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operative. The current result represents the lower limits of strength
of the perovskite at these conditions.

We note that the pressure, temperature and stress levels in our
experiment are not the same as the conditions in the Earth’s lower
mantle, where the temperature is probably 1,000 K higher and the
stress level is about two orders of magnitude lower. Therefore the
deformation mechanism probably falls into a different regime, and
the current result can not be directly applied to the lower mantle.
But this study reveals the rheological behaviour of (Mg,Fe)SiO3

perovskite at high pressure and temperature, and suggests a revision
of expectations that are based on room-temperature results8. It is
probably more reasonable to predict the rheological behaviour of
perovskite in the mantle from the present high-pressure and high-
temperature experimental result, than from high-pressure but
room-temperature data. Under the experimental conditions,
using the data for both perovskite and ringwoodite (Fig. 1), we
estimated the viscosity ðh¼ j= _eÞ of perovskite to be one order of
magnitude higher than that of ringwoodite at 1,073 K. Once again,
as the deformation in the Earth’s lower mantle is likely to be
dominated by diffusion creep, a more accurate comparison should
be made on the basis of the diffusion creep data when they become
available.

On the other hand, 1,073 K is a very reasonable temperature to be
expected in subducted slabs at the bottom of the transition zone.
Our experiment clearly shows that at this temperature perovskite is
definitely much stronger than ringwoodite. This fact helps to
explain why some subducted slabs deflect at top of the lower mantle,
as the perovskite may create a mechanical barrier to subduction of
the weaker ringwoodite24. Ultimately, the determination of the
relative strengths of the different media must also consider other
characteristics, such as grain-size effects as discussed by Karato
et al.25. These authors showed that coarsening of the grain size
increases the slab strength, and therefore a coarse-grained slab can
penetrate into the lower mantle.

The mechanism of deep-focus earthquakes along subducted slabs
has been a long-standing question, because the traditional brittle
failure model is not likely to be operative in the deep mantle. With
the progress in understanding the rheological properties of min-
erals, the early model of a thermal runaway instability26,27—when
deformation of a material occurs so rapidly that heat is accumulated
in the region of high strain—has regained special attention25,28.
Using existing rheology data, Karato et al.25 have modelled the
rheological structure of subducted slabs in a fashion that satisfies the
depth variation of seismicity down to the bottom of the transition
zone. Lacking the rheology data for perovskite, these authors
inferred that the clear shut-off of seismicity at the top of the
lower mantle is probably attributable to loss of strength of the
slabs in this depth region, owing to superplasticity and/or the
absence of strong forces. In fact, following the thermal runaway
instability model, thermal weakening (for example, the tempera-
ture-sensitive strength of olivine and ringwoodite10) enhances the
positive feedback between deformation-induced heating and defor-
mation. If the subducted slabs in the lower mantle consist of cold
perovskite which does not weaken significantly with temperature as
we observed (Fig. 1), the thermal runaway instability may not be
promoted, with the result that earthquakes would not occur in the
perovskite portion of the slab. A
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The relative importance of natural selection1 and random drift2

in phenotypic evolution has been discussed since the introduc-
tion of the first population genetic models3–5. The empirical
evidence used to evaluate the evolutionary theories of Fisher1

and Wright2 remains obscure because formal tests for neutral
divergence6–8 or sensitive attempts to separate the effects of

letters to nature

NATURE | VOL 419 | 24 OCTOBER 2002 | www.nature.com/nature826



© 2002        Nature  Publishing Group

selection and drift are scarce, subject to error, and have not been
interpreted in the light of well-known population demography.
We combined quantitative genetic and microsatellite DNA ana-
lyses to investigate the determinants of contemporary life-his-
tory evolution in isolated populations of grayling (Thymallus
thymallus, Salmonidae) that originated from a common source
80–120 years ago. Here we show that natural selection was the
dominant diversifying agent in the evolution of the quantitative
traits. However, the populations were founded by a small number
of individuals, exhibit very low microsatellite-based effective
sizes and show genetic imprints of severe ‘bottlenecks’; which

are conditions often suggested to constrain selection and favour
drift6,8,9. This study demonstrates a very clear case of fisherian
evolution in small natural populations across a contemporary
timescale.

The fisherian view of evolution holds that phenotypic differen-
tiation results primarily from positive natural selection1. In con-
trast, the influential theories developed by Wright2 and evolutionists
working after Wright6,8,9 emphasize the potential importance of
random drift in effectively small populations. Evidence from species
experiencing changing environmental conditions suggest that
directional selection can be powerful in nature10–14. However, the
evolutionary theories warrant further study for several reasons.

First, formal tests for the null-hypothesis of neutral evolution6–8

have rarely been applied to wild organisms8,15. This is because the
tests require knowledge of mutational input, divergence time (t)
and effective population size (Ne), which are normally unknown or
subject to considerable error5. Second, despite the published
examples of natural selection10–14, sensitive attempts to evaluate
the potential effect of drift in phenotypic evolution remain scarce. A
promising indirect method is to compare genetic differentiation
based on quantitative traits (QST)16 and DNA markers affected by
drift (F ST)17. Third, studies applying the neutrality tests8,15 or
attempting to separate the causes of evolution16 were performed
for populations that diverged thousands of generations ago, leaving
much room for error owing to migration from unknown sources,
differing mutational contribution on coding genes and neutral
markers, or convergence of F ST on its maximal value5. Thus,
although these two important methods of evolutionary inference
are most useful across contemporary timescales, such applications
have not been reported. Finally, studies linking the relative impor-
tance of selection and drift with well-known population demogra-
phy are nonexistent. This is a major caveat for evaluation of the
evolutionary theories because many models consider Ne as the key
parameter expected to influence the power of the alternative
diversifying agents6,8,9.

Here we present an investigation in an exceptional natural model
system that provides a sensitive framework for assessing the relative
importance of selection and drift on quantitative trait divergence.
Importantly, this study effectively avoids the above-mentioned
sources of bias and involves populations with well-known demo-
graphic histories, providing an unequivocal evaluation of the

Figure 1 Map presenting the study region and location of the T. thymallus populations.

The population in Lake Lesjaskogsvatn (Les) was founded in 1880 and used for

introducing a small number of grayling into lakes Hårrtjønn (Ht) and Øvre Mærrabottvatn

(ØM) in 1910. These populations were the sources for colonization of Aursjøen (Aur),

where grayling were first observed in 1920. All grayling in the system originate from these

introductions. Land or impassable waterfalls prevent all migration between Les–Ht, Les–

ØM, Les–Aur and Ht–ØM.

Table 1 Evidence for natural selection

Trait Pairwise comparison h2 s
0

j2
GW j2

GB F1,1 P Ne(sign)
...................................................................................................................................................................................................................................................................................................................................................................

Length at termination (mm) Les–Ht 0.10 0.95 0.08 1.47 384 *** 0.25
Les–Aur 0.06 0.58 0.18 0.03 10.7 * 22.6
Ht–Aur 0.06 1.07 0.27 0.72 134 *** 0.93

Yolk-sac volume (mm3) Les–Ht 0.05 1.73 0.17 2.40 647 *** 0.14
Les–Aur 0.03 3.24 0.44 5.55 1.78 £ 103 *** 0.12
Ht–Aur 0.03 2.07 0.46 0.45 99.3 *** 1.54

Growth rate (mm/DD) Les–Ht 0.18 0.41 6.57 £ 1025 6.55 £ 1024 111 *** 0.84
Les–Aur 0.22 0.21 7.23 £ 1025 9.72 £ 1025 28.2 *** 7.54
Ht–Aur 0.22 0.42 1.73 £ 1025 2.22 £ 1024 194 *** 0.79

Survival (%) Les–Ht 0.09 0.66 0.08 0.23 65.7 *** 1.42
Les–Aur 0.13 0.32 0.12 0.08 22.0 *** 8.84
Ht–Aur 0.13 0.38 0.27 0.10 9.43 * 16.6

Incubation time (days) Les–Ht 0.22 0.26 0.26 0.50 17.4 ** 5.33
Les–Aur 0.44 0.04 0.30 1.00 £ 108 3.45 £ 1027 .0.99 6.16 £ 108

Ht–Aur 0.44 0.13 0.24 0.58 18.0 ** 8.49
Swim-up length (mm) Les–Ht 0.11 0.72 0.02 2.50 £ 1023 2.50 0.12 37.1

Les–Aur 0.32 0.03 0.04 3.13 £ 1024 0.12 0.73 1.73 £ 103

Ht–Aur 0.32 0.22 0.11 9.28 £ 10210 8.32 £ 1028 .0.99 1.83 £ 109

Hatching length (mm) Les–Ht 0.15 0.38 0.51 3.62 £ 1029 9.53 £ 1028 .0.99 9.76 £ 108

Les–Aur 0.08 0.53 0.27 2.37 £ 1029 4.84 £ 1027 .0.99 4.40 £ 108

Ht–Aur 0.08 1.11 0.03 6.09 £ 1024 0.70 0.40 218
...................................................................................................................................................................................................................................................................................................................................................................

h2 is the narrow-sense heritability for the youngest population in each comparison. The standardized selection differentials (s 0 ) indicating the strength of directional selection (in s.d. units per
generation), were obtained from the ratio of haldane estimates18 and the corresponding h2 estimates24. j2

GW, Additive genetic variance within populations; j2
GB, Additive genetic variance between

populations. F ¼ ðNej2
GBÞ=ðh

2j2
GWtÞ (refs 6, 7), where Ne is the maximum likelihood estimate of effective population size (Table 2; Supplementary Information), and t equals 11.8, 11.8 and

12.3 generations between Les–Ht, Les–Aur and Ht–Aur, respectively. The P-values have been adjusted for multiple significance tests using a Bonferroni correction. ***, P , 0.0001;
**, 0.0001 # P , 0.001; *, 0.001 # P , 0.01. Ne (sign) is the level of effective population size required to produce an F-value leading to rejection of the null-hypothesis at the P # 0.05 significance
level (F1,1 ¼ 3.84).
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determinants of phenotypic evolution.
Grayling inhabiting Lake Lesjaskogsvatn (Les), Norway, originate

from a single human-mediated introduction in 1880 (Fig. 1). Thirty
years later, a local fisherman carried a small number of individuals
from Lesjaskogsvatn into two nearby mountain lakes, Hårrtjønn
(Ht) and Øvre Mærrabottvatn (ØM). The exact number of indi-
viduals in the fisherman’s bucket remains unknown, but was very
small because Ht and ØM are separated from Les by approximately
five hours of demanding uphill hiking, making it impossible for the
fisherman to transfer large volumes of water (J. Nordsletten,
personal communication). The founders of Ht and ØM (or their
offspring) subsequently dispersed downstream into Aursjøen (Aur),
where grayling were first observed in 1920 (Fig. 1). All T. thymallus
in the system (Fig. 1) are well known to originate from these
stocking and dispersal events (J. Nordsletten, personal communi-
cation). When the divergence times of the populations are com-
bined with their generation intervals in Les, Ht, ØM and Aur (4.0–
7.5 yr, as estimated using the ‘life table method’ that accounts for
overlapping generations18), it follows that the populations coalesce
to a common ancestor 11.8–22.0 generations ago. With so few
generations, diversifying mutations are negligible causes of pheno-
typic differentiation (see discussion in ref. 19). Further, migration
to three of the populations has been impossible since their found-
ing, either due to barriers formed by land (Les; Fig. 1) or impassable
waterfalls (Ht and ØM; Fig. 1).

The null-hypothesis of neutral evolution was tested6,7 for diver-
gence of seven life-history traits obtained from a ‘common-garden’
experiment. The null-hypothesis was rejected for the majority of the
quantitative traits with a very high level of confidence (F 1,1;
P , 0.0001; Table 1). Evidence against divergence at a neutral rate
was compelling in all of the pairwise population comparisons for
length at temination, yolk-sac volume, growth rate and survival
(Table 1). For these traits, the additive genetic interpopulation
differences were so large that unrealistically small Ne estimates
would have been necessary for evolution to proceed due to drift

alone (Table 1). For instance, neutral divergence of yolk-sac volume
would have required an average Ne of only 0.12–1.54 individuals
(mean across populations, 0.60) throughout the evolutionary time
periods of the grayling populations (Table 1). Such small theoretical
estimates exclude drift as being the dominant evolutionary process.
Strength of selection was estimated also using standardized selection
differentials (s

0
). These estimates revealed that most traits had been

under very strong directional selection pressure: the mean selection
differentials across traits (among populations) were 0.71–0.77
(Table 1), which are above the 96th percentile of the estimates
normally observed in natural populations20.

We compared among-population differences based on additive
genetic variances from the common-garden experiment (Q ST

16)
and analogous measures based on microsatellite DNA from analysis
of 17 loci (FST

17; microsatellite allele frequencies are available in the
Supplementary Information). This is a well-established indirect
method for separating the causes of adaptive divergence16. Well in
line with the neutrality test results, the quantitative trait divergence
often greatly exceeded the microsatellite divergence (Fig. 2). Hence,
evolution of many of the traits was driven by divergent natural
selection instead of random drift. For instance, the pairwise QST

estimates for growth rate (0.36–0.88) were 4–10 times higher than
the corresponding F ST estimates (Fig. 2). Importantly, our Q ST/FST

comparisons are not biased by phenotypic plasticity (genetic
variances were obtained from a common-garden experiment),
maternal effects (sire components of additive genetic variances
were used for the Q ST estimation19), or mutations (owing to the
short coalescence times), factors which have commonly been a
potential source for error5. We have assumed that physical linkages
between the microsatellites and genes determining the life-history
evolution are not biasing the QST/F ST comparisons. Such linkages,
however, would only make our conclusions regarding the dominat-
ing effect of selection conservative: divergent selective sweeps to
microsatellite allele frequencies would increase the FST estimates.

We note that all of the life-history traits included in this study are
very important for fitness of T. thymallus21 and that many of the
traits evolved primarily owing to directional selection (Table 1; Fig.
2). When offspring of the populations were reared in the three
distinct July–August water temperatures naturally occurring within
Lesjaskogsvatn, Hårrtjønn and Aursjøen, they performed best in
the experimental temperatures that corresponded precisely with the
natural conditions21. For instance, grayling originating from the
naturally warm Lake Hårrtjønn exhibited the highest survival rate
in warm experimental conditions (and lowest survival in cold
conditions), whereas individuals from the naturally cold Lake
Aursjøen exhibited highest survival in a cold environment (and
lowest survival in warm conditions). Accordingly, grayling orig-
nating from Lesjaskogsvatn, a lake with medium natural tempera-
tures, exhibited highest survival rates in medium temperature
conditions21. This population £ temperature interaction effect
was highly significant (F 4,148 ¼ 6.53, P , 0.0001)21. It therefore
seems very likely that selection acted in favour of local adaptation to
the specific temperatures that the populations experience in nature.

The fisherian view of evolution1 has often been challenged by

Figure 2 Among-population genetic differences based on additive genetic variances of

seven life-history traits (Q ST), and analogous measures based on 17 microsatellite DNA

loci (F ST). The horizontal bars indicate 95% confidence intervals for the F ST and Q ST

estimates. Combined effects of natural selection and random drift determine the Q ST

estimates, whereas the F ST estimates are determined by drift processes16. The dashed

vertical bars indicate the effect of drift (left-hand side) and selection (right-hand side) on

the quantitative traits that have been influenced by divergent selection.

Table 2 Genetic diversity and demography of populations

n A (s.d.) Ho (s.d.) Ne (95% Cl) N0 /N1 (95% Cl)
.............................................................................................................................................................................

Les 52 1.9 (^1.1) 0.17 (^0.23) 88.9* 0.003 (0.0003–0.03)
Ht 48 1.5 (^0.9) 0.14 (^0.25) 24.2 (12.1–42.2) 0.006 (0.0003–0.05)
ØM 49 1.7 (^0.9) 0.17 (^0.24) 85.0 (36.0–170.5) 0.0006 (0.00008–0.01)
Aur 28 1.6 (^0.9) 0.14 (^0.20) 55.4 (24.8–110.0) 0.001 (0.0003–0.005)
.............................................................................................................................................................................

A is the mean allele number within populations. Ho is the mean observed heterozygosity within
populations.
* Indicates the lowest sampled point of effective population size (Ne) out of 100,000 MCMC
replicates. The maximum likelihood estimate of Ne could not be obtained, most probably owing
to near-zero level of drift in the Les population (M. A. Beaumont, personal communication). N0/
N1 is the ratio of current population size (N0) and historical population size (N1; Supplementary
Information)29.
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models emphasizing the importance of drift in small or bottle-
necked populations2,6,8,9. Our results are especially pertinent to this
discussion (at the phenotypic level of adaptive differentiation)
because: (1) the effect of drift is also estimated; and (2) the results
are considered in the light of population demography. That selec-
tion often clearly outweighed drift is striking because the T.
thymallus populations originated from a small number of founders,
and were thus predisposed to the influence of drift2,6,8,9. In line with
the known demographic history, we also found that the populations
exhibit very small microsatellite-based N e estimates and show
signatures of severe bottlenecks (Table 2). The low effective popu-
lation sizes and bottlenecks were exemplified by the Hårrtjønn
grayling which had an average of only 1.5 (s.d., ^0.9) alleles per
locus (A), a harmonic mean Ne of 24.2 (95% confidence interval
(CI) ¼ 12.1–42.2) individuals since the founding of the population
and a current population size of 0.6% (95% CI ¼ 0.03–5%) of its
historical size (Table 2). As a comparison, T. thymallus populations
are generally much more diverse, exhibiting an average of 4.0 (s.d.,
^0.8) alleles per locus, as revealed using the same set of micro-
satellites22. Although the estimated effective sizes are low for natural
salmonid populations, they seem to be realistic because of the small
ecological niches characterizing the Norwegian mountain lakes
investigated. For instance, the total area of Hårrtjønn is only
0.35 km2 and the lake has a single 10 m2 T. thymallus spawning
ground, thus providing a suitable habitat for only a very small
reproducing population.

Evolutionary models commonly predict notable divergence
owing to random drift in effectively small populations2,6,8,9. In this
study, microsatellites indeed revealed highly significant (P , 0.001)
genetic differentiation between all of the populations and pairwise
F ST estimates from 0.05 (95% CI ¼ 0.01–0.09) to 0.21 (95%
CI ¼ 0.10–0.34; Fig. 2; Supplementary Information). Because
divergence was evident at multiple loci (Supplementary Infor-
mation), it is highly unlikely that the F ST estimates were solely
due to physical linkages to genes under selection. We therefore
conclude that, although the populations evolved dominantly due to
selection, drift had an effect on the quantitative trait divergence.

Are such high levels of drift theoretically feasible with constant
Ne, or must founder events, fluctuating population sizes, or even
selection be invoked to explain the FSTestimates? We used computer
simulated genotypes to address this question. When applying the
known coalescence times and the microsatellite-based Ne estimates,
it was evident that the empirically obtained F ST estimates were
theoretically expected, even though the populations shared com-
mon ancestors as few as 11.8 generations ago (Supplementary
Information). In other words, the effective population sizes were
sufficiently low to generate the observed levels of neutral divergence,
even without variation in the number of breeders (or selection)
throughout the independent evolutionary histories of the grayling
populations (Supplementary Information).

Thus we have shown that selection was the dominant diversifying
mechanism during the early stages of grayling life-history evolution.
The power of natural selection is striking because the populations
originate from a small number of founders, exhibit small effective
sizes and show genetic imprints of bottlenecks, which are all
conditions expected to constrain selection and favour the influence
of drift2,6,8,9. This study demonstrates a very clear case of fisherian
evolution across a contemporary timescale. A

Methods
Population differences based on quantitative traits
The seven early life-history traits studied were: (1) incubation time (number of days from
fertilization to hatching); (2) fork length (length from the tip of the snout to the tip of the
median rays of the tail in mm) at hatching; (3) yolk-sac volume in mm3 (estimated as
LYSH2

YSðp=6Þ; where LYS and H YS are the length and height of yolk-sac in mm,
respectively); (4) fork length at swim-up (LSU; measured when yolk-sac is resorbed and an
individual begins exogenous feeding); (5) fork length at termination (L term), measured at
180 degree-days (DD ¼ mean temperature in 8C £ number of days); (6) specific growth

rate (mm/DD) G¼ 100½ðln Lterm 2 ln LSUÞ=DD�; and (7) survival (%) during 180 degree-
days of exogenous feeding.

The level of quantitative genetic differentiation (QST) was estimated as follows: QST ¼

j2
GB=ðj

2
GB þ 2j2

GWÞ;where j2
GB and j2

GW are additive genetic variances between and within
populations, respectively16. Restricted maximum likelihood (REML) estimates of j2

GB and
j2

GW were obtained with programs S-PLUS 6.0 and SAS 8.0 from a common-garden
experiment using a hierarchical half-sib design, where each male was mated with four
unique females, yielding up to 28 families per population. The experiment involved three
temperatures, mimicking the natural nursery conditions for the three populations
involved21. Consequently, j2

GB and j2
GW were extracted from a nested mixed-model

analysis of variance (ANOVA) as recommended23. Population, male and female were
treated as random effects, and temperature, temperature £ population and
temperature £ male as fixed effects. In order to avoid non-genetic maternal sources of
variance, the j2

GW estimates were derived from the male variance component only. The
j2

GW estimates were multiplied with four to take into account the half-sib design.
A two-model ANOVA approach18 was used to test whether maternal effects (egg size)

significantly contributed to among-population divergence. No evidence for among-
population maternal effects was obtained ðF2;4 ¼ 0:002–0:924;P . 0:5Þ: Non-parametric
bootstrapping at the family level was used to assess 95% confidence intervals for the QST

estimates. The strength of directional selection was estimated using the standardized
selection differentials (s 0 ; in s.d. units per generation) obtained from the ratio of the trait-
and environment-specific haldane estimates18 and the corresponding narrow-sense
heritability estimates (h 2; ref. 24). The narrow-sense heritability was estimated from
4j2

A=j
2
P; where j2

A is the population and temperature-specific additive genetic variance
(male component of variance) and j2

P is the corresponding total phenotypic variance
derived from nested ANOVAs (REML method21).

Microsatellite analyses
Spawning grayling were sampled between the years 1995 and 2000. The individuals were
genotyped with 17 microsatellite loci applying previously described protocols25. All of the
loci are highly variable in T. thymallus22. Deviations from Hardy–Weinberg equilibrium
and linkage equilibrium were tested for each population and locus using the exact
probability tests implemented in computer program GENEPOP 3.2a26. No deviations
were observed, even if the P-values were not adjusted for multiple significance tests.
Estimates of interpopulation differentiation (FST)17 and their 95% confidence intervals
were obtained using the variance component approach (providing the F ST estimator
theta26) and bootstrapping of loci with program FSTAT 2.9.3.127.

Harmonic mean effective sizes of the populations (Ne) were estimated using a
coalescent theory maximum likelihood approach that uses a Metropolis–Hastings
algorithm to estimate the range of Ne values consistent with the data (Supplementary
Information)28. Past variation in the sizes of the populations was estimated using a Markov
Chain Monte Carlo (MCMC) simulation method29. The approach assesses the most
probable demographic histories of populations using the estimator r ¼N0=N1; where N0

and N 1 are present and past population sizes, respectively (Supplementary Information)29.
Computer simulations were used to assess theoretically expected FST values with the
known coalescence times, and the maximum likelihood estimates and the 95% confidence
intervals of effective population sizes (Supplementary Information)30.

Causes of phenotypic microevolution
The null-hypothesis of evolution by random drift was tested as follows: F ¼
ðNej

2
GBÞ=ðh

2j2
GWtÞ; where Ne is the maximum likelihood estimate of effective population

size and h 2 the narrow-sense heritability of a trait in a given population and
environment6,7. The numerator and denominator degrees of freedom are the number of
populations compared minus one; and infinity, respectively7. We applied the mean of the
maximum likelihood Ne estimates of Ht and Aur when testing for neutrality of their
divergence. A maximum likelihood estimate of Ne could not be obtained for the Les
population, and the Ne of Ht or Aur was applied when testing for neutrality of the
evolution of Les–Ht and Les–Aur, respectively. Because the instability of the Metropolis–
Hastings sampler was most probably due to a near-zero level of drift in the Les population
(M. A. Beaumont, personal communication), the neutrality test results involving Les are
conservative. The neutrality test equation7 was also applied to estimate the extent of Ne

required to produce an F-value leading to rejection of the null-hypothesis at the P # 0.05
significance level (F1,1 ¼ 3.84). Population differences based on analogous measures
obtained from quantitative traits (QST) and microsatellites (F ST) were compared16.
Neutral divergence of quantitative traits will result in equal estimates of Q ST and FST. The
magnitude of differences between Q ST and FST can be used to infer the relative
contribution of selection and drift on phenotypic divergence16.
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Females of the arctiid moth Utetheisa ornatrix mate preferen-
tially with larger males, receiving both direct phenotypic and
indirect genetic benefits1. Here we demonstrate that the female’s
mating preference is inherited through the father rather than the
mother, indicating that the preference gene or genes lie mostly or
exclusively on the Z sex chromosome, which is strictly paternally
inherited by daughters. Furthermore, we show that the preferred
male trait and the female preference for that trait are correlated,
as females with larger fathers have a stronger preference for
larger males. These findings are predicted by the protected
invasion theory2,3, which asserts that male homogametic sex
chromosome systems (ZZ/ZW) found in lepidopterans and

birds promote the evolution of exaggerated male traits through
sexual selection. Specifically, the theory predicts that, because
female preference alleles arising on the Z chromosome are
transmitted to all sons that have the father’s attractive trait rather
than to only a fraction of the sons, such alleles will experience
stronger positive selection and be less vulnerable to chance loss
than would autosomal alleles.

The benefits accrued by female Utetheisa as a result of mating
preferentially with larger males have been characterized. The pheno-
typic benefits take the form of nutrient and pyrrolizidine alkaloid
transmitted seminally by the male to the female in quantities
proportional to his size4–6. The nutrient enables the female to
increase her egg production7, and the alkaloid bestows chemical
protection upon herself 8 and her eggs1,5. The genetic benefits,
realized as a consequence of the heritability of body size9, ensure
that females, by choosing larger males, have larger sons which are
themselves more likely to be favoured in courtship, and larger
daughters bound to be more fecund1. The cumulative effect of
these benefits is substantial: a female given a choice between males
differing by 10% in body mass will have an estimated 25% more
grandchildren by mating with the larger male. The strong selection
for large males in Utetheisa may account for why in this species,
contrary to the norm for Lepidoptera10, males are larger than
females11.

Sexual selection models generally assume heritable variation in
both the trait and the mating preference, and a genetic correlation
between trait and preference12,13. In Utetheisa, the male trait (body
size) is inherited from both parents9, but whether the female
preference itself is genetically variable and a correlate of the male
trait was unknown.

Figure 1 Mean mating preference index (MPI) of females (six full sisters) plotted as a

function of the mating preference index of their mother and paternal grandmother

(n ¼ 44). a, The MPI values of females and their mothers are not correlated ðr 2 ¼ 0:025;

P ¼ 0:305; y ¼ 0:574 2 0:054x Þ; indicating that the mating preference is not inherited

via the mother. b, The MPI values of females and their paternal grandmothers are

positively correlated (r 2 ¼ 0.333, P , 0.0001, y ¼ 0.41 þ 0.257x ), indicating that the

mating preference is paternally inherited by daughters [h 2 ¼ 0.513 ^ 0.112

(mean ^ s.e.)].
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corrigendum

Contemporary fisherian
life-history evolution in
small salmonid populations

Mikko T. Koskinen, Thrond O. Haugen & Craig R. Primmer
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The neutrality test equation applied in this Letter ðF ¼
ðNej

2
GBÞ=ðh

2j2
GWtÞÞ was incorrect: the correct equation is F ¼

ðNej
2
GBÞ=ðj

2
GWtÞ: Consequently, the numbers in the right three

columns of the original Table 1 are wrong (corrected below). In
addition, some variance estimates in Table 1 and some values of
Fig. 2 were reported incorrectly (the entire correct Table 1 and the
correct Fig. 2 are available from the authors). These errors do not
affect our conclusion that the populations evolved predominantly
as a result of natural selection. We thank W. G. Hill for bringing
these errors to our attention. A

Table 1

Trait Pairwise comparison F1, 1 P Ne (sign)
.............................................................................................................................................................................

Length at termination (mm) Les–Ht 37.7 *** 2.5
Les–Aur 0.78 0.38 272
Ht–Aur 8.63 ** 17.7

Yolk-sac volume (mm3) Les–Ht 29.0 *** 3.21
Les–Aur 59.2 *** 3.59
Ht–Aur 3.17 0.07 48.3

Growth rate (mm/DD) Les–Ht 20.5 *** 4.55
Les–Aur 6.31 ** 33.7
Ht–Aur 41.5 *** 3.68

Survival (%) Les–Ht 5.90 * 15.8
Les–Aur 3.13 0.08 68.0
Ht–Aur 1.20 0.27 128

Incubation time (days) Les–Ht 4.02 * 23.1
Les–Aur 1.56 £ 1027 .0.99 1.36 £ 109

Ht–Aur 7.82 ** 19.5
Swim-up length (mm) Les–Ht 0.26 0.61 363

Les–Aur 0.04 0.84 5.79 £ 103

Ht–Aur 2.73 £ 1028 .0.99 5.60 £ 109

Hatching length (mm) Les–Ht 1.46 £ 1028 .0.99 6.38 £ 109

Les–Aur 0.78 0.38 274
Ht–Aur 2.16 £ 1028 .0.99 7.07 £ 109

.............................................................................................................................................................................
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