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INTRODUCTION

Within phylogenetic and environmental boundaries,
long-lived organisms have to make a series of decisions
such as when to breed for the �rst time, how many times
to reproduce, and how much and when to devote limited
resources away from reproduction toward maintenance
or growth (i.e., life history trade-offs). The most widely
studied trade-off is the cost of reproduction (for a review

see Harshman and Zera 2007), in which investment in
current reproductive effort is expected to decrease
subsequent survival and (or) reproduction. However,
empirical support for costs of reproduction in wild
organisms remains ambiguous (Harshman and Zera
2007). For example, Cam (1997) and Cam et al. (1998,
2002a) observed a positive phenotypic correlation
between survival and breeding probability in Black-
legged Kittiwakes (Rissa tridactyla; a long-lived seabird;
see Plate 1). Individuals that bred successfully in a given
year also survived and reproduced with a higher
probability in the following year compared to failed
breeders, and nonbreeders (individuals that skipped
reproduction in a given year). In the latter case,
individuals actually experienced a ��cost of nonrepro-

Manuscript received 7 August 2008; revised 22 December
2009; accepted 8 January 2009. Corresponding Editor: J. P. Y.
Arnould.

5 Present address: Department of Wildland Resources,
5230 Old Main Hill, Utah State University, Logan, Utah
84322-5230 USA. E-mail: lise.aubry@aggiemail.usu.edu

2491



model in Table 1), AIC improved by 33.69 units.
Because life span (by controlling for the selective
disappearance of individuals within the breeding popu-
lation) led to improvement in model �t, we further
considered alternative parameterizations of life span.
The top model including life span accounted for 49% of
the model weight, and the second-best model accounted
for 46% (Table 2). In the top model, all interactions were
signi�cant (spline effect of AFR and EXP interaction:
edf ¼16.75, v2 ¼151.90, P , 0.001; spline effect of EXP
and life span interaction: edf ¼ 6.90, v2 ¼ 74.78, P ,

0.001), which was also the case for the second-best-
performing model (spline effect of AFR and EXP
interaction: edf ¼ 16.75, v2 ¼ 151.87, P , 0.001; spline
effect of EXP and life span interaction: edf ¼ 6.89, v2 ¼
74.80, P , 0.001; spline effect of AFR and life span
interaction: edf ¼ 0.03, v2 ¼ 9.35, P ¼ 0.002).

To account for (unobserved) heterogeneity in individ-
ual quality, we considered an individual random effect
and added it to the previously de�ned best GAM (i.e.,
generalized additive model). Such a model, a GAMM
(i.e., generalized additive mixed model), could not be �t
if one of the covariates was included in a spline-
transformed interaction more than once (e.g., AFR
involved twice in: S(AFR 3 EXP) þ S(AFR 3 life span)
þ random effect(ID), where S stands for a spline
transformation; see Wood 2006). However, a model
with an individual random effect and a three-way spline-
transformed interaction between AFR, EXP, and life
span converged successfully. The triple interaction term
was statistically signi�cant (spline effect of AFR, EXP,
and life span interaction: edf ¼9, estimated rank ¼9, F ¼
29.19, P , 0.001), and random variation in BS across
individuals was detected (individual random effect
centered at zero: SD ¼ 0.93, residuals ¼ 0.87).

Of great importance, this GAMM accounted for all
demographic sources of individual heterogeneity in age-
speci�c BS (i.e., selective appearance, selective disap-
pearance, variation in breeding history, correlative
structure across repeated measures, and random varia-
tion across individuals). According to this model,
improvement in BS at advanced ages disappeared across
all recruitment groups, and the pattern observed in age-
speci�c BS surfaces was unimodal for all recruitment
groups (Fig. 2), with no detectable late-life improvement
in BS. Maximal BS levels decreased as individuals
delayed recruitment: BS exceeded 0.6 for individuals

recruiting at age 3 (BS ¼ 0.66, 95% CI: 0.45�0.87) and
age 4 years (BS ¼0.63, 95% CI: 0.50�0.76), followed by
individuals recruiting at age 5 (0.58, 95% CI: 0.47�0.69),
6 (BS ¼ 0.53, 95% CI: 0.40�0.66), and 7þ years (0.47,
95% CI: 0.29�0.65).

Based on this model, we calculated senescence rates
for each recruitment group by calculating the slope
between the highest BS and the lowest BS values for
each BS surface (Fig. 2). We found that recruits of 4
years old experienced the highest senescence rate (i.e.,
� 0.034), followed by recruits of 3, 6, and 5 years old
(i.e., respectively, � 0.30, � 0.029, � 0.027). The lowest
senescence rate was associated with 7þ year-old recruits
(i.e., � 0.025).

The model also provided some insights on how BS
surfaces shifted as recruitment was delayed, as experi-
ence was gained, and as life span increased (Fig. 3).
Estimated values of BS reached a maximum at 10 years
of experience, for a realized life span of 20 years old
(Fig. 3, top right), followed by a dramatic decline in BS
late in life (Fig. 3, top left). Recruitment at age 3 was
associated with a slightly higher maximal BS, given that
an individual lived up to 15 years old (Fig. 3, center).
The con�dence bounds associated with each BS surface
con�rm the unimodal shape of BS surfaces across
recruitment groups (Fig. 3).

Temporal changes in breeding success

A GAMM accounting for both individual effects and
temporal variation in BS (i.e., individual and temporal
random effect) failed to converge. Simultaneous estima-
tion of multiple random effects in GAMMs is known to
be computationally intensive (Wood 2006).

We �rst examined temporal variation in BS (i.e.,
random effect of YEAR) using a GAMM with a spline-
transformed triple interaction of AFR, EXP, and life
span. The interaction term was statistically signi�cant
(spline effect of AFR, EXP, and life span interaction:
edf ¼ 9, estimated rank ¼ 9, F ¼ 41.24, P , 0.001) and
the temporal random effect was nonnegligible (temporal
random effect centered at zero: SD ¼ 0.34, residuals ¼
0.99). Most of the temporal variation in BS took place
early in life, but decreased with AFR, and as individual
gained experience (Appendix B).

We also considered two similar GAMM (i.e., with a
spline-transformed triple interaction between AFR,
EXP, and life span), accounting for heterogeneity in

TABLE 2. Selection results for models testing the effects of age at �rst reproduction and experience on age-speci�c breeding
success, while accounting for heterogeneity in survival chances (life span effects).

Model AIC edf Di exp(� 0.5Di ) wi

S(AFRc 3 EXP) þ S(EXP 3 life span) 10 913.29 24.65 0 1 0.49
S(AFRc 3 EXP) þ S(EXP 3 life span) þ S(AFRc 3 life span) 10 913.4 24.67 0.11 0.95 0.46
S(AFRc 3 EXP) þ S(life span) 10 919.01 20.52 5.72 0.06 0.03
S(AFRc 3 EXP) þ S(AFRc 3 life span) 10 920.08 21.97 6.79 0.03 0.02
S(AFRc 3 EXP) þ life span 10 936.71 19.11 23.42 0 0

Note: All models considered are GAMs; abbreviations are as in Table 1.
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APPENDIX A

Study population, data collection, and sample speci�cations (Ecological Archives E090-175-A1).

APPENDIX B

Temporal changes in breeding success (Ecological Archives E090-175-A2).
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