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Abstract

Background: In a rapidly changing world, it is of fundamental importance to understand processes constraining or
facilitating adaptation through microevolution. As different traits of an organism covary, genetic correlations are expected
to affect evolutionary trajectories. However, only limited empirical data are available.

Methodology/Principal Findings: We investigate the extent to which multivariate constraints affect the rate of adaptation,
focusing on four morphological traits often shown to harbour large amounts of genetic variance and considered to be
subject to limited evolutionary constraints. Our data set includes unique long-term data for seven bird species and a total of
10 populations. We estimate population-specific matrices of genetic correlations and multivariate selection coefficients to
predict evolutionary responses to selection. Using Bayesian methods that facilitate the propagation of errors in estimates,
we compare (1) the rate of adaptation based on predicted response to selection when including genetic correlations with
predictions from models where these genetic correlations were set to zero and (2) the multivariate evolvability in the
direction of current selection to the average evolvability in random directions of the phenotypic space. We show that
genetic correlations on average decrease the predicted rate of adaptation by 28%. Multivariate evolvability in the direction
of current selection was systematically lower than average evolvability in random directions of space. These significant
reductions in the rate of adaptation and reduced evolvability were due to a general nonalignment of selection and genetic
variance, notably orthogonality of directional selection with the size axis along which most (60%) of the genetic variance is
found.

Conclusions: These results suggest that genetic correlations can impose significant constraints on the evolution of avian
morphology in wild populations. This could have important impacts on evolutionary dynamics and hence population
persistence in the face of rapid environmental change.
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limitation of equating the evolutionary potential of a character
with its heritability comes from the fact that phenotypes result
from the interaction of several characters that are functionally,



impact of genetic correlations on evolutionary trajectories using a
comparative approach based on data from long-term field studies
(>12 years) of 10 populations of seven bird species. We chose four



generations. Bill length is associated with many characters,
including foraging and song performance [31,32]. All of these
traits have been shown to be heritable in several bird species [33—
37].

Estimation of the additive genetic (co)variance matrix

We estimated the G matrix in each population by using
multivariate animal models [38,39]. Random effects included
additive genetic effects (V) and permanent environmental effects
to account for repeated measurements of the same individual (Vpg)
as well as a year effect (Vyear). The analyses excluded measure-
ments on offspring of the year. Age was included as a continuous
variable (linear + quadratic) to account for aging effects on trait
size. Tarsus length can change because of swelling or reduction of
cartilage, wing feathers re-grow annually and are affected by aging
and wear, beak length may become worn depending on diet, and
body mass can be affected by age, e.g., because of decreased
feeding performance. As we wanted to avoid losing power by
removing individuals of unknown age (portion given in Table 1),
we used mean substitution for individuals of unknown age: age was
mean-centred and those individuals were assigned an age of zero.
Because of power issues and technical complexity, males and
females were not analysed separately so models contained sex as a
fixed effect. When available and significant, we included a
polynomial date effect (degree 2 or 3, according to significance)
to control for mass and bill length variation during the breeding
season. This affected the residual (co) variances, but not estimates
of G. To avoid traits with larger means (Table 2) exerting a
disproportionate effect on general patterns, we standardised traits
prior to analysis. Because scaling to phenotypic variance (which
can vary independently of additive genetic variance) can lead to
problems of interpretation [40], we used standardization to the
trait’s overall mean [12,40].

A simple description of the multivariate animal model for one
population is as follows:

NVl RS NS A AR (1)
where{. is the vector of standardised phenotypic observations for
all individuals, p is a vector of mean phenotypes, R is the vector of
fixed effects to be fitted (age, sex and date), and ~ is the design
matrix relating phenotypic observations to the vector of fixed
effects. Fixed effects were individually chosen for each population
based on significance levels in a preliminary analysis (Table S1).
For the random effects,a is the vector of additive genetic values,
¥ the vector of permanent environment effects, andy + the vector
of year of measurement effect, with Z, Z,, and Z,, their respective
design matrices. All random effects are assumed to be normally
distributed, and elements ofa are assumed to be drawn from
aN (0,G®A) where G is the additive genetic variance-covariance
matrix and A the relatedness matrix derived from the pedigree.

All pedigrees were pruned using the R package ““pedantics™ [41]
so they contained only informative individuals [41]. Details for
each population are given in Table 1 and Fig. S1.

Estimating selection

To assess selection coefficients in each population, we used the
classic approach by Lande & Arnold [42]. Directional selection
gradients (B) were estimated by regressing relative fitness against
morphological traits. Similarly, non-linear selection (y matrix)
gradients were estimated using quadratic regressions, including
cross products between traits, representing correlational selection




gradients. Quadratic coefficients from the regression were doubled
so that they became analogous to selection coefficients [43].
Annual contribution to total individual fitness was estimated by
yearly reproductive success (the number of fledged offspring).
Morphological traits were first standardised by their means and
then corrected for the same significant fixed effects as used in the
animal models (i.e., effects of the fixed factors were subtracted
from the actual measurement values), prior to selection analysis to
obtain selection estimates consistent with the G matrices [12].
Each variable (fitness and morphological traits) was standard-
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Average evolvability over random selection gradients [12]
represents the evolutionary potential associated with the
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(R2=0.04). The absence of congruence between evolutionary
potential predicted from heritabilities and |-evolvabilities is in
line with a recent review [40].

Genetic covariances between all traits were positive in all
populations (Tables 3, 4 and 5), and average genetic correlations
were 0.35 (range: 0 to 0.76). In all populations, g .4 contained
more than half of the total amount of additive genetic variance
(geometric mean (95% CI): 61.3% (58, 64), Table 6) which
suggests that G matrices were classically elliptical rather than
spherical. The first eigenvalue, which represents maximal evolva-
bility if selection andg .. are aligned [12], was of the order of 0.1
to 0.2 (values x100, Table 6). All traits loaded positively ong .z
(Table 6), and body mass consistently had the highest loading on
& ¢ - Because the first axis of a PCA can be interpreted as a size
index, this suggests that the line of genetic least resistance g oz« ) is
associated with body size.

Natural selection on morphology



so that multivariate evolvabilities (eg, the amount of response in
the exact direction of ) were significantly different from zero
(Table 10). These results emphasise that genetic variance
remaining along dimensions other than ¢ . also play a major
role in determining evolvabilities.

Discussion

We report consistent evidence for multivariate constraints on
morphological evolution across 10 avian populations studied in
their natural habitat during extensive periods exceeding 12 years.
Morphological traits generally display high heritabilities and
harbour ample additive genetic variation [34,35,48-50]. There-
fore they are often believed to be only weakly constrained in terms
of evolutionary potential but see [40,51]. Here for linear
measurements (mass excluded) we found 15-evolvabilities less than
half (0.04% on average) of what was reported (0.09%) in the
review by Hansen et al. [40]. The highest 15-evolvabilities were
found for body mass, yet again for this trait, our estimates of I-
evolvability were much lower (0.12%) than the previously reported
average of 0.94% [40]. In a univariate framework, for a trait with
an l-evolvability of 0.04%, this means that, if selection acting on
this trait was as strong as on fitness itself, a change of 10% in the
mean of the trait would be achieved in 240 generations [40].

Moreover, using a multivariate framework, we also found
evidence of evolutionary constraints even when only four
morphological traits were considered, emphasising that equating
heritability with evolutionary potential can be misleading [40]. In
fact, here we have shown that the predicted relative rate of
adaptation (Ra) was on average 72%, which means that the
predicted rate of adaptation was lowered by 28% (1- Ra, range
13-58%) due to the genetic correlations considered.

Two scenarios may lead to a decreased rate of adaptation:
negative genetic correlations with similar direction of selection
pressures or positive genetic correlations in the presence of
antagonistic selection. Negative genetic correlations have gained
much interest in the study of evolutionary constraints [4]. This is
mainly because selection is often positive on life history traits so
that trade-offs should emerge as a consequence of negative genetic
correlations for these traits but see [52]. However, genetic
correlations between morphological traits generally seem to be
positive ([53], this study, review in [54]). As the sign of selection on
morphological traits is not always positive but depends on traits
and populations ([49], this study), opposing selection patterns
within the same organisms can be common and hence lead to
constraints on responses to selection. Here, this scenario is
illustrated by three populations of great reed warblers, collared
flycatchers and Savannah sparrows, where the relative rate of
adaptation was significantly lower than one. In these populations,
antagonistic selection between mass and another trait (tarsus, wing
and bill length, respectively), in the presence of positive genetic
correlations explain this result. Such opposing selection patterns
can arise because of selection for a specific function. For example,
selection on wing length can be positive or negative, depending on
whether long-distance flight or manoeuvrability are favoured e.g.
[55]. Similarly, the sign of selection on beak size in Darwin’s
finches (Geospiza fortis) depends on the abundance of different seed
types, which themselves depend on climatic events [56]. Further
studies in each population would be needed to interpret selection
patterns in terms of the function of traits, and to assess the
ecological determinants behind these patterns.

Such a reduction in the rate of adaptation reflects changes
between the predicted responses to selection of traits whether or
not genetic correlations are taken into account. In great reed



warblers, univariate models (i.e., not taking into account genetic
correlations) predict significant responses in tarsus length and mass
to selection, but no significant response in either trait is expected in
the presence of genetic correlations (Table S3). In collared
flycatchers univariate models predict a response to selection in
both wing length and mass, but multivariate models predict a
significant response only in mass. In Savannah sparrows,
univariate models predict a response to selection in both mass
and hill length, but only bill length is predicted to respond to
selection in the presence of genetic correlations (Table S3). In
contrast, no significant antagonistic selection was found in blue tits
in Pirio, but multivariate models reveal nonetheless a disappear-
ance of the response in mass when compared to univariate models.
This is probably due to the fact that selection is significantly
negative on mass while although non-significant, it is positive on
the three other traits.

We found a consistent pattern in that the orientation of g .
was nearly orthogonal to directional selection in all populations.
Althoughg .2 contained on average 60% of the additive genetic
variance, the dimensions of G other thang . still contained ca.
40% of additive genetic variance. This suggests that genetic
correlations can decrease the rate of adaptation, but do not
necessarily lead to an absolute constraint (i.e., here Ra#0). It is
thus important to consider other dimensions along which additive
genetic variance is distributed, and not only g . [19,57], as a
reduction of the rate of adaptation of 28% is lower than what
could have been expected based on the relative orientation of
selection and g .z .

In line with this argument, evolvability in the direction of
selection (eg) was on average lower than evolvability in random

directions of the phenotypic space€(”), suggesting that selection
may have reduced available genetic variance. This may be a very
general pattern: depleted genetic variance in the direction of
selection has also been found in sexually selected traits [20,58,59]
and life history traits [60].This result could suggest a depletion of
additive genetic variance because of sustained directional selection
on particular trait combinations [4]. However, there is still a
debate about the stability of selection [61,62], so that a
spatiotemporal analysis of selection patterns in each population
would be required to assess whether sustained selection can be



al. [15] found a decrease of 48% of the rate of adaptation for life
history traits whereas in the present study we found a (non-
significant) decrease of 20% for morphological traits for the same
population. Two main factors may help explain such differences
across studies. First, it is possible that morphological and life
history traits differ in the amount of genetic constraints. Second, if
selection is stable, constraints might actually be detected more
readily than facilitation in natural populations. If genetic
correlations facilitate the response to selection, populations should
adapt and be subject to less intense selection. Hence, facilitation
could be a transient state whereas constraints would represent a
more stable state. Further analysis of data, such as those gathered
in Agrawal & Stinchcombe [13], could provide valuable informa-
tion as to when facilitation is more likely to occur. For example,
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