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SI Methods
Supporting Equation. Eq. 1 can be extended to account for new

individuals entering the study at the second age. Kerr and GodfreySmith (1) previously incorporated an additional covariance term
into the Price equation that illustrates the effect of immigration for
change in an average trait value from one generation to the next.
We instead use a difference to capture that term. The extended
equation implies that the mean of the considered characteristic
at the second age for all individuals Vx+k is no longer equal to the
mean for the survivors vx+k, unless the mean of the considered
characteristic of the newly appearing individuals is not different
from the average of this characteristic of the individuals that were
in the study before. Therefore, the term

We also modeled these factors by categorical groupings. The
models are ﬁtted to data on individual change in relative reproduction from one age rixt to the next ri(x+1)(t+1):
Δrixt ¼ rixt − riðxþ1Þðtþ1Þ :

[S3]

We only consider individuals for this analysis when we have
information on age, the number of past breeding attempts, the
number of past successful breeding events, and the length the bird
bred together with its partner. We consider males and females
separately. The mixed models are ﬁtted via maximum likelihood
(ML) in R version 2.7.0 by using the function lmer in package lme4.

Mixed Models. Our mixed models (2) all include individual
identity as a random effect. Age, the number of past breeding
events, the number of past successful breeding attempts, or the
pair bond length is ﬁtted as a linear ﬁxed effect and/or quadratic.

SI Discussion
Analyses beyond population-level analyses to elucidate individuallevel change include: aseparate longitudinal analysis for arestricted
sample of individuals that survive to old age (3, 4); examination of
correlation in improvements in survival and breeding success (5);
and a test for a relationship between breeding lifespan and reproductive performance (4).
Methods to correct for selective disappearance or selective
appearance include: the arbitrary classiﬁcation of individuals into
groups (4) and inclusion of individual covariates in the model to
capture observed heterogeneity (6); the construction of multistate
models with states designed to account for the different qualities of
individuals (7, 8); the joint modeling of survival and reproduction
with individual identity included as a random effect (9); and correction for individual quality by including observed individual
quality measures like longevity or age at ﬁrst reproduction as ﬁxed
effects, and individual identity as a random effect (usually random
intercept and no random slope) in linear, generalized linear mixed
models (reference for model types, 2; references for applications,
10–20), and generalized additive mixed models (reference for
model type, 21; reference for application, 22).

1. Kerr B, Godfrey-Smith P (2009) Generalization of the Price equation for evolutionary
change. Evolution 63:531–536.
2. Fitzmaurice GM, Laird NM, Ware JH (2004) Applied Longitudinal Analysis (Wiley,
Hoboken).
3. Laaksonen T, Korpimäki E, Hakkarainen H (2002) Interactive effects of parental age
and environmental variation on the breeding performance of Tengmalm’s owls.
J Anim Ecol 71:23–31.
4. Reid JM, Bignal EM, Bignal S, McCracken DI, Monaghan P (2003) Age-speciﬁc
reproductive performance in red-billed choughs Pyrrhocorax pyrrhororax: Patterns
and processes in a natural population. J Anim Ecol 72:765–776.
5. Weimerskirch H (1992) Reproductive effort in long-lived birds: Age-speciﬁc patterns
of condition, reproduction and survival in the wandering albatross. Oikos 64:464–473.
6. Beauplet G, Barbraud C, Dabin W, Küssener C, Guinet C (2006) Age-speciﬁc survival
and reproductive performances in fur seals: Evidence of senescence and individual
quality. Oikos 112:430–441.
7. McNamara JM, Houston AI (1996) State-dependent life histories. Nature 380:215–221.
8. Barbraud C, Weimerskirch H (2005) Environmental conditions and breeding experience
affect costs of reproduction in blue petrels. Ecology 86:682–692.
9. Cam E, Link WA, Cooch EG, Monnat J-Y, Danchin E (2002) Individual covariation in
life-history traits: Seeing the trees despite the forest. Am Nat 159:96–105.
10. Rattiste K (2004) Reproductive success in presenescent common gulls (Larus canus):
The importance of the last year of life. Proc R Soc Lond B Biol Sci 271:2059–2064.
11. Nussey DH, Kruuk LEB, Donald A, Fowlie M, Clutton-Brock TH (2006) The rate of
senescence in maternal performance increases with early-life fecundity in red deer.
Ecol Lett 9:1342–1350.

12. van de Pol M, Verhulst S (2006) Age-dependent traits: A new statistical model to
separate within- and between-individual effects. Am Nat 167:764–771.
13. Weladji RB, et al. (2006) Good reindeer mothers live longer and become better in
raising offspring. Proc R Soc Lond B Biol Sci 273:1239–1244.
14. Balbontín J, et al. (2007) Age-related change in breeding performance in early life is
associated with an increase in competence in the migratory barn swallow Hirundo
rustica. J Anim Ecol 76:915–925.
15. McCleery RH, Perrins CM, Sheldon BC, Charmantier A (2008) Age-speciﬁc
reproduction in a long-lived species: The combined effects of senescence and
individual quality. Proc R Soc Lond B Biol Sci 275:963–970.
16. Bouwhuis S, Sheldon BC, Verhulst S, Charmantier A (2009) Great tits growing old:
Selective disappearance and the partitioning of senescence to stages within the
breeding cycle. Proc R Soc Lond B Biol Sci 276:2769–2777.
17. Brown WP, Roth RR (2009) Age-speciﬁc reproduction and survival of individually
marked Wood Thrushes, Hylocichla mustelina. Ecology 90:218–229.
18. Moyes K, et al. (2009) Exploring individual quality in a wild population of red deer.
J Anim Ecol 78:406–413.
19. Nussey DH, et al. (2009) Inter- and intra-sexual variation in ageing patterns across
reproductive traits in a wild red deer population. Am Nat 174:342–357.
20. Weladji RB, et al. (2009) Age-speciﬁc changes in different components of reproductive
output in female reindeer: Terminal allocation or senescence? Oecologia 162:261–271.
21. Wood SN (2006) Generalized Additive Models: An Introduction with R (Chapman &
Hall/CRC Press, Boca Raton, FL).
22. Aubry LM, Koons DN, Monnat J-Y, Cam E (2009) Consequences of recruitment
decisions and heterogeneity on age-speciﬁc breeding success in a long-lived seabird.
Ecology 90:2491–2502.

a ¼ Vxþk − vxþk ;

[S1]

which represents the selective appearance of new individuals, has
to be added to Eq. 1:
P ¼ s þ d þ a:

[S2]

This extended equation is again exact if all living individuals are
measured.
The mean of the characteristic for the newly entering individuals
is a function of vx+k and a, as well as the number of survivors and
the number of newly entering individuals. If the mean for the
newly entering individuals at the second age is higher than the
mean for the individuals that were already in the study before (the
survivors), then the aggregate mean Vx+k is higher than the mean
for the survivors vx+k and a is positive (Fig. S1A). In the opposite
case the term a is negative (Fig. S1B).
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Fig. S1. Graphical representation of Eq. S2 to decompose the aggregate change at the population level into average ontogenetic development, change due
to selective disappearance, and change due to selective appearance when newly entering individuals have a higher mean than the surviving individuals already
in the study (A) and newly entering individuals have a lower mean than the surviving individuals (B). P is the aggregate change in the considered characteristic
from age x to the age x + k, s is the average ontogenetic development, d denotes the change due to selective disappearance, and a is the change due to
selective appearance. Vx and Vx+k are the averages of the characteristic on the observed population level at age x and x + k, respectively, and vx and vx+k are the
corresponding averages for the survivors.
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Fig. S2. Change in number of ﬂedglings from age x to x + 1 averaged over all individuals and all ages. (A) Decomposition of population change into average
ontogenetic development, selective disappearance, and selective appearance in percent (959 individuals with 4,307 observations). The proportional change is
equivalent to an absolute mean change from one age to the next of 0.091 ﬂedglings at the population level, a positive average ontogenetic development of
0.065; a change of 0.015 is due to selective disappearance, and 0.01 to selective appearance. (B) Change in number of ﬂedglings for the age groups 3–13 and
14–20, respectively, at the population level (dark blue bars), and the contributions to this change due to average ontogenetic development (light blue bars)
and selective disappearance (orange bars; 955 individuals with 4,303 observations). The error bars represent 95% conﬁdence intervals.

Rebke et al. www.pnas.org/cgi/content/short/1002645107

2 of 5

1.0
0.8
0.6

Change in relative reproduction from age x to x+1

0.4
0.2
0.0
−0.2
−0.4
−0.6
−0.8
−1.0
−1.2
−1.4
−1.6
−1.8
3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Age x

Fig. S3. Change in relative reproduction from age x to x + 1 at the population level (dark blue bars), and the decomposition of this change into average
ontogenetic development (light blue bars) and selective disappearance (orange bars; 955 individuals with 4,303 observations). The error bars represent 95%
conﬁdence intervals.
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Fig. S4. Change in relative reproduction from age x to x + 1 averaged over all females and all ages. (A) Decomposition of population change into average
ontogenetic development, selective disappearance, and selective appearance in percent (411 individuals with 1,893 observations). (B) Change in relative reproduction for the age groups 3–13 and 14–20, respectively, at the population level (dark blue bars), and the contributions to this change due to average
ontogenetic development (light blue bars) and selective disappearance (orange bars; 408 individuals with 1,890 observations). The error bars represent 95%
conﬁdence intervals.
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Fig. S5. Change in relative reproduction from age x to x + 1 averaged over all males and all ages. (A) Decomposition of population change into average
ontogenetic development, selective disappearance, and selective appearance in percent (468 individuals with 2,123 observations). The average change among
survivors contribution can be higher than 100% if the changes due to selective disappearance and/or selective appearance go in the opposite direction. (B)
Change in relative reproduction for the age groups 3–13 and 14–20, respectively, at the population level (dark blue bars), and the contributions to this change
due to average ontogenetic development (light blue bars) and selective disappearance (orange bars; 467 individuals with 2,122 observations). The error bars
represent 95% conﬁdence intervals.

Table S1. Decomposition of population change in relative reproduction from event x to x + 1 in percent
Event

Average ontogenetic development

Selective disappearance

Sample size

96.8% (±11.6%)*
88.8% (±16.4%)*
90.1% (±36.9%)*

3.2% (±11.6%)*
11.2% (±16.4%)*
9.9% (±36.9%)*

701 individuals (3,078 observations)
489 individuals (1,454 observations)
288 pairs (834 observations)

Number of past breeding attempts
Number of past successful breeding attempts
Pair bond length in years
*95% conﬁdence intervals.
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Table S2. AIC for the linear mixed models to test which characteristic explains the change in breeding performance best
Model
Intercept
Intercept and linear slope
Age
(Age)2
Age: second-order polynomial
Number of past breeding attempts
(Number of past breeding attempts)2
Number of past breeding attempts: second-order polynomial
Number of past successful breeding attempts
(Number of past successful breeding attempts)2
Number of past successful breeding attempts: second-order
polynomial
Pair bond length in years
(Pair bond length in years)2
Pair bond length in years: second-order polynomial
Factors
Age
Age: 2 groups (x ≤ 14, x > 14)
Number of past breeding attempts
Number of past breeding attempts: 2 groups (x = 0, x > 0)
Number of past successful breeding attempts
Number of past successful breeding attempts: 2 groups (x = 0, x > 0)
Pair bond length in years
Pair bond length in years: 2 groups (x = 1, x > 1)

Females (207 individuals; 673
observations)

Males (250 individuals; 715
observations)

1,669

1,750

1,671
1,671
1,673
1,670
1,671
1,672
1,664
1,670
1,660

1,752
1,751
1,752
1,749
1,750
1,750
1,736
1,746
1,728

1,671
1,671
1,673

1,751
1,751
1,753

1,678
1,671
1,677
1,667
1,656
1,643
1,664
1,671

1,749
1,751
1,749
1,744
1,730
1,714
1,755
1,750

The models are ﬁtted to the change in relative reproduction. They all have random intercepts for the individuals and either age, the number of past
breeding attempts, the number of past successful breeding events, or the pair bond length as ﬁxed effect. The models are ﬁtted via maximum likelihood (ML).
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