INTERNDMURNAL OF ORGANI

A major challenge in evolutionary biology is explaining variation
in the evolutionary potential among traits (Houle 1992; Meril&
and Sheldon 1999). Historically, narrow-sense heritability (h?) has
been used as a measure of evolutionary potential; h?
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a comparison of the evolutionary response of traits under equally
strong selection (Postma 2014). However, by definition fitness
traits are under stronger selection than nonfitness traits (Mousseau
and Roff 1987; Falconer and Mackay 1996; Merila and Sheldon
1999). Thus, h? by itself cannot be used to compare the evolu-
tionary potential of different traits.

Houle (1992) introduced the concept “evolvability,” which
is the “expected percent change in a trait under a unit strength
of selection” (Hansen et al. 2011). Evolvability is best measured
as the mean-standardized additive genetic variance underlying a
trait (Garcia-Gonzalez et al. 2012). The coefficient of additive
genetic variation (CVa = square root of V4 divided by the phe-
notypic mean of the trait, multiplied by 100) is frequently used
to measure evolutionary potential (Teplitsky et al. 2009; Garcia-
Gonzalez et al. 2012). However, 14, which is Va divided by the
squared phenotypic trait mean, multiplied by 100 (Houle 1992),
has a more direct evolutionary interpretation and is preferable for
comparing estimates of evolutionary responses of different traits
under directional selection (Hansen et al. 2011).

Fitness traits such as longevity are themselves affected by nu-
merous physiological, morphological, and behavioral traits, each
of which in turn is affected by environmental factors. As a conse-
quence, fitness traits could be expected to have relatively high Vg
because of the many possible sources of environmental variation
that influence traits that are “one step further down the causal
pathway from genes to phenotype” (Price and Schluter 1991).
The same would be true for traits that integrate environmental in-
fluences across the entire lifespan as opposed to being expressed
only at a specific age. According to this reasoning, fitness traits
would be predicted to have lower h? than traits under weaker se-
lection, not because of low V but because of high Vg (Merild
and Sheldon 1999).

On the other hand, because fitness traits are likely to have
more loci affecting their expression, they present a bigger mu-
tational target than simple (nonfitness) traits, which potentially
results in faster replenishment of V4, as originally speculated by
Kimura (1958). This leads to the opposite prediction, that Va
should be greater in traits closely linked to fitness (Houle et al.
1996; Houle 1998; Merild and Sheldon 1999). Despite substan-
tial theoretical and empirical work, this issue remains unresolved
(Merild and Sheldon 1999; Teplitsky et al. 2009).

The few studies that have quantified additive genetic vari-
ance and residual variance in natural vertebrate populations have
produced conflicting results. In red-billed gulls (Larus novaehol-
landiae), h? and CV 4 declined as the trait’s correlation with fitness
increased (Teplisky et al. 2009). In contrast, in two populations of
nest-box-breeding birds and two populations of ungulates, only h?
was negatively correlated with fitness, whereas CVa showed no
correlation or was positively correlated with fitness (Kruuk et al.
2000; Merild and Sheldon 2000; McCleery et al. 2004; Coltman
et al. 2005).

Although groundbreaking, these field studies were limited
by the small number of phenotypic traits examined, and they were
often confounded by a history of human management of the study
populations (e.g., provisioning of artificial nest sites for birds,
culling of ungulate herds) that may have altered selection and
reduced environmental and/or genetic variance (Houle 1992; Colt-
man et al. 2005). Moreover, studies so far have examined the re-
lationship between a trait’s correlation with fitness and h? or CVa
across relatively few fundamentally different types of traits (Mc-
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Figure 1. Box and whiskers plots showing heritability (h?), evolvability (I5), and mean-standardized residual variance (Ig) for three trait
types (N = 50 morphological traits, 26 reproductive traits, 12 life history traits) in Savannah sparrows on Kent Island, New Brunswick,
Canada. Horizontal line indicates median, box indicates 10th and 90th percentiles, and whiskers indicate minimum and maximum values.
I and Ig are given (



Table 1. Heritability (h?), SE of h?, I (= Va divided by the squared phenotypic mean, multiplied by 100), SE of Va, Iz (= Vr divided by the
squared phenotypic mean, multiplied by 100), selection intensity (i = B,






Table 1. Conitnued.

A. Females

Trait type Trait h? SE h? Ia SE Va I i B

(i) Juveniles

Morphology Condition 0.456 0.195 0.1538 0 0.1820 0.10 1.96
(mass/wing)™*

Morphology Condition 0.109 0.269 0.0440 0 0.3582 0.18 3.08
(mass/tarsus)™*

Morphology Mass 0.529 0.198 0.1707 0.236 0.1520 0.04 0.66

Morphology Wing length 0.574 0.113 0.0290 0.312 0.0215 0.08 1.47

Morphology Tarsus 0.411 0.206 0.0501 0.115 0.0720 —0.04 —0.77

Morphology Tail length 0 0.402 0.0040 5.424 0.4700 0.07 2.03

(i) 1-year-old

Morphology Condition 0.207 0.118 0.0686 0 0.2550 —0.05 —0.93

(mass/wing)™*
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Table 2. Slopes of linear regressions (+ SE) of heritability (h?) on selection intensity (i, absolute value), and of I ("evolvabili whic
is Va divided by the squared phenotypic mean, multiplied by 100) and the mean-standardized coefficient of residual variance @) on th
mean-standardized selection gradient (B,., absolute value) for phenotypic traits (N = 88, counting features measured at differejll ages o

in different sexes as separate traits) measured on Savannah sparrows on Kent Island, New Brunswick, Canada. Results are brojn dow
by general trait type and sex. Results were similar after removal of highly correlated traits (N = 60).

Trait type Sex Number of traits h2 Ia Ir

Morphology Male 25 —0.36 (+0.47) —0.003 (+ 0.006) —0.04 @& 0.06)
Morphology Female 25 —0.50 (+ 0.19) —0.00 (+ 0.01) 0.05 @ 0.06)
Reproduction Female 25 —0.40 (£ 0.20) —0.01 (£ 0.02) —3.37 (@ 2.38)
Life history Male? 6 -——— 0.104 (+ 0.058) —367.5 (4B61.7)
Life history Female 6 0.002 (+ 0.001) 0.015 (£ 0.173) —559.0 (JB63.1)
All traits combined Male? 32 —0.14 (+ 0.05) —0.00 (= 0.01) —0.08 @ 0.08)
All traits combined Female 56 —0.08 (+ 0.03) —0.00 (+0.01) —0.03 @ 0.04)

1Slope not calculated because h? = 0 for all male life history traits.
2Includes postfledging parental care by males.

males
0.44 500
0.6 : | |
R
, ~ la o3 400 .
h* 0.4 Y 300
[ ]
0.2 -
@ [ ]
0.2] %8 o ©° 200 .
%o 0.11 - o3 “ 100
[ ] )
00! oa ® " EEm 0.0 ‘““. ° ° 0! em cmesn ° °
0 1 2 0 5 10 0 5
females
0.6 04] v 500
a
v € la o3 . 400
0.4 o % 300 %
0.2 o
& v 200
0.2
01{ o © 100 th
y O o @%o (o]
00! @®o o ooom 0.0/ @%@%ﬁ%} v o 0 %WW@DO v
0 1 2 0 5 10 0 5

Selection Intensity (/) Selection Gradient (ﬁu) Selection Gradient (&



o
0.4

o

®
0.2 oo

®

o 0% ©

0.04 © ° @ <)

0.0 0.2 0.4 0.6 08



Selection Gradient (

104

® m@aam

0.0

05

10 15 20
Selection Intensity (i)



0.31

0.2+

0.14

0.0-

0.64

0.4

h2

0.24

0.0-

Age class



BRIEF COMMUNICATION

ACKNOWLEDGMENTS

We are grateful to our reviewers for their insightful comments and for
directing us to several key references. This study was made possible
thanks to support over 24 years to NTW from the U.S. National Science
Foundation (NSF) and Bowdoin College, as well as the dedication of
numerous field assistants. We particularly express our appreciation to
Beat and Elisabeth Messerli for valuable discussions, Corey Freeman-
Gallant for molecular paternity assignments, and NSF for OPUS award
no. 0816132 (to NTW). EP and LFK are funded by the Swiss National
Science Foundation (SNSF) (grant 31003A-116794). The authors have
no conflict of interest. The data reported in this paper are archived in
the Savannah Sparrow database on the website of the Bowdoin Scientific
Station and Dryad. This represents contribution no. 248 from the Bowdoin
Scientific Station.

DATA ARCHIVING
The doi for our data is 10.5061/dryad.dv0qt.2.

LITERATURE CITED

Atchley, W. R. 1984. Ontogeny, timing of development, and genetic variance-
covariance structure. Am. Nat. 123:519-540.

Blows, M. W. 2006. A tale of two matrices: multivariate approaches in evolu-
tionary biology. Evol. Biol. 20:1-8.

Brommer, J. E., L. Gustafsson, H. Pietianinen, and J. Merild. 2004. Single-
generation estimates of individual fitness as proxies for long-term ge-
netic contribution. Am. Nat. 163:505-517.

Brommer, J. E., J. Merilg, B. C. Sheldon, and L. Gustafsson. 2005. Natural
selection and genetic variation for reproductive reaction norms in a wild
bird population. Evolution 59:1362-1371.

Charmantier, A., and D. Reale. 2005. How do misassigned paternities af-
fect the estimation of heritability in the wild? Mol. Ecol. 14:2839-
2850.

Coltman, D. W., P. O’Donoghue, J. T. Hogg, and M. Festa-Bianchet. 2005.
Selection and genetic (co)variance in bighorn sheep. Evolution 59:1372—
1382.

Falconer, D. S., and T. F. C. Mackay. 1996. Introduction to quantitative ge-
netics. Longman, Essex, England.








