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Constraints in the Evolution of
Sex Ratio Adjustment

Stuart A. West'* and Ben C. Sheldon?

When the relative fitness of male and female offspring varies with environ-
mental conditions, evolutionary theory predicts that parents should adjust the
sex of their offspring accordingly. Qualitative and even quantitative support for
this prediction is striking in some taxa but much less convincing in others.
Explaining such variation across taxa in the fit of sex ratio theory remains a
major challenge. We use meta-analysis to test the role of two constraints in
the evolution of sex ratios. Based on analysis of sex ratio skews in birds and
wasps, we show that (i) mechanisms of sex determination do not necessarily
constrain the evolution of sex ratio adjustment, and (ii) parental ability to
predict their offsprings’ environment influences the evolution of sex ratio
patterns across taxa. More generally, our results show that multiple constraints
may determine the precision of adaptation.

Trivers and Willard (/) were the first to sug-
gest that parents should adjust the sex of their
offspring in response to environmental con-
ditions. They envisaged a mammal popula-
tion in which (i) females in better condition
have more resources for reproduction and so
produce higher quality offspring, and (ii)
competition for mates among males is in-
tense, with only the highest quality males
being successful, so that sons benefit more
from increased resources than do daughters.
In this case, they predicted that high-condi-
tion females should produce sons, and low-
condition females should produce daughters.
Although the extent to which data on mam-
mals fit this prediction is disputed, the same
logic has been applied with considerable suc-
cess to explain and predict the adjustment of
offspring sex ratios (the proportion that is
male) across a wide range of organisms in
response to a multitude of environmental fac-
tors (2-5).

In animals, the mechanism of sex deter-
mination is often suggested to be the major
constraint determining the amount of adap-
tive sex ratio adjustment that is observed.
Striking sex ratio adjustment is commonly
seen in insects (ants, bees, and wasps) in
which haplodiploid sex determination may
give females precise control over the sex of
their offspring according to whether they fer-
tilize eggs (males develop from unfertilized
eggs, and females develop from fertilized
eggs) (2, 4). Sex ratio adjustment is much
less often seen in vertebrates with chromo-
somal (genetic) sex determination (CSD),
perhaps because random meiosis would lead
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to a mean sex ratio of 0.5, with binomial
variance around this mean, reducing the
scope for sex ratio adjustment because of the
need to sacrifice eggs or embryos (2, 6-10).

Alternative explanations have been pro-
posed to account for less striking sex ratio
adjustment in vertebrates, such as multiple
factors influencing sex ratio evolution, more
complex life histories, or variation in the
reliability with which offspring fitness can be
predicted (environmental predictability) (5,
9-11). In addition, recent studies of mam-
mals, birds, and other taxa with CSD (frogs,
lizards, snakes, and spiders) have reported
striking shifts in offspring sex ratios in man-
ners consistent with adaptation (5, 12-18).
Although these data suggest that sex ratios
might not be completely constrained by CSD,
other authors have suggested that there is no
consistent pattern and that statistically signif-
icant cases may represent sampling error or
publication bias (a tendency to publish only
those studies reporting a positive or signifi-
cant effect) (7, 19-23).

Resolution of these differing points of
view requires comparisons across taxa. Here,
our aims are to (i) determine whether CSD
prevents facultative sex ratio adjustment, and
(ii) test the alternative prediction that the
extent of sex ratio adjustment can be influ-
enced by environmental predictability.

Do vertebrates with CSD show consis-
tent sex ratio patterns? Previous studies
examining broad-scale patterns of sex ratio
variation in vertebrates have tended to focus
on population sex ratios or sex ratio variance
(7, 19, 22, 24). However, if individuals are
selected to adjust their offspring sex ratio
facultatively, with some individuals produc-
ing sons and others daughters, then the over-
all population sex ratio is very difficult to
predict (2, 3, 10, 25-27). Consequently, ex-
amining population sex ratios is a poor test of
individual adaptation, and it is not surprising
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that no consistent patterns have been found.
The solution to this problem is, rather than
considering population sex ratios, to examine
the precision with which individuals faculta-
tively adjust offspring sex ratios. We do this
by using meta-analytic techniques, in which a
standard measure of statistical effect size
from each study (the correlation coefficient r)
is used as the response variable in compara-
tive analyses (28, 29). By carrying out anal-
yses with effect size obtained from different
studies as the response variable, we can test
whether sex ratios are consistently adjusted in
the direction predicted and compare the rel-
ative precision of sex ratio manipulation
across groups or taxa.

A second problem is that not all studies
are equally suitable for an analysis of this
kind. For most studies on sex ratio variation
in birds and mammals, the expected sex ratio
shift depends on life history details that are
not known and thus cannot be predicted a
priori (30). We avoid this problem by restrict-
ing our meta-analysis to cases in which there
is a clear theoretical prediction as to the
direction of an effect. In birds and mammals,
this reduces to only two situations. First,
females are predicted to adjust their sex ratio
in response to mate attractiveness, producing
more sons when mated to an attractive male
(31-33). This is predicted because males
show greater variation in reproductive suc-
cess than females (34), and so sons stand to
benefit more from having a high-quality fa-
ther. Second, in cooperatively breeding spe-
cies where one sex helps (in the rearing of
subsequent offspring) more than the other, it
is predicted that when an individual (or
group) lacks helping individuals, they should
bias their offspring sex ratio toward the sex
that provides greater levels of help (13, 26,
35).

We located published data from 11 studies
of eight bird species testing the hypothesis
that sex ratio should be adjusted to mate
attractiveness, and we also found data from
five studies of four bird species testing the
hypothesis that sex ratio should be adjusted in
response to helper status in cooperatively
breeding species (36). In all cases, we as-
signed a positive value to the effect size () if
the sex ratio shift was in the predicted direc-
tion and a negative value if it was in the
opposite direction. We used standard meta-
analytic procedures and relatively conserva-
tive (mixed model) statistical tests (37).

Overall, these studies show consistent fac-
ultative adjustment of offspring sex ratios by
birds in the direction predicted by theory,
with the average standardized effect size (r)
being significantly greater than zero (Table
1) (Fig. 1). This result holds when using each
study as an independent data point, when
averaging to obtain only one data point from
each species, when averaging to obtain only
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Fig. 1. Variation in facultative sex ratio adjust-
ment by birds and a mammal. The effect size (r)
is plotted against the sample size of the study.
A positive value of r corresponds to a sex ratio
shift in the predicted direction, and a negative
value corresponds to a shift in the opposite
direction. The significant tendency toward pos-
itive values indicates a consistent trend to ad-
just sex ratios as predicted by theory. The
different symbols represent sex ratio adjust-
ment by birds in response to mate quality (solid
circles) or number of helpers (solid squares),
and by a mammal in response to the number of
helpers (open square) (36).

one data point from each family (to control
for possible phylogenetic artifacts), or when
considering each hypothesis (mate attractive-
ness and helper status) separately (Table 1).
In addition, several analyses suggest that
publication bias (22, 29) does not greatly
affect the overall pattern identified here (38).
We are aware of only one study of these
patterns in a mammal: a study of sex ratios in
relation to the presence of helpers in African
wild dogs (36, 39). Adding this study gives
an overall weighted mean effect size of » =
0.289 at the level of studies [95% confidence
interval (CI): 0.175 to 0.419; n = 16 studies].
Overall, these results suggest that 3 to18%
of the variance in sex ratio among families
can be explained by facultative sex ratio ad-
justment where these two hypotheses apply.
These effects are quite small, and power anal-
ysis shows that the sample size required to
reject the null hypothesis with 80% certainty
at P = 0.05, with » = 0.252 (the mean value
for bird species) is 120. A sample size this
large is rarely used in field studies of behav-
ioral ecology [for example, in only 2 out of
17 of the studies on which our analyses are
based (Fig. 1) (36)], suggesting that the like-
lihood of type II error (failing to detect real
effects) may be high in this field.
Environmental predictability and pre-
cision of sex ratio adaptation. The analy-
ses above suggest that CSD does not nec-
essarily prevent facultative sex ratio adjust-
ment. Given this, we now focus on an
alternative factor that has been suggested to
explain variation in the extent of sex ratio
adjustment: environmental predictability
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Fig. 2. Sex ratio adjustment across taxa. Plotted
are the mean (horizontal line), 95% C! (box),
and range (vertical line) of the effect size (r) for
different groups. A positive value of r corre-
sponds to a sex ratio shift in the predicted
direction and a negative value corresponds to a
shift in the opposite direction. The different
columns show the effect size for variation in
offspring sex ratio for birds in response to mate
quality, for birds in response to helper status,
and for parasitic wasps that do (idiobionts) and
do not (koinobionts) kill the host when an egg
is laid in response to host size.

(2, 5, 9-11). If environmental factors that
cause differences in the reproductive value
of males and females are difficult to pre-
dict, then strongly skewed sex ratios may in
some cases lead to the overproduction of
the sex with the lower reproductive value.
Consequently, lower environmental pre-
dictability will lead to weaker selection for
sex ratio adjustment.

We compared the extent of sex ratio ad-
justment shown in birds with that in parasitic
wasps (parasitoids). Parasitic wasps are in-
sects whose larvae develop by feeding on the
bodies of other arthropods. We compared
data from parasitic wasps with data from
birds because their haplodiploid sex determi-
nation should leave sex ratios unconstrained.
They also offer an excellent opportunity for
testing the importance of environmental pre-
dictability, because numerous data are avail-
able for a comparison in which the predict-
ability of the environment will vary (36, 40).
In many species in which only one individual
can develop per host (termed solitary), fe-
males lay male eggs on small hosts and fe-
male eggs on large hosts. This is presumed to
be advantageous because females gain a
greater benefit from the resulting increase in
body size than do males (4, 4/). In some
species (idiobionts), females kill or paralyze
the host at oviposition, and in such cases host
size will be a reliable cue as to the resources
that offspring will have available for devel-
opment. However, in other species (koino-
bionts), the host is not killed by the female at
oviposition, and so continues to grow, in
which case host size at oviposition is a less
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Fig. 3. Facultative sex ratio adjustment by
parasitoid wasps in relation to life history. The
effect size (r) is plotted against the sample size
of the study (note log scale). A positive value of
r corresponds to a sex ratio shift in the predict-
ed direction (more females on larger hosts),
and a negative value corresponds to the oppo-
site direction. The different symbols represent
species in which the host is (idiobionts, solid
circles) and is not (koinobionts, open squares)
killed when an egg is laid. Data were obtained
from 65 studies on 56 parasitic wasp species
(28 koinobiont and 28 idiobiont species) (36).
Idiobionts show significantly higher mean ef-
fect sizes [studies as independent data points,
Qg = 6.08, P = 0.005; species as independent
data points, Q, = 821, P = 0.002; formal
comparative analysis by the method of inde-
pendent contrasts, n = 6 independent con-
trasts, mean contrast in effect size = -0.092
(95% CI: —0.014, -0.174; P = 0.03)].

reliable predictor of the resources that off-
spring will have available for development.
This leads to the prediction that because en-
vironmental predictability is lower for koino-
bionts, they should exhibit less extreme fac-
ultative sex ratio variation (40).

Comparison of effect size () among the
different groups of wasps (koinobiont and
idiobiont) and birds (helper status or mate
quality) revealed significant heterogeneity in
effect size (Fig. 2) [between-group heteroge-
neity (Qg) = 10.01, df = 3, P = 0.009; using
species mean values]. This heterogeneity was
caused by the effect size in idiobiont wasps
and birds in response to helper status being
significantly higher than that in koinobiont
wasps and birds in response to mate quality
(Qg =9.93,df = 1, P = 0.001). Within these
two groups, there were no significant differ-
ences when the following comparisons were
made: idiobiont wasps versus birds in re-
sponse to helper status (O = 0.057. df = 1,
P = 0.78) and koinobiont wasps versus birds
in response to mate quality (Qgp = 0.084,
df = 1, P = 0.75).

These results provide strong support for
the importance of environmental predictabil-
ity. As predicted, within parasitic wasps, we
found that species in which the host was
killed when an egg was laid (idiobionts)
showed significantly greater sex ratio skews
than did species in which the host was not
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Table 1. Summary of standardized effect sizes for studies of individual sex ratio adjustment in various

groups of birds and parasitic wasps.

Class of study Mean r 95% Cl n studies Xt
All birds, studies independent 0.252** 0.132-0.384 15 57
All birds, species independent 0.261** 0.121-0.391 12 39
All birds, families independent 0.252** 0.150-0.369 9 —_
All birds, studies independent} 0.220** 0.116-0.341 14 74
All birds, species independent} 0.217** 0.090-0.350 1 37
Mate, studies independent 0.205* 0.088-0.335 " 45
Mate, species independent 0.187* 0.041-0.340 8 8
Help, species independent 0.397* 0.191-0.566 4 8
All wasps, studies independent 0.319** 0.258-0.383 65 1451
All wasps, species independent 0.328** 0.262-0.396 56 1206
Idiobionts, studies independent 0.405** 0.318-0.494 36 599
Idiobionts, species independent 0.440** 0.353-0.544 28 515
Koinobionts, studies independent 0.217** 0.140-0.296 29 182
Koinobionts, species independent 0.219%* 0.137-0.305 28 173

*P <0.01.**P < 0.001.

X is the fail-safe number, which is the number of unpublished studies averaging zero effect

size that would have to exist for the overall mean effect size to be not significantly different from zero, calculated
following (29); values in bold are robust, under the criterion that a fail-safe number is robust when X > 5n +

10. 1Excluding the Seychelles warbler.

killed (koinobionts) (Table 1) (Fig. 3). Ap-
proximately four times as much variance in
the offspring sex ratio is explained by host
size in idiobionts (19% at the level of the
species) as in koinobionts (5%). Among
birds, the relevant environmental variables
may be easier to assess in relation to helper
status (number of helping offspring and ter-
ritory quality) than in relation to mate quality.
This may explain why the amount of sex ratio
adjustment is greater in response to helper
status (16% of the variance) than to mate
quality (4%), although this difference is not
significant if comparison is made on only the
bird data (Qy = 1.27, P = 0.26).

Despite the different methodologies used,
these data suggest that sex ratio shifts are not
necessarily more extreme in haplodiploid
species such as wasps than in species with
CSD, such as birds. Hence, the mechanism of

sex determination, and any constraint that .

this may place on sex ratio adaptation, is not
sufficient to explain all variation in adapta-
tion in sex ratio. Instead, it is necessary to
consider and compare different categories
within various taxa (such as idiobiont versus
koiniobiont, helper status, or mate quality).
Explaining how facultative sex ratio adjust-
ment is achieved with CSD remains a major
theoretical and empirical challenge (21).
Precision of adaptation and a cost-
benefit approach. A single unifying frame-
work, rather than concentration on specific
potential constraints to adaptation, is required
to explain variation in the extent to which
different species adjust their offspring sex
ratio. We suggest the use of a cost-benefit
approach. Specifically, that facultative sex
ratio variation will only be favored when the
fitness benefits of this behavior are greater
than its costs. In cases where facultative sex
ratio variation is favored, it will evolve to a
level where the benefits of any further (mar-
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ginal) increase in the precision of sex ratio
adjustment would be balanced by its cost.
Consequently, the most extreme and precise
sex ratio variation will be seen in species in
which the fitness benefits of facultative sex
ratio adjustment are high and the costs low.
This approach allows for the possibility that
the mechanism of sex determination will be
important [for example, facultative sex ratio
variation may be more costly with CSD (2,
8-10, 42)] but that it is only one of a number
of factors that must be taken into account.
The benefit of facultative sex ratio variation
will depend heavily on how much fitness gain
is to be made from shifting offspring sex
ratios, which will be influenced by the
strength and form of selection involved (43,
44), and hence factors such as environmental
predictability (45). More generally, under-
standing the relative importance of different
potential constraints on adaptation remains
one of the biggest problems for evolutionary
biology (44). The extremely close fit that can
be expected between the predictions of rela-
tively simple theoretical models and empiri-
cal data means that the study of sex ratio
patterns provides an excellent model for ad-
dressing this problem.
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Extraction of Black Hole
Rotational Energy by a
Magnetic Field and the

Formation of Relativistic Jets

Shinji Koide," Kazunari Shibata,2 Takahiro Kudoh,?
David L. Meier*

Using numerical simulations, we modeled the general relativistic magnetohy-
drodynamic behavior of a plasma flowing into a rapidly rotating black hole in
a large-scale magnetic field. The results show that a torsional Alfvén wave is
generated by the rotational dragging of space near the black hole. The wave
transports energy along the magnetic field lines outward, causing the total
energy of the plasma near the hole to decrease to negative values. When this
negative energy plasma enters the horizon, the rotational energy of the black
hole decreases. Through this process, the energy of the spinning black hole is

extracted magnetically

Relativistic jets have now been discovered in
several different classes of astrophysical ob-
jects, including active galactic nuclei (I, 2),
microquasars (3, 4), and gamma ray bursts
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(5). A rapidly spinning black hole may exist
at the center of each of these objects, and
energetic reactions that occur near the hole
may be responsible for the jets. One of the
most promising processes for producing rel-
ativistic jets is the extraction of rotational
energy from a spinning (Kerr) black hole (6,
7). One method of extraction is the Penrose
process, which uses fission of a particle near
the black hole to extract the black hole rota-
tional energy (6). However, this process may

not be applicable to most astrophysical ob-
jects, because the particle fission must occur
near the black hole, and the relative velocity
of the particles produced by the fission
should be near the speed of light. On the other
hand, Blandford and Znajek (7) showed that
a large-scale magnetic field around a Kerr
black hole also could extract rotational ener-
gy. They assumed a magnetic force—free con-
dition, which corresponds to an extremely
strong magnetic field or an extremely low
inertia plasma case. Recently, evidence of the
extraction of rotational energy from a Kerr
black hole by a magnetic field was suggested
by observations of a broad Fe Ko line in the
bright Seyfert 1 galaxy MCG-6-30-15 (&).
Modeling of this emission indicates that it is
concentrated in a small central disk region
near the black hole. It is plausibly explained
by a model in which the black hole rotational
energy is being extracted into the disk by a
magnetic field with a strength of ~10* Gauss
that connects the black hole to the disk.

To understand the basic physics of rota-
tional energy extraction from a black hole
with a finite magnetic field, we have investi-
gated a somewhat simpler system using gen-
eral  relativistic = magnetohydrodynamic
(MHD) numerical calculations. Initially, the
system consists of a Kerr black hole with a
uniform magnetic field, uniform plasma, and
no accretion disk. The calculations are based
on the general relativistic formulation of the
laws of conservation of particle number and
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