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I used a new quantitative genetics model to predict relationships between sexspecific body size and sex-specific relative variability when populations experience differences in relative intensity of sex-specific selection pressures—
stronger selection on males or females—and direction of selection: increase
or decrease in size. I combined Lande’s (Evolution 34: 292–305) model for
the response of sex-specific means to selection with a newly derived generalization of Bulmer’s (Am. Nat. 105: 201–211) model for the response of relative variability to selection. I used this combined response model to predict
correlations of sex-specific size and relative variability under various starting
conditions, which one can compare to correlations between closely related
primate populations. One can then compare predicted patterns of sex-specific
selection pressures to social and ecological variables pertaining to those populations to identify likely forces producing microevolutionary change in sexual size dimorphism (SSD). I provide examples of this approach for populations representing three taxa: Papio anubis, Saguinus mystax, and Cercopithecus aethiops pygerythrus. Model results suggest that microevolutionary
changes in SSD can result from greater selection acting on males or females,
and that natural selection or natural and sexual selection combined, rather
than sexual selection alone, may sometimes explain sex-specific selection
differentials.
KEY WORDS: body size; natural selection; quantitative genetics; Rensch’s rule; sexual
selection.
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INTRODUCTION
In many animal radiations, sexual size dimorphism (SSD) scales positively with body size, a concept known as Rensch’s rule (Rensch, 1959).
Positive scaling generally occurs within haplorhine primates, but is absent within strepsirhines (Abouheif and Fairbairn, 1997; Clutton-Brock
et al., 1977; Ford, 1994; Gaulin and Sailer, 1984; Kappeler, 1990; Leutenegger, 1978; Leutenegger and Cheverud, 1982; Martin et al., 1994; Plavcan and van Schaik, 1997; Smith and Cheverud, 2002; Lindenfors and
Tullberg, 1998, have a conflicting view with regard to haplorhines). Researchers have proposed several different explanations for Rensch’s rule
over the years, but no single explanation has gained wide acceptance as a
general model for the evolution of pattern (Fairbairn, 1997).
One promising avenue of investigation is via quantitative genetics
models. For example, Lande (1980) developed a model that predicts the
response to selection of male and female means for a continuous character,
e.g., body mass or canine size. Smith and Cheverud (2002) point out that
Lande’s model predicts the following: with a genetic correlation of 0.9 between sexes for body mass, selection acting on male body size alone will
produce positive scaling of size dimorphism and female body size with a
slope nearly identical to that observed for haplorhine primates (Smith and
Cheverud, 2002). Positive scaling results from the fact that body size in females correlates with that of males, so large increases in male size produce
smaller increases in females even when selection does not act on female
body size.
That Rensch’s rule could result from correlated response to selection
is a long-standing idea (Fairbairn and Preziosi, 1994; Leutenegger, 1978;
Maynard Smith, 1977; Webster, 1992; Zeng, 1988), and a formal mathematical description of how correlated selection would work has been available
since Lande (1980) published his model. However, he thought that natural
selection for female optimum body size would counteract the correlated response of female body size, in which case there would be no scaling of size
and dimorphism once female size had returned to its optimum (Emerson,
1994; Fairbairn, 1997; Lande, 1980; Zeng, 1988).
A scenario in which female optimum size is constant makes assumptions that may not be true. For one, it requires that initial selection pressures act only on male body size; in some circumstances selection may act
on both sexes with greater selection pressure applied to one sex. Perhaps
more importantly, Lande’s (1980) scenario also assumes that constraints
defining optimum body size for females remain stable long enough for a return to previous optimum body size at equilibrium, making no allowance for
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environmental change or the emergence of a new optimum in response to
new conditions (Smith and Cheverud, 2002). For example, larger females
may be able to move into new dietary niches with larger optimum body
size; also, birthing constraints on delivering larger infants may select against
small size in females, increasing optimum body size as male and female
body size increases. Researchers have found evidence for such correlated
selection on female size in response to selection on male size—distinct from
correlated response in females to selection on males alone—in birds and
mammals (Cabana et al., 1982; Clutton-Brock et al., 1988; Ralls, 1976; Webster, 1992) and in particular, primates (Lindenfors, 2002).
One need not apply Lande’s model as a strict correlated response
model, as correlated selection most likely acts to redefine optimum body
size in both sexes when initial selection pressure acts only on one sex. Instead, one can use the model to predict initial changes in scaling of size and
SSD in response to different relative sex-specific selection intensities, which
stabilizing selection on new optimum sex-specific body size may maintain
in later generations. Lande’s (1980) equations allow both sexes to produce
changes in the size of the other, and as such selection on either sex can
produce changes in dimorphism. His model predicts that change in body
size dimorphism correlate positively with change in sex-specific body size
whenever selection acts more intensely on males than on females; the predicted slope is independent of selection intensity and whether selection acts
to increase or decrease size (Fig. 1). However, Lande’s model also predicts
that selection acting more intensely on female size will produce a negative
correlation, contrary to Rensch’s rule (Fig. 1). When selection pressures
are equal, body size will change but no change is expected in dimorphism.
Lande’s model also predicts that differences in sex-specific additive variance will produce change in dimorphism, even in the presence of equal selection pressure on both sexes (Leutenegger and Cheverud, 1982, 1985).
Thus Lande’s (1980) quantitative genetics model predicts initial positive scaling of size and SSD for certain conditions, but it also predicts negative scaling or an absence of scaling altogether under other conditions. Two
questions arise: 1) What combination of sex-specific selection pressures and
relative variability occur in primates? 2) Can quantitative genetics models
accommodate those combinations and the observed scaling patterns of size
and SSD in living primates?
I address the first question via an extension of Lande’s model.
Bulmer (1971) devised a model for monomorphic populations that predicts
the response to selection of relative variability for continuous traits. I
derive a generalization of Bulmer’s model to separately predict response
for males and females (Appendix A). One can use Lande’s model to
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Fig. 1. Scaling relationships of size and SSD associated with changes in sex-specific size. When
selection acts primarily on males, male size will
increase (B to A) or decrease (A to B) more
than female size, resulting in positive scaling of
SSD (shown here as a ratio of male to female
size) and body size. When selection acts primarily on females, female size will increase (D to
C) or decrease (C to D) more than male size,
resulting in negative scaling of SSD and body
size.

distinguish between selection acting more intensely on males and selection
acting more intensely on females, and one can use a combined model
describing sex-specific responses of mean size and relative variability to
selection to identify whether selection acts to increase or decrease size. One
can then compare observed parameters for groups of closely related extant
populations to model predictions to identify the specific combination of
selection pressures that likely have acted on particular primate populations.
The resulting combined response model is appropriate for investigating
changes occurring on a microevolutionary scale.
One best addresses the second question by considering scaling patterns
of size and SSD within different primate clades in conjunction with the selection pressures that are most likely operating within them. One must also
give due consideration to time depth; i.e., more recent scaling patterns may
overlay older, different scaling patterns. I touch on this question in the discussion section and treat it in detail in the accompanying article.
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Model Predictions
Leutenegger and Cheverud (1982, 1985) presented equations for the
response to selection of mean male size, mean female size, and SSD based
on Lande’s (1980) quantitative genetics model, wherein response is a proportional change in size or dimorphism (Appendix B). When heritabilities
are equal between the sexes, the equations predict that positive correlations
of size and dimorphism will result when selection acts primarily on males,
and negative correlations will result when selection acts primarily on females. If selection acts to increase the size of one sex and decrease the size
of the other, male size will correlate positively with SSD and female size will
correlate negatively with SSD, regardless of which sex increases and which
sex decreases in size.
It is possible to combine Leutenegger and Cheverud’s (1982, 1985)
equations with equations describing a generalization of Bulmer’s (1971)
model (Appendix C). This combined response model predicts a negative
correlation between SSD and a ratio of sex-specific relative variability when
selection acts to increase size, and a positive correlation when selection acts
to decrease size. To generate these predicted relationships one considers
Eqs. (C.11) and (C.12) in Appendix C, where the input parameters are constrained to the set of conditions consistent with each particular combination
of selective forces. The full set of predictions the combined response model
generates are in Table I, where the first two rows indicate the sex subject to
more intense selection and the direction of selection in the parental generation, and the last three rows indicate the predicted type of correlation—
positive, negative, or none—between various changes between offspring
and parents for each case. A verbal description of the combined response
model follows.
Bulmer’s (1971) model, which a number of simulation studies have supported (Bulmer, 1976; Robertson, 1977; Sorensen and Kennedy, 1984; van
der Werf and de Boer, 1990), predicts that additive genetic variance decreases in response to directional or stabilizing selection. For example, if
only the largest animals in a population reproduce, the descendant population will have fewer small animals and thus less variability than the parental
population, a phenomenon researchers call the Bulmer effect (Falconer and
Mackay, 1996). The generalized Bulmer effect derived here predicts that
when selection is more intense on one sex than the other, additive variance
in the offspring generation is reduced proportionally more in the sex under
greater selection. For example, if males experience greater selection for increasing size than females do, male additive variance will reduce more than
female additive variance. Thus a ratio of male relative variability divided
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Table I. Correlations of body size, size ratios, and relative variability ratios resulting from sex
differences in selection intensity or relative variability
Initial condition
Sex subject to
more intense
selection
1. Male
2. Female
3. Male
4. Female
5. Eithera
6. Neitherb

Predicted response

Female body size
Direction of size
vs. size ratio
selection
correlation
Increase
Increase
Decrease
Decrease
Botha
Eitherb

+
−
+
−
−
Any

Male body size
vs. size ratio
correlation

Size ratio vs.
relative
variability ratio
correlation

+
−
+
−
+
Any

−
−
+
+
Any
0

Note. Row numbers correspond to numbers in Fig. 2.
a If selection acts to increase the body size of one sex and decrease the other, correlations
will follow the pattern above regardless of which sex increases and which sex decreases in
size. Any correlation between body size ratio and relative variability ratio is possible in that
scenario, depending on the relative strength of selection on each sex. See text for details.
b This case describes differences resulting from variance dimorphism alone; selection intensity
is equal and non-zero for both sexes, and changes in dimorphism result from selection applied
to differences in sex-specific relative variability.

by female relative variability will have a lower value in offspring than in
parents.
The combined response model takes into account the effect of sexspecific selection pressures on relative variation, sex-specific body size, and
SSD. When selection pressure acts to increase male body size, male size
increases and female size increases to a lesser degree, resulting in an increase in SSD. In this situation female size may increase as a result of the
genetic correlation between sexes or correlated selection pressure on females (Andersson, 1994; Fairbairn, 1997; Reeve and Fairbairn, 1996; Smith
and Cheverud, 2002). Because selection is more intense on males than on
females, male relative variability decreases more than that of females, and
so relative variability ratio decreases (case 1 in Fig. 2). Thus the changes in
SSD and relative variability ratio correlate negatively (Table I).
A negative correlation also results from selection acting to increase female size. Both sexes increase in size, though male size increases to a lesser
degree, resulting in a decrease in SSD. Because selection is more intense on
females than on males, female relative variability decreases more than that
of males, and so relative variability ratio increases (case 2 in Fig. 2). Changes
in SSD and relative variability ratio correlate negatively. Thus selection for
increased size is associated with negative correlations of these ratios, regardless of which sex is subject to more intense selection pressure (Table I).
In contrast, decreases in size are always associated with positive correlations of SSD and relative variability ratio. When selection acts to decrease
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Fig. 2. Changes in sex-specific size distributions in response to selection as
predicted by the combined response model. Black represents females, white
represents males, and gray indicates overlap of female and male distributions. Width of distributions indicates relative variability. Vertical dashed
line indicates mean size in parental generation. Note that all parental populations are represented here as monomorphic for simplicity’s sake; however,
the generalizations expressed in Table I apply regardless of whether or not
the parental population is monomorphic. Horizontal arrows indicate direction of change for mean size in offspring distributions. Numbers correspond
to rows in Table I. Cases 1–4 apply to unequal sex-specific selection in the
same direction; cases 5a–5d apply to unequal selection applied in opposite
directions; cases 6a–6d apply to equal selection applied to sex-specific distributions of unequal relative variability. Note that higher selection intensities
produce greater change in sex-specific means and greater reduction of sexspecific relative variability. See text for further details.

male size more than female size, SSD decreases. Because more intense
selection pressure is applied to males than to females, male relative variability decreases more than that of females, and so relative variability ratio
also decreases (case 3 in Fig. 2). Thus changes in SSD and relative variability ratio correlate positively. It can be shown that when selection acts to
decrease female size more than male size, both SSD and relative variability
ratio increase, and so change in the 2 ratios also correlates positively for this
combination of selection pressures (Table I, case 4 in Fig. 2).
Selection may also act to increase size in one sex and decrease size in
the other. In this case, the relationship between SSD and relative variability
ratio depends on the relative strength of selection on both sexes (cases 5a
through 5d in Fig. 2). Correlations may be negative or positive. However,
one can use correlations of sex-specific body size and SSD to distinguish
this case from instances in which selection acts in the same direction on
both sexes (Table I).
Some have also suggested that when sex-specific selection intensities are equal and non-zero, SSD may result solely from differences in
sex-specific relative variability, i.e., variance dimorphism (Cheverud et al.,
1985; Leutenegger and Cheverud, 1982, 1985). When size dimorphism
results from variance dimorphism alone, I predict that relative variability ratios will remain constant because selection intensities are equal on
both sexes, and thus sex-specific relative variabilities decrease by the same
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proportion in both sexes (cases 6a through 6d in Fig. 2). Thus changes in
dimorphism should have a zero correlation with changes in relative variability ratio (Table I).
Taken together, Lande’s (1980) model and the combined response
model generate mutually exclusive sets of predictions for changes in dimorphism produced by 1) selection acting primarily to increase male size, 2)
selection to increase female size, 3) selection to decrease male size, 4) selection to decrease female size, 5) selection to increase size in one sex and
decrease size in the other, and 6) equal sex-specific selection operating on
variance dimorphism.

Model Limitations
The predictions I described earlier and list in Table I are for correlations between changes from an ancestral state. Because primates have
relatively long life spans, body mass data collected over the course of multiple generations are available for very few, if any, wild primate populations.
Also, the Bulmer effect persists only as long as selection pressures are maintained, and maximum reductions of additive variance are reached within
small numbers of generations (Bulmer, 1971). Thus comparisons between
the most closely related subspecies, perhaps separated by only a few hundred or thousand generations, are unlikely to produce meaningful results
via the combined response model.
One way in which to apply the combined response model is to compare closely related populations of the same taxon. Populations that live
in close proximity in space and time are likely to be closely related, particularly because individuals transfer between groups in many primate
species. To maximize the probability that populations share a common
genetic heritage within the past few generations, one should select populations that are geographically close enough for potential mates to have
transferred between populations. One can consider populations that fall
within this area recent descendants of a common ancestral population.
Thus heritabilities, genetic correlations, mean size, and relative variability
should be identical for the recent ancestral state of all populations under
consideration, and the only parameters that vary are sex-specific selection
pressures. Because one measures change in all populations as change from
the same initial state, correlations among changes in variables are identical to correlations in the variables themselves. In addition, comparison
between populations separated by at most a few generations ensures that,
should a hypothetical constant optimum female body size exist, selection
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will not have had enough time to restore female body size to its optimum
and thus interfere with scaling patterns. One can therefore compare correlations of body size, SSD, and relative variability ratio to model predictions
to identify the selection pressures most likely to have modified size and dimorphism in these taxa. One can then compare populations that share consistent patterns on the basis of social and ecological variables to assess the
likelihood of differences in dimorphism resulting from predicted relative
selection pressures.
Not to put too fine a point on it: the model I describe is a microevolutionary model that describes change over short periods of time; as such it
has the potential to inform only on the effects of selection on differences
between closely related populations of the same species, not on differences
between species or higher level taxa. However, application of this model
can ultimately be useful for macroevolutionary analyses of the relationship
between size and dimorphism in the following way: if applied to enough
taxa, over time it will be possible to assemble a more or less comprehensive
picture of the types and relative strengths of various selective forces that
commonly operate on primate populations. One can then use knowledge of
how common or rare particular selective forces are in the recent microevolutionary history of living primates to help evaluate the likelihood of such
forces playing a role in macroevolutionary change.

SAMPLE AND METHODS
Sample
Strict criteria apply to the combined response model. It is necessary to
provide sex-specific mean size and standard deviation data from multiple
populations (≥3 to calculate correlations) of the same taxon, situated close
together in space and time. Each population should include a reasonably
large number of adult individuals of each sex to minimize sampling effects
on means and standard deviations. Such data have been published for very
few primate taxa.
I present published data for four populations each of three taxa: Papio
anubis, Saguinus mystax, and Cercopithecus aethiops pygerythrus (Table II).
One population has few males (Cercopithecus aethiops pygerythrus D, with
4 males) but I include it because the data for this population were collected
at the same time and in the same general area as for the other populations of
Cercopithecus aethiops pygerythrus (Turner et al., 1997). Each taxon illustrates a particular combination of predicted selection direction—increase
or decrease—and recipient of more intense selection: males or females.
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15

36

10

54

48

95

34

79

12

18

26

4

Papio anubis D

Saguinus mystax A

Saguinus mystax B

Saguinus mystax C

Saguinus mystax D

Cercopithecus
aethiops
pygerythrus A
Cercopithecus
aethiops
pygerythrus B
Cercopithecus
aethiops
pygerythrus C
Cercopithecus
aethiops
pygerythrus D

−0.292
−0.268
−0.251

−0.309

−0.297

−0.280

0.627

0.616

0.636

0.439

0.410

0.498

0.537

−0.310

−0.326

0.646

1.146

1.088
1.104

1.086

1.433

1.358
1.340

1.324

log [F]

0.188

0.206

0.138

0.109

−0.029

−0.029

−0.017

−0.016

0.287

0.270
0.236

0.238

28.5%

−0.179

0.238

0.143

0.020

0.103

−0.010

0.055

−0.083

Naivasha, Kenya

Tapiche, Loreto,
Peru
Rio Yarpa, Loreto,
Peru
Tahuayo, Loreto,
Peru
Manitı́, Loreto, Peru

Mara, Kenya

Laikipia District,
Kenya
Nairobi, Kenya
Athi Plain, Kenya

Turner et al. (1997)

−4.3% −20.2% Mosiro, Kenya

Turner et al. (1997)

Turner et al. (1997)

Soini and de Soini
(1990)
Soini and de Soini
(1990)

Soini and de Soini
(1990)
Moya et al. (1990)

Popp (1983)
Gest and Siegel
(1983)
Popp (1983)

Berger (1972)

Reference

Turner et al. (1997)

−8.6% Kimana, Kenya

—

14.6%

10.2%

4.2%

—

14.8%

0.5%
4.2%

—

Locality

−6.7% −25.4% Samburu, Kenya

−2.3%

—

11.2%

6.9%

4.0%

—

8.1%
3.8%

−0.052
0.161

−0.093

—

0.097

log[M] − log[VM] − Change Change
log[F]
log[VF ]
M
F

Note. Change variables measure percentage difference in raw body size for both sexes from the smallest or largest population mean. See text for
details.

48

26

80

30

23

39
18

10
18

Papio anubis B
Papio anubis C

237

177

Male Female
N
N
log [M]

Papio anubis A

Population

Table II. Log body size, standard deviations, and differences from extreme size
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METHODS
Calculating Taxon Parameters
For this study, I measured sex-specific body size as base 10 logarithm
of sex-specific mean body mass in kg and calculates SSD as log10 [M] −
log10 [F], which is equivalent to log10 [M/F], where M and F are male and female mean sex-specific body mass in kg. Authors usually report variability
in body mass as standard deviation or variance of raw data, not of logged
data as the combined response model requires. However, Wright (1968)
showed that the standard deviation of logged data can be closely approximated by the formula:

s = 0.4343 × log10 (1 + C2 )
wherein s is estimated standard deviation and C is the coefficient of variation (standard deviation of raw data divided by the mean). Relative variability ratio is calculated as log10 [s M] − log10 [s F], which is equivalent to
log10 [s M/s F]. These values are identical to logged ratios of coefficient of
variation at two significant figures for all populations in my study, and for
some populations are identical at ≥ three significant figures.
I calculated correlations of 1) female body size and SSD, two) male
body size and SSD, and (3) SSD and relative variability ratio for each taxon.
Because of small sample sizes—4 populations in all cases—significance tests
may produce p values >0.05 even in cases wherein significant biological relationships exist. I consider correlation strength, as measured by coefficient
of determination, and p values in conjunction to identify trends within each
taxon.

Testing the Model
For each taxon, I matched the trends identified for the 3 correlations
described above against the mutually exclusive sets of predicted responses
in Table I to identify the initial condition—direction of size selection and
sex subject to greater selection intensity—that the combined response
model predicts would generate the observed correlations. Ideally one
would then compare the model-derived initial conditions with previous
knowledge of the actual selective forces operating on each taxon. Unfortunately, such information a priori is rarely, if ever, available. However, it is
possible to identify the sex that has most likely undergone more size change
using a technique that is independent of the combined response model.
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If both techniques consistently identify the same sex as having undergone
more change or selection then we may place greater confidence in the
validity of the combined response model than we might have otherwise.
The second technique compares sex-specific body size in each population against a baseline size. The difference in log sex-specific mean body size
between populations and baseline is used to calculate difference as a percentage of baseline size. Ideally, baseline size represents body size in the last
common ancestor of all populations for a particular taxon. In taxa in which
positive correlations of size and body size ratio indicate that male size is
subject to more intense selection than female size, based on the combined
response model, male size should have changed proportionally more than
female size, and thus percentage changes from baseline should be greater
for males than for females. Negative correlations of size and body size ratio
indicate that female size is under more intense selection via the combined
response model, in which case percentage changes from baseline should be
greater for females than for males.
In practice, one cannot definitively determine ancestral body size for
any group of populations without weights of the ancestral population. I estimated ancestral body size by the population with the smallest body size in
the case of taxa meeting combined response model expectations of selection for increasing size, and by the population with the largest body size in
the case of taxa meeting expectations of selection for decreasing size. Most
importantly, direction of presumed size change does not affect results: comparisons of proportional differences in my study yield similar results regardless of which extreme of mass is selected as baseline for each taxon.
It is important to note that the baseline populations have themselves
responded to selection pressures since the last common ancestor of all populations for a given taxon, so differences from baseline are not changes from
ancestral state, and are not definitive indicators of the sex that responds
most strongly to selection. However, because differences from baseline do
not involve relative variation or dimorphism ratios they can independently
support or contradict results from the combined response model.

Using the Model
I use comparison of correlations to the combined response model predictions and results of baseline comparisons to identify the most likely set of
selection pressures modifying size and dimorphism for each group of populations. One can then consider ecological and social data associated with
each population and/or taxon as a whole in conjunction with (1) predicted
patterns of selection pressures based on the combined response model and
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(2) theoretical predictions of sexual and natural selection theory to identify the most likely source of selection pressures. I provide examples of this
approach below. Using this approach on a broad collection of populations
representing various taxa can ultimately allow researchers to develop a better understanding of the relative frequency with which various types of selective forces act on primate populations.
RESULTS
Papio anubis
Both female and male body size correlate positively with body size ratio in four Kenyan populations of Papio anubis, consistent with Rensch’s
rule (Fig. 3a, Table III). Body size ratio and relative variability ratio correlate negatively in wild populations, consistent with selection for larger body
size (Fig. 3b, Table III). I calculated mean sex-specific body size differences
between a baseline population (population A, with the lowest mean body
size) and all other populations (expressed as percentages of population A
in Table II). Males in populations B and D are greater than baseline size by
a larger proportion than females are greater than baseline. Male and female
difference from baseline are approximately equal in population C.
Saguinus mystax
Both female and male body size correlate negatively with body size ratio in four Peruvian populations of Saguinus mystax, contrary to Rensch’s
rule (Fig. 4a, Table III). Body size ratio and relative variability ratio
Table III. Correlations of body size, body size ratio, and relative variability ratio
N

r

r2

p

log[F] and log[M/F]
Papio anubis
Saguinus mystax
Cercopithecus aethiops pygerythrus

4
4
4

0.665
−0.936
−0.999

0.443
0.876
0.998

0.335
0.064
0.001

Log[M] and log[M/F]
Papio anubis
Saguinus mystax
Cercopithecus aethiops pygerythrus

4
4
4

0.902
−0.882
−0.979

0.814
0.777
0.958

0.098
0.118
0.021

Log[M/F] and log[VM/VF]
Papio anubis
Saguinus mystax
Cercopithecus aethiops pygerythrus

4
4
4

−0.988
−0.924
0.612

0.976
0.853
0.374

0.012
0.076
0.388

Species
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correlate negatively, consistent with selection for larger body size (Fig. 4b,
Table III). I calculated mean sex-specific body size differences as expressed
from a baseline population (population A, with the lowest mean body size)
(Table II). Females in population C and D are greater than baseline size by
a larger proportion than males are greater than baseline. Male and female
difference from baseline are approximately equal in population B.
Cercopithecus aethiops pygerythrus
Both female and male body size correlate negatively with body size
ratio in four Kenyan populations of Cercopithecus aethiops pygerythrus,
contrary to Rensch’s rule (Fig. 5a, Table III). Body size ratio and relative
variability ratio correlate positively, consistent with selection for smaller

Fig. 3. (a) Scaling of sex-specific body size and body size ratio in Kenyan populations
of Papio anubis. Closed symbols are females, open symbols are males. Trend lines:
solid, female; dotted, male. Correlations are positive in both sexes, consistent with
Rensch’s rule. (b) Bivariate plot of body size ratio and relative variability ratio in
Kenyan populations of Papio anubis. Correlation among all populations is negative,
consistent with selection for increasing size.
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Fig. 3. Continued.

body size (Fig. 5b, Table III). I calculated mean sex-specific body size differences as expressed from a baseline population (population A, with the
highest mean body size) (Table II). Females in population B, C, and D are
smaller than baseline size by a larger proportion than males are smaller than
baseline.
DISCUSSION
Positive Selection on Male Size
The postive scaling of size and SSD in both sexes of Papio anubis is
consistent with predictions for selection acting primarily on male body size
under Lande’s (1980) model, an expected outcome given the multimale,
multifemale social structure of olive baboons. Differences from baseline,
in which males are proportionally larger than baseline than females are,
support the assertion the selection is stronger on males than on females in
these populations. The negative correlation of SSD and relative variability
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ratio is consistent with predictions of the combined response model where
selection has acted to increase size.
Sexual selection theory predicts that group-living, polygynous populations such as those present in Papio anubis should allow individual males
to improve their relative fitness by winning contests with other males for
mating opportunities; females may also choose to mate with larger males
(Andersson, 1994; Brown, 1975; Ralls, 1977). Thus one expects sexual
selection to act primarily on male size, granting a selective advantage to
larger males in polygynous taxa. The patterns in wild Papio anubis populations are consistent with the theoretical expectations of sexual selection
theory. In general, when selection increases male size more than female
size in primates, it is expected to usually result from male competition for
mating opportunities within multimale and unimale polygynous primate
populations (Brown, 1975; Plavcan, 2001).

Fig. 4. (a) Scaling of sex-specific body size and body size ratio in 4 Peruvian populations of Saguinus mystax. Symbols and lines follow Fig. 3a. Correlations are negative
in both sexes, contrary to Rensch’s rule. (b) Bivariate plot of body size ratio and relative variability ratio in four Peruvian populations of Saguinus mystax. Correlation
among all populations is negative, consistent with selection for increasing size.
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Fig. 4. Continued.

Positive Selection on Female Size
Negative scaling of size and SSD in both sexes of Peruvian Saguinus
mystax pygerythrus is consistent with predictions for selection acting primarily on female body size under Lande’s (1980) model, an expected outcome given the social structure of moustached tamarins (see later). Differences from baseline, in which females are proportionally larger than
baseline than are males, support the assertion that selection is stronger
on females than males in these populations. The negative correlation of
SSD and relative variability ratio is consistent with predictions of the combined response model where selection has acted to increase size in these
populations.
Sexual selection theory predicts that group-living, polyandrous populations with high paternal investment as seen in Saguinus mystax should
promote competition between females for mates, as well as male choice
for large, fecund females (Cuninngham and Birkhead, 1998; Gwynne,
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1991; Gwynne and Simmons, 1990; Parker and Simmons, 1996; Petrie,
1983; Ralls, 1976). It is also possible that larger female size may result from
natural selection; it has been argued that breeding females spend more time
feeding and have feeding priority over males in response to the high energetic demands of pregnancy and lactation required by the typical pattern of
twinning in callitrichids (Box, 1997). Regardless of the source of selection
pressure, size increase is indicated in these populations, yet most view the
Callitrichidae as phyletic dwarfs (Ford, 1980; Leutenegger, 1980; Martin,
1992), though Saguinus mystax is among the larger-bodied callitrichids
(Moya et al., 1990; Smith and Jungers, 1997; Soini and de Soini, 1990).
The example is a reminder that even when microevolutionary changes
conform to theoretical expectations, the changes are not necessarily in the

Fig. 5. (a) Scaling of female body size and body size ratio in 4 Kenyan populations of
Cercopithecus aethiops pygerythrus. Symbols and lines follow Fig. 3a. Correlations
are negative in both sexes, contrary to Rensch’s rule. (b) Bivariate plot of body size
ratio and relative variability ratio in 4 Kenyan populations of Cercopithecus aethiops
pygerythrus. Correlation among all populations is positive, consistent with selection
for decreasing size.
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Fig. 5. Continued.

same direction as higher-level macroevolutionary changes recorded deeper
within evolutionary lineages.

Negative Selection on Female Size
Negative scaling of size and SSD in both sexes of Kenyan Cercopithecus aethiops pygerythrus is consistent with predictions for selection acting
primarily on female body size under Lande’s (1980) model, an unexpected
outcome considering the multimale, multifemale social structure of vervets.
Differences from baseline, in which females are proportionally smaller than
baseline than males are, support the assertion the selection is stronger on females than on males in these populations. The positive correlation of body
size ratio and relative variability ratio is consistent with predictions of the
combined response model wherein selection has acted to decrease size in
the populations.
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In most cases, sexual selection theory does not predict that small size is
advantageous for either sex in gaining access to reproductive opportunities.
However, natural selection pressures can select for smaller size, particularly
through resource pressures. In the case of the populations of Cercopithecus
aethiops pygerythrus in my samples, while all populations were multimale–
multifemale groups, significant difference in ecological conditions existed
between them (Turner et al., 1997). The population (A) with the largest female mean body size, lived in a lakeside grassland with the highest rainfall
levels of all populations, and had access to human crops; the other populations lived in dry grassland and thornscrub (B and C) or woodland and
savannah (D) with much more irregular access to food (Turner et al., 1997).
Large body size of population A individuals may be a growth response to
better diet as a result of moving into a more productive area, and actually
reflects an increase in size. However, because of the short time period likely
separating vervet populations in my samples—at most a few generations—
it is possible that individuals belonging to populations in the more marginal
habitats can trace their recent ancestry to populations living with more reliable resources, i.e., access to cropland.
In general, natural selection pressures may apply equally to males and
females, but it is expected that resource pressures are stronger on females
because of the energetic costs associated with reproduction and lactation
(Boinski et al., 2002; Emlen and Oring, 1977; Isbell, 1991; Isbell and Pruetz,
1998; Mitchell et al., 1991; Ralls, 1976; van Hooff and van Schaik, 1992;
van Schaik, 1989; Wrangham, 1980). Thus natural selection may act to decrease female body size more than male size when resources are scarce.
Work on human dimorphism in Native Americans suggests that small body
size is advantageous for mothers when resources are scarce during lactation
(Hamilton, 1975, cited in Ralls, 1977). Because larger females have absolutely greater metabolic costs than those of small females, small females
should be better able to develop an energetic surplus for reproduction during periods of resource scarcity. Larger females will be less likely to reproduce than small females can in times of scarcity because of the required
greater investment of internal reserves, and thus greater risk, on the part of
larger females, hence a decrease in expectation of future offspring (Pianka,
1976; Pianka and Parker, 1975). Empirical evidence from Darwin’s finches
supports these predictions, showing that small females breed more often
than larger females in variable environments (Downhower, 1976).
Lindenfors (2002) provided a superficially similar argument, suggesting that dimorphism often results from fecundity selection acting to
decrease female size, counter to the effects of sexual selection. Lindenfors
(2002) noted that female body size correlates negatively with reproductive
rates in interspecific analyses of primates, and concluded that fecundity
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selection generally acts to decrease female size. His a conclusion fails to
take into account other life history variables associated with large size that
may offset decreases in reproductive rate such as longer reproductive lifespan. Also, interspecific differences may not be relevant at microevolutionary scales; e.g., although it is generally true that larger species have longer
gestation periods than those of smaller species, slowing reproductive rates
in larger species, it is not necessarily true that a large female will have an appreciably longer gestation period than a smaller conspecific female. Unlike
Lindenfors (2002), I do not suggest that fecundity selection usually acts to
decrease female size. However, if ecological variables and body size interact to prevent larger females from reproducing while concurrently allowing
smaller females to reproduce, in such cases the higher relative fitness for
small females after a drop in large female fecundity can act to select for
smaller female size.
Another possibility that could account for sex-differences in natural
selection pressures is niche separation, in which optimum body size differs between the sexes as a result of adaptation for different feeding niches
(Andersson, 1994; Ralls, 1976; Selander, 1966; Shine, 1989; Slatkin, 1984).
However, Clutton-Brock and Harvey (1977) pointed out that though sexspecific dietary differences are associated with size dimorphism in primates
(Clutton-Brock, 1977; Demment, 1983; Kamilar, 2003), there is no evidence
of sex differences in feeding apparatus as in some birds (Selander, 1972), indicating that dietary differences are probably a product of size dimorphism
rather than a cause. Alternatively, mass differences in the females in this
case may not result from selection at all but instead from greater mass gains
associated with better food for females with access to crops (Turner et al.,
1997). However, this explanation is inconsistent with the results of the relative variability analysis in the combined response model that indicates that
female size has decreased from shared ancestral size in the populations.
More generally, a recent review of primate community structure and
resource availability concluded that many primates encounter food shortages (Janson and Chapman, 1999). Thus natural selection in the form of
resource limitation may often lead to negative selection on female size.
Though other forms of natural selection clearly select for small size, e.g.,
small size and crypsis as a result of predation pressure, they may not necessarily affect females more than males.

Implications for Studies of the Evolution of Size and Dimorphism
The combined response model provides a tool for identifying the
sex that is subject to more intense selection as well as the direction of
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selection, i.e., acting to increase or decrease size. The examples I presented
in this study demonstrate that it is not necessarily clear what selective forces
are responsible for changes in sex-specific size. However, it is possible to
identify agreement or contradiction with theoretical models that attempt to
explain how sexual dimorphism has evolved within primates. Of particular
interest are cases for which the combined response model indicates evolutionary change inconsistent with sexual selection theory, e.g., the analysis
of Cercopithecus aethiops pygerythrus. Such cases raise the interesting possibility that natural selection may play a more important role in the evolution of sexual size dimorphism than researchers have heretofore attributed
to it.
Though few published data are currently available that fit the strict requirements of this model, any past, present, or future students of primates
in the wild that have collected adult body mass data for multiple populations in close proximity can apply the combined response model to their
data. Once the data are available for many samples of populations it will
be possible to test my arguments and identify whether or not there is a correlation between resource stress and greater change in female than male
size. Until then, the model simply offers a new way to identify the relative
strength and direction of sex-specific selection working at microevolutionary levels as predicted by the combination of 2 long-standing quantitative
genetics model: a valuable offering in itself.

Implications for Macroevolutionary Scaling (Rensch’s Rule)
The examples I present in this study raise the possibility that in some
cases, changes in dimorphism may result from selection acting more intensely on females than on males, and that the source of that selection pressure may be sexual selection or natural selection. One can apply Lande’s
(1980) quantitative genetics model, unmodified by the Bulmer effect, to interspecific comparison to identify the sex subject to more intense selection;
i.e., interspecific correlations of size and dimorphism should depend on the
relative strength of sex-specific selection, but interspecific correlations of
size dimorphism and relative variability ratios should not depend on the direction of selection because the Bulmer effect is too subtle and short lived to
be preserved in interspecific relationships. Under the predictions of Lande’s
model, positive scaling of body size and SSD (Rensch’s rule) should result
when males are subject to more intense selection than females are, and negative scaling should result when females are subject to more intense selection. The direction of selection—increase or decrease—does not affect this
scaling relationship.
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Interspecific scaling relationships of size and dimorphism within haplorhine primates are generally consistent with Rensch’s rule (Clutton-Brock
et al., 1977; Mitani et al., 1996; Plavcan and van Schaik, 1997; Smith and
Cheverud, 2002; however, see Lindenfors and Tullberg, 1998), and thus consistent with the predictions of Lande’s model when dimorphism is primarily the result of selection acting more intensely on male size. However, in
some haplorhine primates sexual selection probably acts more intensely on
female body size, e.g., polyandrous callitrichid populations, and many primate communities encounter food shortages (Janson and Chapman, 1999)
which could generate negative selection acting more intensely on female
size. In such cases, Lande’s model predicts negative scaling of size and SSD,
counter to Rensch’s rule. Though haplorhine primates show positive scaling overall, a large amount of unexplained variation exists in relationships
between size and dimorphism (Smith and Cheverud, 2002), which allows
for the possibility of localized negative trends superimposed on overall positive trends. Such a pattern can occur if relationships between higher-level
taxa (subfamilies, families, superfamilies, etc.) for size and SSD are primarily positive, while lower-level taxonomic relationships include positive and
negative trends.
If trends differ between higher-level and lower-level taxonomic comparisons, bias may exist in the preservation of lineages in primate ancestry.
Only a small percentage of species from the past have left descendants that
are alive today, and thus selection pressures that acted on ancestral lineages
do not necessarily represent the full range of selection pressures that acted
on primates at any given point in the past. Extinction in vertebrates
correlates with high resource requirements, slow population recovery
rate, and specialization (Brown, 1995; Diamond, 1984). Thus populations
subject to intense resource limitation—producing negative scaling of body
size and SSD—are more likely to go extinct than populations subject to
sexual selection. Because polygyny is much more common than polyandry
in haplorhines, selection for increased male size will be the most common
type of sexual selection preserved in haplorhine lineages. It follows that
haplorhine ancestry could be biased toward preserving lineages in which
size and dimorphism increase together, resulting in Rensch’s rule, though
at any particular point in time there may be several primate populations
in which resource limitation or female-targeted sexual selection is acting
contrary to Rensch’s rule. Such a model, if accurate, would go a long
way toward explaining why selection acting more strongly on females
appears to affect haplorhine dimorphism at a microevolutionary but not at
a macroevolutionary level.
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APPENDIX A: DERIVATION OF THE GENERALIZED
BULMER EFFECT
Based on an analysis of Lande’s quantitative genetic model for sexually dimorphic polygenic traits (Lande, 1980), Leutenegger and Cheverud
(1982, 1985) present the expressions:
 

1  2
h M sM i M + h M h F ra sM i F
(A.1)
RM =
2
and
RF =

 

1  2
h F sF i F + h M h F ra sF i M
2

(A.2)

where R is the mean response of the trait to selection, h2 is the heritability of the trait, s is the phenotypic standard deviation, i is the selection intensity, and ra is genetic correlation between males and females for that
trait. Subscripts indicate the sex to which the parameter refers (M , males;
F , females). Heritability, selection intensity, and genetic correlation are all
unitless values; thus the response to selection is measured in units of the
standard deviation, i.e., the units used to measure the phenotypic trait.
The response (R) is the change in value of the continuous trait from
one generation to the next; for example:
M∗ = M + RM ,

(A.3)

where M is the variable for the continuous trait in the parental generation
of males and M∗ is the variable for the trait in the offspring generation of
males.
What follows is a derivation of the equations describing the sex-specific
changes in variance between parental and offspring generations due to
selection. Bulmer (1971) derived equations for the case when males and
females do not differ in the expression of a continuous trait; here I derive a generalization that one can apply to all conditions ranging from
absence of sex-linkage in the trait, i.e., Bulmer’s model, where ra = 1, to
complete sex-linkage of a trait (ra = 0). The male equation is derived here;
the female equation is obtained simply by replacing M with F every time it
appears, and vice versa.
The variable RM (distinct from the mean of this variable, RM ) is the
sum of two independent variables: the change in males due to selection on
males in the parental generation (RMm ), and the change in males due to
selection on females in the parental generation (RMf ). One can re-express
Eq. (A.3) as follows:
M∗ = M + RMm + RMf ,

(A.4)
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Fig. A.1. Selection modeled as the truncation of a distribution after Bulmer (1971). This
figure represents the sex-specific distribution of body mass for a population of males. The
pre-selection distribution fills the entire area under the heavy black curve with mean M
(heavy solid vertical line) and standard deviation s (light solid vertical line). Males that fall
into the crosshatched portion of the distribution are selected against and do not reproduce.

The post-selection distribution excludes the crosshatched area and has mean M (heavy

dashed line) and standard deviation s (light dashed line).

where
RMm
and
RMf =

 
1
(h2M sM i M )
=
2

(A.5)

 
1
(hM hF ra sM i F ).
2

(A.6)

Next, I follow Bulmer in modeling selection as the truncation of a distribution at a particular value (Fig. A.1), which allows the post-selection
distribution to be described as
M = M + dM,

(A.7)

where M is the variable for the trait in post-selection males. The other
variable in Eq. (A.7), dM, describes the difference between pre- and postselection parental distributions. It is independent of M and has a mean of
dM and variance ds2M , where
dM = M − M

(A.8)

ds2M = s M − s2M .

(A.9)

and
2
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Selection intensity (i) is defined as the difference of the pre- and postselection means, divided by the pre-selection standard deviation, so
iM =

dM
sM

(A.10)

iF =

dF
.
sF

(A.11)

and

Replacing iM and iF in Eqs. (A.5) and (A.6) yields
 
1  2  
hM dM
RMm =
2
and
RMf


 
sM  
1
h M h F ra
=
dF .
2
sF

(A.12)

(A.13)

One can now represent the independent variables RMm and RMf as
  
1
RMm =
(A.14)
h2M dM
2
and
RMf =


 
sM
1
dF,
h M h F ra
2
sF

(A.15)

where RMm and RMf are expressed as linear transformations of the variables
dM and dF, respectively. Their variances are as shown below:
  
1
h4M ds2M
(A.16)
Var[RMm ] =
4
and

 
2 
1
2 2 2 sM
hM hF ra 2 ds2F .
Var [RMf ] =
4
sF

(A.17)

Because the value of the continuous trait in the preselection parental
males (M) is independent of the responses due to selection in the parental
males and females (dM and dF, respectively), variance in offspring males is
expressed as
Var [M∗ ] = Var [M] + Var [RMm ] + Var [RMf ],

(A.18)
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1
1
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h2M h2F ra2 M
4
4
s2F
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(A.19)

∗
where s∗2
M is the variance of M . The equivalent expression for female offspring is as follows:
  
 
2 
1
1
∗2
2
4
2
2 2 2 sF
hF dsF +
hM hF ra 2 ds2F .
sF = sF +
(A.20)
4
4
sM

Equations (A.19) and (A.20) describe the change in variance for a continuous trait in male and female offspring due to selection on the parental
generation. If there is no sex-linkage in the trait and selection acts equally
on both sexes, then males and females form a single distribution. In that
case, ra equals 1, and one can remove the subscripts from all other parameters in Eqs. (A.19) and (A.20) because there is no distinction between female and male parameters. For such a situation, both equations reduce to


1 4
∗2
2
h ds2 .
s =s +
(A.21)
2
Equation (A.21) is exactly the equation Bulmer (1971) derived to describe
the effect of selection on variance in a monomorphic population.
APPENDIX B: RELATIONSHIP OF MEAN RESPONSES
TO RAW DATA
One can log-transform data for a continuous trait such as body size to
produce scale-free variables, such that
M = log[XM ]

(B.1)

F = log[XF ],

(B.2)

and

where M and F are variables for male and female distributions as defined
in Appendix A, and X is the size variable as originally measured, e.g., in
kg. When the log transformation is performed, one can rewrite the mean
sex-specific responses to selection (RM and RF from Eqs. (A.1) and (A.2))
as
RM = log[X∗M ] − log[XM ]

(B.3)

RF = log[X∗F ] − log[XF ],

(B.4)

and
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where the asterisk refers to the offspring generation. Eqs. (B.3) and (B.4)
are equivalent to
RM = log [GM∗XM ] − log [GMXM ]

(B.5)

RF = log[GM∗XF ] − log[GMXF ],

(B.6)

and

where GMXM and GMXF are the geometric means of the raw size measurements for males and females, respectively. Using the log rules, one can also
express Eqs. (B.5) and (B.6) as


GM∗XM
(B.7)
RM = log
GMXM
and


GM∗XF
.
RF = log
GMXF


(B.8)

In Eqs. (B.7) and (B.8), RM and RF are shown to be the logarithms of ratios
of offspring mean size divided by parent mean size. Replacing these ratios
with the symbols pXM and pXF yields
RM = log[p XM ]

(B.9)

RF = log[p XF ]

(B.10)

GM∗XM = GMXM × p XM

(B.11)

GM∗XF = GMXF × p XF .

(B.12)

and

where

and

Thus the response variables RM and RF are shown to be the logarithms
of scalars that describe the proportional change in sex-specific mean size
between parent and offspring generations.
Leutenegger and Cheverud (1982, 1985) define the response of sexual
dimorphism to sexual selection as the difference between the male and female responses, namely
RSD = RM − RF .
Substitution of Eqs. (B.7) and (B.8) into (B.13) yields




GM∗XF
GM∗XM
− log
RSD = log
GMXM
GMXF

(B.13)

(B.14)
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which can be shown to be equal to



(GM∗XM /(GM∗XF ))
(GM∗XM /(GMXM ))
.
= log
= log
(GMXM /(GMXF ))
(GM∗XF /(GMXF ))


RSD

(B.15)

One can calculate an index of sexual size dimorphism, SD, which is the ratio
of mean male size divided by mean female size:
SD =

GMXM
,
GMXF

which allows one to express Eq. (B.15) as

∗
SD
RSD = log
;
SD

(B.16)

(B.17)

i.e., the logged ratio of sexual size dimorphism in the offspring generation
divided by sexual size dimorphism in the parental generation. One can replace the ratio with the symbol p SD , yielding
RSD = log[p SD ],

(B.18)

where
∗

SD = SD × p SD .

(B.19)

The response of sexual size dimorphism to selection (RSD ) is therefore the
logarithm of a scalar that describes the proportional change in sexual size
dimorphism between parent and offspring generations,
∗

SD = SD × antilog RSD .

(B.20)

APPENDIX C: DERIVATION OF THE COMBINED RESPONSE
MODEL
Equations (A.1) and (A.2) in Appendix A describe the mean responses
to selection of male and female size (RM and RF , respectively) in terms
of the genetic correlation between the sexes, sex-specific heritabilities, sexspecific standard deviations, and sex specific selection intensities. Leutenegger and Cheverud (1982 , 1985) use these equations to model the response
of size dimorphism to conditions of pure sexual selection and pure variance
dimorphism. Similarly, one can use the change in sex-specific variance, as
described in Eqs. (A.19) and (A.20), to model the response of differences
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in sex-specific variance, i.e., variance dimorphism, to conditions of pure sexual selection and pure variance dimorphism. It can then be shown that these
two sets of responses covary in predictable ways depending on the selective
forces applied.
In Appendix B, I defined pXM , pXF , and p SD as offspring:parent ratios of arithmetic mean size of log-transformed data, which are shown to
be equivalent to ratios of the geometric mean of raw data. Here I define analogous ratios for offspring and parent variances of log-transformed
data:

and
p 2sSD

p 2sM =

s∗2
M
,
s2M

(C.1)

p 2sF =

s∗2
F
,
s2F

(C.2)

 ∗2  2 
 ∗2  ∗2 
sM
s
sM sF
p 2sM


=
=  2  2  =  M
,
sM sF
s∗2
s2F
p 2sF
F

(C.3)

where the asterisk refers to the offspring generation. (Note: the square roots
of these three ratios are equal to the offspring:parent ratios of standard
deviation rather than variance.) One may define response variables as logtransformations of the three ratios as follows:
 ∗2 



s
2
2
2
= log s∗2
(C.4)
Rs M = log p sM = log M
M − log sM ,
s2M

Rs2 F = log[p 2sF ] = log




s∗2
2
F
= log s∗2
F − log sF ,
2
sF

(C.5)

and



p 2sM
= log p 2sM − log p 2sF = Rs2 M − Rs2 F ,
= log
2
p sF


Rs2 SD

(C.6)

where Rs2 M is the response of male variance to selection,Rs2 F is the response
of female variance to selection, andRs2 SD is the response of variance dimorphism to selection. As Eq. (C.6) shows, these three response variables are
related to each other in exactly the same way as the three response variables
for the mean (Eq. (B.13) in Appendix B).

Scaling of Size and Dimorphism—Microevolution

57

The three variance ratios of Eqs. (C.1)–(C.3) may be restated by substitution of Eqs. (A.19) and (A.20):




s2
s2M + 14 h4M ds2M + 14 h2M h2F ra2 sM2 ds2F
F
,
(C.7)
p 2sM =
s2M
p 2sF =
and
p 2sM

s2F +

 2  1 2 2 2 s2F  2
4
dsF + 4 hM hF ra s2 dsM
h
4 F

1

M

s2F

,



s2
ds2M + 14 h2M h2F ra2 sM2 ds2F
s2F
F


=
×
.


s2
s2M
s2F + 14 h4F ds2F + 14 h2M h2F ra2 s2F ds2M
s2M +

1

h4
4 M

(C.8)



(C.9)

M

One can also express Eq. (C.9) as




s2
s2M s2F + 14 h4M s2F ds2M + 14 h2M h2F ra2 sM2 s2F ds2F
F


p 2sM =
.


s2
s2M s2F + 14 h4F s2M ds2F + 14 h2M h2F ra2 s2F s2M ds2M

(C.10)

M

Substituting Eq. (C.10) into Eq. (C.4) yields






s2
s2M s2F + 14 h4M s2F ds2M + 14 h2M h2F ra2 sM2 s2F ds2F
F
Rs2 SD = log 
 1 4  2 2  1 2 2 s2F  2 2  ,
2 2
2
sM sF + 4 hF sM dsF + 4 hM hF ra s2 sM dsM

(C.11)

M

a description of the response of relative variability ratio in the offspring
generation to selection, expressed in terms of parameters drawn exclusively from the parental generation. One can obtain a similar description
of the response of mean sexual size dimorphism by substituting Eqs. (A.1)
and (A.2) into (B.13) (this equation appears in Leutenegger and Cheverud,
1982, 1985):
 


1  2
hM sM i M − h2F sF i F + hM hF ra (sM i F − sF i M ) .
RSD =
(C.12)
2
Equations (C.11) and (C.12) jointly comprise the combined response
model. Given the input parameters for these two equations, all of which are
drawn only from the parental population, one can calculate the response
of male:female ratios of sex-specific mean size and sex-specific variance for
one or more generations. Constraining the input parameters to conditions
consistent with various selective forces, e.g., sexual selection with selection
for increasing size in both sexes, variance dimorphism with selection for decreasing size in females and no selection on males, etc., generates the set
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of possible responses of Rs2 SD and RSD for those forces, which in turn allows for the identification of categories of outcomes that must correspond
to particular selective forces.
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