948, table 7 p. 360 and table 8 p. 361). For females Y = 12.95 4 20.83 X;
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and 65.5% for males (P < 0.0001). The 95% confidence intervals around the mean number of offspring are for females 13 and 28.6; for

males 21.2 and 35.9.

Bateman’s trials. We designed three ensemble runs that mimicked
the size and sex ratio of Bateman’s populations (Table 2). Over
his series there were three combinations of population size and
duration in days. We set survival probability at 0.995 per day be-
cause Bateman reported no deaths in his populations and all of the
flies were relatively young. We set male latencies as one h. We set
female latencies as 36 h because Bateman’s results indicated that
most females mated two times and some three times even in the
three-day populations. This means that the latencies of Bateman’s
female flies had to have been shorter than two days. The popula-
tion sizes in one ensemble of runs were set at three males and three
females, with a duration of four days. In the second ensemble of
runs, population size was three males and three females for three
days; and in the third ensemble, five males and five females for
three days. We set initial encounter probabilities at one for each
sex, because the vials Bateman used were small. In each run of
DYNAMATE, we calculated the number of mates for each indi-
vidual in 1000 populations. We then calculated the experimentally
observed VNM and their SD for each sex separately in each of
the three combinations of population size and duration that were
in Bateman (Table 2), and compared them to the model results for
each population type (Fig. 6).

The expected ratios of male to female VNM due to chance
demographic effects were not significantly different from the ob-
served VNM ratios (Table 3) (Bateman mean = 2.87 £ 0.32;
DYNAMATE mean = 3.14 & 0.56 t-test; P < 0.686). Nor was
there any evidence of excess VNM in males. Bateman’s VNM
exceeded those expected by chance in only one case—but it was

for females, not males—from series 1 and 2, populations with
five males and five females (Fig. 6). This result could be due to
sexual selection among females or to sampling bias (Fig. 3) asso-
ciated with differential mortality of offspring (discussed above).
A way to connect this excess VNM in females to sexual selec-
tion would be to demonstrate a correlation of variation in some
behavioral or morphological phenotype with variation in the num-
ber of mates (Clutton-Brock 1988). Unfortunately, Bateman did
not describe the behavioral and morphological phenotypes (aside
from the dominant mutations and individuals’ ages) of his flies
(Dewsbury 2005), and it is impossible to determine posthoc if any
phenotypic variation in the females correlated with the observed
excess in female VNM.

Thus, on theoretical grounds, even if one is willing to over-
look the problems with methodology and data analysis, and accept
Bateman’s results as reliable, it is possible to explain most of the
VINM of both females and males simply by demographic stochas-
ticity, that is, chance variation in mate encounter and by nonher-
itable (fixed) sex differences in latencies. Another component of
demographic stochasticity, survival differences, were minimal in
our particular simulations of Bateman’s experiments, but chance
differences in reproductive life span have large impacts on mea-
surements of VNM in natural populations (Hubbell and Johnson
1987; Gowaty and Hubbell 2005).

Future Directions

We conclude that the methodological and statistical problems with
Bateman’s experiment throw his conclusions and their generality

EVOLUTION 2007 9
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into question. We call for repetitions of Bateman’s experiment
avoiding sampling biases, using appropriate statistical methods,
and comparisons of observed VNM, VRS, and their ratios against
expected values under appropriate null models, including demo-
graphic stochasticity.

Most significant for future study of sexual selection in
Drosophila and other organisms will be an understanding of
how chance affects VNM and VRS, which null models show
will be unequal in the sexes if fixed reproductive latencies are
unequal (Sutherland 1985; Hubbell and Johnson 1987; Gowaty
and Hubbell 2005). Given that latencies in male and female D.
melanogaster are different (Markow 1996), we expect that new
observations will show greater VNM and VRS in males than fe-
males. Yet, we wonder what residual VNM and VRS will remain
after chance effects are subtracted off. Will we discover unex-
plained VNM and VRS in females, for example? In fact, we won-
der if sex differences in fitness variances are truly or correctly
interpreted as “signs of intramasculine selection” or are merely
a sign of fixed sex differences in life histories that contribute to
demographic stochasticity.

10 EVOLUTION 2007

Bateman’s data clumped by culture method, either outbred (series 1-3) or inbred (series 4-6). Lines (solid — females and

Based on our results, we believe that Bateman’s princi-
ples are better expressed as hypotheses or questions: (1) Given
chance effects on VNM, when is it true that the sex with the
higher VNM experiences more intense sexual selection? (2) Given
chance effects on VNM, when is it true that the sex experi-
encing the more intense sexual selection has the higher VRS?
(3) Given chance effects on VNM, when is it true that the
slope of the relationship between number of mates and repro-
ductive success is greater in the sex experiencing stronger sexual
selection?
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