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Summary

In any population in which resources are limiting, the alloca-
tion of resources toward increased reproductive success
may generate costs to survival [1-8]. The relationship
between a sexually selected trait and fitness will therefore
represent a balance between its relative associations with
fecundity versus viability [3, 6, 7]. Because the risk of mortal-
ity in a population is likely to be heavily determined by eco-
logical conditions, survival costs may vary as a function of
the prevailing environment [7]. As a result, for populations
experiencing heterogeneous ecological conditions, there
may not be a single optimal level of allocation toward repro-
duction versus survival [9]. Here, we show that early viability
and fecundity selection act in opposing directions on a sec-
ondary sexual trait and that their relative magnitude depends
upon ecological conditions, generating fluctuating selec-
tion. In a wild population of Soay sheep (Ovis aries), pheno-
typic and genetic associations between male horn growth
and lifetime reproductive success were positive under
good environmental conditions (because of increased
breeding success) and negative under poor environmental
conditions (because of reduced survival). In an unpredict-
able environment, high allocation to early horn growth is a
gamble that will only pay off if ensuing conditions are favor-
able. Such fluctuating selection may play an important role
in preventing the erosion of genetic variance in secondary
sexual traits.

Results and Discussion

Our aim in this study was to assess the genetic architecture of,
and the selection pressures on, a male sexually selected trait
across changing environmental conditions in a population ex-
periencing natural environmental heterogeneity. We did so by
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examining the covariance (and correlation) between male horn
growth and three measures of fitness (average fecundity, lon-
gevity, and lifetime breeding success) in a feral population of
Soay sheep that live on the Scottish island of Hirta, St. Kilda,
UK, and that have been studied over a 17 year period [10].
The phenotypic covariance between a trait and fitness (equiv-
alent to the selection pressure on the trait [11]) can be broken
down into genetic and environmental components. In this way,
we estimated the phenotypic, genetic, and environmental co-
variance (and correlations) between horn growth and lifetime
fitness in male Soay sheep that experienced different environ-
mental conditions during the year of their birth. This study pop-
ulation is ideal for this purpose as weather conditions, popula-
tion density, and consequently resource availability fluctuate
from year to year, providing substantial differences between
individuals in the environmental quality of their birth year and
thus their survival rates (Figure 1) [10, 12, 13].

We first examined the genetic and environmental basis
of variation in male horn growth between the ages of 1 and
5 years, when ~92% of horn growth occurs. Using a ran-
dom-regression animal model [13, 14], we combined pedigree
and phenotypic data to partition the phenotypic variance of
horn growth at each age into a genetic component, an environ-
mental component specific to the year of growth (short-term
environmental variance), and a residual (which includes long-
term environmental effects) component. The genetic compo-
nent of horn growth was modeled as a polynomial function
of age [15], and statistically, the best model fit was a sec-
ond-order function (compared to first order: %23 = 9.34; p =
0.025) indicating significant additive genetic variance, which
decreased with age (Figure 2A). The 95% confidence intervals
indicate that significant additive genetic variance was only
present for horn growth in the first two years of life
(Figure 2A), and coefficients of additive genetic variance indi-
cate the same trends (Table 1). Additive genetic correlations
between horn growth at each age were also estimated from
the model and were found to be uniformly positive and close
to one (Figure 2B). The strength of these correlations suggests
that variation in horn growth involved the same (or closely
linked) loci at all ages and that individuals showed consistency
in their relative genetic merit for horn growth across ages. The
environmental effect of the year of growth was also modeled
as a function of age, to test for differences between ages in
the effects of prevailing environmental conditions on the
amount of horn growth in a given year. Variance in the horn
growth of later years was mostly attributable to environmental
factors (Table 1), a first-order function for changes in effects of
year of growth with age gave the best model fit (compared to
zero order: 2, = 8.22; p = 0.016), and coefficients of residual
and year of growth variance generally increased with age.

We then investigated whether selection pressures on horn
growth were dependent upon the environmental conditions
experienced during the first year of life. We used first-year
measures of horn growth because average lifetime values
may be influenced by longevity and additive genetic effects
(although highly correlated) varied over ontogeny. We used
an indirect measure of environmental quality (E) of an individ-
ual’s birth year defined as the proportion of lambs that
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Figure 1. Counts of Soay Sheep in the Hirta Village Bay Study Population
and Measures of Environmental Quality from 1985-2001

Counts of Soay sheep are shown by black squares and solid line, and mea-
sures of environmental quality are shown by black circles and dotted line.
Environmental quality is estimated as the proportion of live-born lambs
that survived to one year of age, standardized to —1 to 1.

survived their first winter (proportion surviving ranged from
0.05-0.86, with a mean of 0.41), with low survival indicating
a poor environment and high survival indicating a good-quality
environment (Figure 1; for an analogous method, see [13]).
First, we used bivariate linear models to estimate the pheno-
typic correlations between first-year horn growth and fitness
within four birth-year groups, corresponding to the quartiles
of the distribution of E. Second, beecause phenotypic associ-
ations between a trait and fithess may be environmentally
driven [11] as well as having a genetic basis, we extended
the models to bivariate random-regression animal models to
break down phenotypic associations between horn growth
and fitness into genetic and environmental correlations. We
did this three times, one for each measure of fitness, calculat-
ing an individual’s lifetime breeding success (LBS) as the sum
of offspring sired over lifespan; fecundity (FEC) as the average
age-corrected number of offspring sired per year of life; and
longevity (LG) as the total number of years alive. Because
relatives are born into different environments, the genetic
component of both traits and the genetic correlation between
traits were modeled as a linear function of the continuous var-
iate E. However, because any given individual is only born into
one environment, the residual (environmental) components of
each trait and the correlation between them were estimated
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within each of four environmental-quality groups (see Experi-
mental Procedures). We first tested for significant phenotypic
relationships between horn growth and fitness, by comparing
the original models to ones in which the covariance is con-
strained to be zero (no relationship). We then tested whether
the phenotypic relationships were constant across environ-
ments, by comparing the original models to ones with constant
covariance (constant relationship). In this way, we can deter-
mine whether the relationships are (1) significantly different
from zero and (2) significantly different across environments.
We then break down phenotypic relationships and test for
significant genetic and environmental covariance (see Experi-
mental Procedures).

At the phenotypic level, selection on horn growth via lifetime
breeding success was positive under good environmental
conditions and negative under poor environmental conditions
(Figure 3A; compared to a model of zero covariance: y% =
55.70; p < 0.001; compared to a model of constant covariance:
X23 = 25.58; p < 0.001). This relationship was driven by the op-
posing selection pressures on horn growth through fecundity
and longevity across environmental conditions. High rates of
first-year horn growth were generally associated with in-
creased fecundity (Figure 3B; compared to a model of zero
covariance: %%, = 10.87; p = 0.028), and this relationship was
constant across environments (compared to a model of con-
stant covariance: %5 = 2.06; p = 0.560). In contrast, high rates
of first-year horn growth were negatively associated with lon-
gevity (Figure 3C; compared to a model of zero covariance:
%24 = 41.02; p < 0.001), and this relationship varied over
environments (compared to a model of constant covariance:
%23 =9.04; p = 0.029), with trends suggesting increased effects
in more stressful environments.

At the genetic level, we found significant genotype-by-envi-
ronment interactions for lifetime breeding success (3% = 6.79;
p = 0.034), and longevity (3%, = 7.96; p = 0.019), but not for
fecundity (%, = 1.74; p = 0.419) or first-year horn growth
(%2 = 2.96; p = 0.174). This indicated that within this popula-
tion, different genes may contribute to longevity and thus life-
time breeding success in different environments. For fecundity
and horn growth, we found no evidence that genetic effects
changed with environmental conditions, suggesting that the
allocation of a given genotype is the same in all environments.
From the same model, we also examined the genetic correla-
tions between horn growth and fitness and found the same
pattern as the phenotypic correlations (Figure 3). Genetic
correlations between horn growth and lifetime breeding suc-
cess showed a reversal from negative to positive across the
gradient of environmental quality, suggesting that no single

Figure 2. Quantitative Genetic Parameters for
Male Horn Growth from a Random-Regression
Animal Model

(A) shows additive genetic variance with age (in
years), and (B) shows genetic correlation between
ages. The additive genetic component of horn
growth (mm) was modeled as a second-order
quadratic function of age, giving estimates of ad-
ditive genetic variance at each age; these esti-
mates are shown as the solid line in (A) (dashed
lines indicate 95% confidence interval). The anal-
ysis produced a genetic covariance matrix for
horn growth at each age, which was converted
into the matrix of genetic correlations shown in
B. There is significant additive genetic variance
for first and second year horn growth and strong
positive genetic correlations between all ages.
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Table 1. Age-Specific Quantitative Genetic Parameters for Horn Growth, in Millimeters, in Normal-Horned Males, with Standard Error

Age (yea) N Mean + SD Vp Va Vyr A CVa CVWr GCVg h?

1 854 178.06 + 39.27 1690.92 + 75.18  784.22 + 167.95 12550 + 3319 781.20 + 13570 1573  6.29 1570 0.464
2 497 113.69 + 33.55  1068.43%+ 69.80 180.26 + 47.76 91.36 + 33.42 796.44 7240 11.81 841 24.82 0.169
3 327 7553 +21.61  476.90 = 38.80  73.42 + 46.61 62.53 + 33.93 378.58 = 5856  11.34 1047 2576 0.143
4 195  57.93+16.23  284.50 = 29.87  42.80 = 35.15 39.02 + 36.02 204.72 4874  11.29 10.78 2470 0.149
5 135 36721262  162.91 + 20.85 3.41 = 53.62 20.83 + 42.78  158.65 = 49.18 503 1243 34.30 0.019

Estimates are from a random-regression animal model, with second-order genetic effects, first-order year-of-growth effects, and an age-specific residual
variance structure. Mean age-specific horn growth with standard deviation (SD) in normal-horned male Soay sheep is shown. Quantitative genetic param-
eters of phenotypic (Vp), additive genetic (Va), year of growth (Vyg), and residual (Vg) variance were converted into coefficients of variance (CVa, CVyg, and
CVp), and estimates of heritability (h?) are shown. N gives the number of records at each age.

genotype for horn growth is optimal in all environments (Fig-
ure 3A; compared to a model with zero genetic covariance:
%24 = 11.16; p = 0.025). The fecundity benefits were generally
greater for individuals of higher genetic merit for horn growth
(Figure 3B; compared to a model with zero genetic covariance:
%24 = 9.53; p = 0.049). In contrast, the survival costs of invest-
ment appeared to be greater for individuals of high genetic
merit for horn growth, with negative correlations between lon-
gevity and first-year horn growth (Figure 3C; compared to
a model with zero genetic covariance: x24 =10.44; p = 0.034).

The environmental covariance between horn growth and
lifetime breeding success showed the same trends as the
genetic covariance, with a reversal from negative to positive
(Figure 3A; compared to a model with zero residual covari-
ance: x24 = 12.86; p = 0.012). There was some evidence of
positive environmental covariance between horn length and
fecundity (Figure 3B; although this was nonsignificant when
compared to a model with zero residual covariance: 32, =
8.16; p = 0.086). There was also a negative environmental cor-
relation between horn growth and longevity in the worst envi-
ronmental conditions, implying a trade-off in resource alloca-
tion between survival and horn growth (Figure 3C; compared
to a model with zero residual covariance: 3% = 10.84; p =
0.028). Therefore in an unpredictable environment, high allo-
cation to early horn growth is a gamble, the pay-offs of which
depend on the environmental conditions an individual encoun-
ters during its first year of life.

Sexually selected traits often show allometric scaling [16,
17], and thus we attempted to disentangle selection on first-
year horn growth from selection on overall body growth.
When first-year weight was included as a fixed effect into our
models to gain a measure of allocation to horn growth relative
to body size, we found that the phenotypic patterns described
above increased in strength (Figure 4). This suggests that the
negative relationship with longevity was driven by associa-
tions with horn growth rather than a potentially confounding
factor of body size. Furthermore, previous work has shown
consistently positive selection on body weight in poor environ-
ments [13]. The mechanisms generating reduced longevity in
males with high rates of first-year horn growth are not clear,
and we also found no evidence of any relationship between
longevity and horn growth for males who survive their first
year (Fi326 = 1.946; p = 0.169). It may be that males who
grow larger horns also show increased mating effort within
their first year, thereby exposing themselves to the risk asso-
ciated with conflicts in the rut. Previous studies have sug-
gested that environmental parameters may influence the
relative fitness of male mating tactics [18-20]. We found no im-
mediate evidence that this is the case, because excluding
males who successfully sired at least one lamb within their first
year did not alter the results that we present here, but

behavioral observations would be required in order to fully dis-
entangle these effects.

We have shown that the relationship between a male second-
ary sexual trait and fitness is dependent upon ecological condi-
tions and can change from positive to negative if environmental
conditions are significantly variable. This relationship presum-
ably reflects a balance between the relative associations of the
trait with fecundity versus viability [3, 6, 7]; our results indicate
that in populations experiencing heterogeneous ecological
conditions, there may not be a single optimal trait value. Such
fluctuating selection is an intuitively appealing explanation for
the maintenance of genetic diversity in secondary sexual traits
[7], although to date it has received surprisingly little empirical
support, with the notable exception of a wild population of Dar-
win’s finches [21, 22]. Our study furthermore demonstrates that
environmental heterogeneity generates fluctuating selection at
both the phenotypic and genotypic level. At present, the role of
fluctuating selection in maintaining genetic variation is under
debate, with some studies supporting the hypothesis [23-25],
some finding limited evidence [26, 27], and some finding
population-specific effects [28]. In the St Kilda Soay sheep
population, a combination of overlapping generations and
unpredictable environmental conditions may be sufficient for
fluctuating selection to prevent the erosion of genetic variance
by selection pressures [9], although quantitative predictions of
their effect may be difficult due to differences between cohorts
in their contribution to future generations [29].

In this study, we determined the effects of environmental
heterogeneity on the evolutionary potential of a trait, by simul-
taneously examining both the expression of the trait and the
selection pressures acting across a gradient of environmental
conditions, and demonstrated that high genetic merit for asec-
ondary sexual trait does not convey increased fitness across
all environments encountered. Only by examining fitness
through both viability and fecundity, and by accounting for
the fluctuating environmental conditions that wild populations
experience, can we accurately assess the relationship be-
tween a secondary sexual trait and fitness. In the wild, alloca-
tion to secondary sexual traits is a trade-off between survival
versus fecundity, and our results indicate that in unpredictable
environments, no single strategy may be optimal.

Experimental Procedures

Study Population and Data Structure

Soay sheep (Ovis aries) were introduced onto the island archipelago of
St. Kilda, NW Scotland in the North Atlantic (57°49'N, 08°34'W) during the
Bronze Age [10]. The unmanaged study population of Village Bay, Hirta,
was founded in 1932 [10] and currently fluctuates around an average size
of 432 individuals (Figure 1). The population has been the subject of inten-
sive individual-level study since 1985, yielding morphological and life-his-
tory data for 6387 pedigreed individuals, including 3626 maternal links
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Figure 3. Phenotypic, Genetic, and Residual Correlations between First-Year Horn Growth and Lifetime Breeding Success, Average Age-Adjusted
Fecundity, and Longevity

An estimate of environmental quality was gained for each year of birth from 1985-2001 with triangles on the middle panels indicating their distribution.
Estimates of the genetic correlation and 95% confidence interval (dashed line) between horn growth and each fitness measure (A-C) were generated
from random-regression animal models allowing additive genetic effects to change as a function of environmental quality. For phenotypic and residual
correlations, birth years were grouped on the basis of the quartiles of the distribution of environmental quality. Estimates of phenotypic and residual
correlations were made within each of these four groups, and error bars show 95% confidence intervals for the correlations.

and 1699 paternal links (from 807 distinct dams and 495 distinct sires). size is associated with sexual selection [31]. The horns of sheep grow cumu-
Maternal identity is known from field observations, and paternity is inferred  latively over life, with annual increments being apparent when horn growth
by microsatellite-based paternity analysis at a pedigree-wide confidence  stops over winter, forming an annulus. Horn increment measures were
level of >80%, allowing no more than one allelic mismatch between off-  made later in life while the animal was alive (in the years following growth)
spring and putative sire, with maximum likelihood methodology imple-  or after death. Therefore, measures of first-year horn growth were available
mented in CERVUS [30]. regardless of whether an individual survived its first winter or not.
Soay sheep have a distinct polymorphism for horn type producing either

a full (normal) horn (86% of males; 32% of females), areduced horn (14% of = Random-Regression Model of Horn Growth over Ontogeny

males; 28% of females), or no horn at all (40% of females only). We consider ~ Age-specific quantitative genetic parameters for horn growth were esti-
only males who grew full horns because this is the only group in which horn mated with random-regression animal models [13, 32] to partition
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Figure 4. Phenotypic Correlations between First-Year Allocation to Horn Growth Relative to Body Weight and Lifetime Reproductive Success, Average

Age-Adjusted Fecundity, and Longevity

Correlations to lifetime reproductive success are shown in (A), to average age-adjusted fecundity in (B), and to longevity in (C). Estimates were gained from
Equation 3 (see Experimental Procedures) with the inclusion of first-year body weight as a fixed effect to gain a measure of allocation to horn growth relative
to body weight. The genetic models did not converge because of reduced sample size of only 489 first-year body-weight measures, and thus we only
present the phenotypic correlations. Error bars show 95% confidence intervals for the correlations.

phenotypic variance into genetic and environmental (residual) components.
Animal models are a form of linear mixed model implemented in ASReml
(VSN International Ltd) with restricted maximum likelihood, and these
models are able to accommodate unbalanced data sets and complex pedi-
grees [14], and random-regression animal models allow different random ef-
fects to be modeled as functions of a continuous variable. Fixed effects of
age (factor 1-5) and birth year (factor 1985-2001) were included. We
included birth year to remove effects of conditions at birth on mean horn
growth and to remove temporal trends in mean values. We then included ran-
dom effects to model both the additive genetic effects and the year of growth
effects as polynomial functions of age. The residual error structure was par-
titioned to gain age-specific estimates of residual (or environment) variance.
At the individual level, horn-growth phenotype (HGagg) of individual i

HG ace ~ (AGE + BIRTHYEAR), +f(a;,n, AGEsp) + f(YR, n, AGEsp) + & ace
(1)

where f(o;, n, AGEgp) is the random-regression function of orthogonal poly-
nomials of standardized age (age in years standardized to the interval —1 <
AGEgp > 1) with order n, of additive genetic merit o; (or breeding value) of
individuals obtained from the pedigree structure; f(YR, n, AGEgp) is the
random-regression function for the year of growth YR, and ejage is the
age-specific error for individual i.

The error term was modeled with a 5 x 5 unstructured matrix allowing
residual errors to be correlated across ages within individuals and thereby
removed the need for a permanent environment effect. Adding mother’s
identity as a random effect did not improve model fit (3% = 0.96; p =
0.327), and so we do not model maternal effects. Models were fitted
wity polynomial functions of increasing order, and these functions were
compared statistically with log-likelihood ratio tests. Model convergence
was not achieved for n > 3. The variance-covariance matrix of the ran-
dom-regression parameters obtained for the additive genetic effect [ma-
trix Q with dimensions (n +1) x (n +1)] was used for derivation of age-spe-
cific genetic parameters (G for HGagg) and their approximate standard
errors [33].

Bivariate Random-Regression Model of Horn Growth and Fitness

We then modeled the phenotypic, genetic, and residual covariance between
horn growth and fitness over fluctuating environmental quality. To do this
we used bivariate random-regression models, with both fitness (W) and
first-year horn growth (HG1) as response variables and ran one model for
each of three fitness measures: average age-adjusted lifetime fecundity
(FEC), longevity (LG), and lifetime breeding success (LBS), with data avail-
able for 1691 normal-horned males, after removing animals known to be still
alive. Environmental quality (E) was defined as the proportion of live-born
lambs that survived the first winter following their birth year (standardized
to the interval —1 < E > 1 [13)).

We first estimated the phenotypic correlations between W and HG1
within different environmental conditions by fitting a model without any
random effects such that all phenotypic variance in both traits was allo-
cated to a residual structure. We standardized both the fitness measure
and the horn-growth value of each birth year to a zero mean and a unit var-
iance, thus placing both on the same scale. As a result, converting the
phenotypic covariance into correlations produced standardized selection
differentials for first-year horn growth. Thus, for each individual (i) we fitted
a model:

HG1; W~ (EG); + ejec 2)

where the fixed effect of EG is a four-level factor (1: very poor, 2: poor, 3:
good, and 4: very good) produced by grouping birth years on the basis of
the 25% quartiles of the distribution of E, and the residual error structure
ejeg Was partitioned into four EG groups. This gave an estimate of the phe-
notypic variance of each trait and the phenotypic covariance (converted into
a correlation) between the traits within each of the four EG groups. The
residual structure was divided to provide approximately equal sample sizes
across environments, thus maximizing the accuracy of the estimates and
reducing the number of variance components to be estimated. We first
tested the significance of the phenotypic correlations by rerunning the
model with the phenotypic covariance between the traits constrained to
zero within each EG group and comparing the models with log-likelihood ra-
tio tests with four degrees of freedom. We then tested whether these rela-
tionships were constant across environments, by rerunning the model
with the phenotypic covariance between traits constrained to be constant
across EG groups, and compared models with log-likelihood ratio tests
with three degrees of freedom.

We then extended model two to partition the phenotypic covariance
between W and HG1 into genetic and environmental components over fluc-
tuating environmental quality, testing for significant genetic and environ-
mental relationships. To model the genetic covariance between W and
HG1, we included a random effect that estimates the additive genetic vari-
ance of each trait and the genetic covariance between them as a polynomial
function of environmental quality. Thus for each individual (i), we fitted the
random-regression model:

HG1;W,-~(EG),-+f(a,-,n,E)+eiEG (3)

where f(o;, n, E) is the random-regression function on an orthogonal polyno-
mial of E, with order n, of the additive genetic merit values ¢; of individuals
for both fitness and first-year horn growth, and ejsg is the environment
specific residual error for individual i.

Individuals only have one year of birth, and thus each individual is only
represented once within the data set for Equation 3. However, because an
individual’s relatives may be born across different environments, the
genetic effects for each trait and the covariance between traits can be
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estimated as a function of environmental quality. This method represents
a more efficient use of the data by avoiding subdivision of records into
environment-specific traits [13, 33]. A first-order random-regression term
produces a single variance-covariance matrix for the additive genetic effect
for both traits [matrix Q with dimensions (2 x (n + 1)) X (2 X (n + 1)), wherenis
the order of the polynomial]. In this case, we did not find support for models
of higher order than n = 1 and so consider only the covariance between
estimates of intercept and slope of each individual’s genetic merit for
each trait. We tested for significant genetic covariance between W and
HG1 by rerunning the models with all four genetic covariances between
the two traits constrained to be zero over environmental quality and com-
paring the models with log-likelihood ratio tests. This represented a conser-
vative method of testing for a significant genetic association between the
traits over E [13, 32, 33].

There has to be a dichotomy in the estimation of genetic and residual cor-
relations because residual covariance cannot be estimated across environ-
ments. This is because individuals are only born into one environment and
thus estimates of the residual (co)variance can only be grouped in some
way. We kept our partitioning of the residual error structure into four levels
of EG, giving both a residual variances term for each trait and the covariance
between traits in each of the four environmental groups (i.e., a 2 x 2 matrix
within each EG group). We attempted to estimate a residual error structure
for each of the 17 birth years, but this overparameterized the models, result-
ing in variance terms that could not be estimated with certainty, and thus we
do not present this method. We also ran models with a constant residual
error structure, giving a 2 X 2 matrix with a single estimate of residual var-
iance for both terms and a single covariance between. These models
were not supported by the data, when compared to models with an error
structure divided into the four groups with log-likelihood ratio tests (LBS:
%29 = 50.82; p < 0.001; FEC: %2 = 18.97; p = 0.025; and LG: % = 40.97;
p < 0.001). As a result, the residual correlations between fitness and first-
year horn growth represent the associations between the traits that resulted
from environmentally determined factors within each EG group. We tested
the significance of these correlations by rerunning the models with the re-
sidual covariances between W and HG1 constrained to zero and compared
models with log-likelihood ratio tests.

For the presentation of the results, we used G = Z Q Z’, where Z is the
vector of orthogonal polynomials evaluated at the values standardized en-
vironmental quality (Z’ is the transpose of Z) and where G is a single additive
genetic variance-covariance matrix for both traits. The diagonal of the co-
variance matrix between the additive genetic variance estimates of both
traits provides the estimates of the genetic covariance between both traits
across E. All covariance estimates were rescaled to give the genetic and re-
sidual correlations, providing a dimensionless estimate of association be-
tween both traits. Both the covariance and correlations revealed the
same pattern. An analogous method was used for estimating the approxi-
mate standard errors [33], which were converted into ~95% confidence
intervals.
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