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Longevity is the main factor influencing individual fitness of long-lived, iteroparous species. Theories of life
history evolution suggest this is because increased longevity allows individuals to (i) have more breeding
attempts (time component), (ii) accumulate experience so as to become better able to rear offspring
(experience component) or (iii) because individuals reaching old age have above-average quality (quality
component). We assess empirically the relative influences of time, experience and quality on the relationship
between longevity and individual fitness among female reindeer. Fitness increased with longevity due to all
three processes. All females increased in success with age up to their penultimate year of life (experience
component), the success of the terminal-breeding occasion was strongly dependent on longevity. Longlived females had more successful breeding attempts during their life (time component), and had higher
reproductive success at all ages, especially during the last year of life (individual quality component) than
short-lived females. Our study reveals a more complex relationship between longevity and fitness in large
mammals than the simple increase of the number of reproductive attempts when living longer.
Keywords: experience; individual fitness; individual quality; longevity; reproductive success;
Rangifer tarandus

1. INTRODUCTION
Longevity is the main factor influencing individual fitness
of long-lived, iteroparous species (Westendorp & Kirkwood 1998; Gaillard et al. 2000a). Fitness is a fundamental concept in ecology and evolutionary biology, but is
difficult to define and estimate (Brommer et al. 2002,
2004). Evolutionary strategies predict how individuals
should allocate limiting resources to competing activities
in order to maximize fitness. Because of trade-offs
(Stearns 1992), increased allocation to reproduction
reduces the resources available for somatic maintenance,
thereby reducing longevity (Kirkwood 1977; Kirkwood &
Rose 1991; Westendorp & Kirkwood 1998). One may thus
expect an organism to balance longevity and reproductive
success (Kirkwood 1977; Kirkwood & Rose 1991;
Westendorp & Kirkwood 1998; Lahdenperä et al. 2004).
However, previous studies of fitness variation within
vertebrate populations have consistently reported that
long-lived individuals have higher fitness than short-lived
ones (Clutton-Brock 1988; Newton 1989). Thus, a
positive relationship generally occurs between longevity
and fitness among individuals of a given population. Such
a positive effect of longevity on individual fitness could be
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accounted for by three different processes—time (number
of breeding attempts), experience and individual heterogeneity (i.e. differences of quality among individuals).
Disentangling these three processes may help avoid the
problem of correlations among fitness components when
assessing trade-offs (Reznick 1985). This has not been
done previously because of logistic difficulties in collecting
adequate data, especially in large mammals.
Using an exceptionally detailed data set collected over
33 years (starting in 1969) on a semi-domestic reindeer
(Rangifer tarandus) population monitored systematically in
Finland, we determine the relationship between longevity
and fitness of individual females, and evaluate the relative
contribution of three biological processes behind this
relationship. The time component sensu stricto would
correspond to the simple increase of individual fitness with
increasing longevity, with a constant reproductive success
with age and a constant age-specific reproductive success
among females of different longevities. The experience
component sensu stricto should involve an increase of
reproductive success with age for all females, independently of their longevity. Lastly, the quality component
sensu stricto would correspond to differences of reproductive success according to female longevity, with a constant
reproductive success with age. Note that the quality
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component we define here corresponds to a special case of
individual heterogeneity often pointed out in evolutionary
studies. Our quality component is an among-group
heterogeneity in overall quality (as measured by longevity)
while individual heterogeneity corresponds to the whole
set of factors that shape among-individual differences in
performance. To identify the respective role of these
processes in determining individual fitness, we proceeded
in three steps: (i) we evaluated the relationship between
fitness and longevity, (ii) we investigated whether annual
reproductive success varied according to age (experience
component) and individual quality (quality component),
as measured by longevity and (iii) we explored how these
different models of age-specific variation of reproductive
success modify the relationship between fitness and
longevity.

2. MATERIAL AND METHODS
(a) Study area and reindeer data
The data are from the Kaamanen Reindeer Research station
in Inari, Finland (618 10 0 N), where reindeer are free ranging
in large-scale seasonal grazing enclosures (all together about
43.8 km2) most of the year, excluding the calving period
when they are kept in a more confined calving paddock
(about 50 ha). The animals receive supplemental feeding only
during winter. The herd was established in the late 1960s with
about 20 males and 60 females. Since then, there has been an
ongoing systematic monitoring of the animals in several
aspects of their biology (e.g. physiology, behaviour).
Newborn calves are caught by hand, individually marked
and weighed to the nearest 0.1 kg. The birth dates of the
newborns as well as the reproductive status of females (i.e.
whether a female had a calf or not) are also recorded. The age
and the weight of the mothers are already known as they were
marked either at birth or when joining the population. The
calving area is examined daily and carcasses found are
collected and examined. In this way, mortality among calves
during the calving period is recorded as well as the causes of
mortality. Additionally, individuals are weighed in spring
prior to calving and in autumn during slaughtering (mostly
calves), and their fecundity recorded. This allows us to have
accurate information about growth, calving success and
survival (neonatal, preweaning and adult) for most animals.
We used, when assessing lambda, only females that died
naturally (i.e. lifespan exactly known) and having reached
maturity (i.e. normally at 2 years of age). The population size
is kept rather stable over years, as most calves are slaughtered
every year to regulate the numbers.
(b) Statistical analyses
We used the two most common measures of individual fitness
(Brommer et al. 2004), lifetime reproductive success (LRS)
that corresponds to the total number of offspring produced
and successfully weaned throughout life (Clutton-Brock
1988; Gaillard et al. 2000a) and individual lambda (l), the
dominant eigenvalue of an individual-based Leslie matrix
(McGraw & Caswell 1996). There is, however, a strong
analytical link between these two measures (McGraw &
Caswell 1996). Indeed, both are functions of the fertilities
(Fi, measured here as the weaning success at each reproductive attempt), but while LRS gives the same weight to all
reproductive events irrespective of age, reproductive events
occurring at later ages are downweighted (when lO1) or
Proc. R. Soc. B (2006)

upweighted (when l!1) compared to early events when using
P
l (for a given individual m, LRS is defined by R0ðmÞ Z uiZ1 FiðmÞ
Pu
ðmÞ ðmÞ Ki
and l by the equation 1Z iZ1 Fi ðl Þ ).
Females’ individual fitness (l) were calculated using R (R
Development Core Team 2004) and following McGraw &
Caswell (1996)’s recommendations. l represents one
measure of fitness and has recently been applied on a large
taxonomic range of populations including humans (Käär &
Jokela 1998; Korpelainen 2000; Lahdenperä et al. 2004),
ungulates (Gaillard et al. 2000a; Kjellander et al. 2004) and
other organisms (Brommer et al. 2002). As we used only
females that died naturally, lifespan was exactly known as well
as yearly reproductive success (measured here as weaning
success). Hence, LRS was accurately measured. We divided
LRS by two to get a measure comparable to l.
We used generalized additive models (GAM; Wood 2004;
mgcv in R) to assess the shape of the relationship between
longevity and both LRS and l (assessment of the overall
increase in fitness as a function of age; see figures 1a and 2a).
The relationship between reproductive success and female
age was assessed using mixed logistic regression models
(Carlin et al. 2001), female individual identity being included
as a random factor. To estimate the experience versus quality
components, we included in the models the fixed factors age
(with different definitions of age classes or life history stages
as we used a piece-wise like regression model) and longevity.
Longevity was included only for the age segment before last
year of life (age last year and longevity are obviously
identical). The different parameterizations for the age effects
were compared on the basis of models’ Akaike information
criterion (AIC) values, using maximum likelihood methods to
calculate AIC and AIC weights (Anderson et al. 2001).
Estimation based on penalized quasi-likelihood was used for
regression parameters and variance components.

3. RESULTS
The relationship between LRS and longevity was linear
over the range 4–16 (e.d.f.Z1; bZ0.39, s.e.Z0.027),
whereas the relationship between l and longevity was not
(e.d.f.Z1.91; see figures 1a and 2a).
The model best explaining the variation in annual
reproductive success included additive effects of a threestage life history (age 2, age 3 to penultimate and last year)
and of longevity (table 1, selected model shown in bold
type). Reproductive success was lower at age 2 than at
later ages (table 2), then female reproductive success
increased linearly with age between 3 years and the
penultimate year of life (table 2), providing evidence for
the experience component. Lastly, female reproductive
success decreased markedly during the last year of life, and
long-lived females were more successful at any stage than
short-lived ones (table 2). Looking at stage-specific effects
of longevity on female reproductive success, the model
including interactive effects between stage and longevity
was within 2 AIC units (i.e. AICZ1.96, see table 1).
In order to assess and quantify the importance of
experience and longevity on individual fitness (as
measured by LRS and l), we estimated fitness curves
based on the estimated effects of experience and quality
(as measured by longevity) on the fertilities Fi. Accordingly, figures were developed (figure 1 and figure 2),
showing clearly that experience has a large effect on
fitness, particularly for LRS (since l downweights the
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Figure 1. The relationship between longevity and LRS. (a) the relationship between age and LRS is nearly linear (continuous
line: LRS based on estimated relationship weaning-success age, dotted line with shaded area, predicted values obtained using an
additive model, points are observed values for females with complete observations). (b) The effect of experience (measured by the
slope of the regression of weaning success against age) on LRS. A vertical slope (i.e. slopeZ0) would indicate no experience i.e.
a constant weaning success after three years of age; while a positive slope will reflect the effect of experience. For example, LRS for
longevityZ10 will be 2.18 without experience (slopeZ0) and 3.090 with experience (i.e. slopeZ0.15); demonstrating that
individual fitness increases with experience. (c) The consequence on fitness of the lower weaning success observed in the last year
of life. The figure shows the difference between a fitness calculated assuming only an effect of experience (measured by the slope
weaning-success age) but with no decrease during the last year, and the fitness calculated using the estimated last-year effect.
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Figure 2. The relationship between longevity and lambda. (a) The relationship between age and Lambda is strongly nonlinear
due to reproductive events occurring late in life being strongly downweighted as the estimated lambda are much larger than 1.
(b) The effect of experience on lambda. (c) The consequence on fitness of the lower weaning success observed in the last year of
life. (see figure 1 for further details).

reproductive events occurring late), and that the effect of
the last year is large, especially for short-lived animals
(they have a short life, and their last year is very poor).

4. DISCUSSION
As in most previous studies of the relationship between
reproductive success and longevity (Stearns 1992; Bérubé
Proc. R. Soc. B (2006)

et al. 1999; Korpelainen 2000; Thomas et al. 2000;
Kjellander et al. 2004), reindeer females that live the
longest typically enjoyed the highest fitness (time component). That reproductive success was lower at age 2
than at later ages (table 2) is likely because some females
have not yet reproduced at all before 3 years of age, but
also because primiparous females are generally less
successful in raising offspring than multiparous females
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age

Table 1. Results of the Akaike information criterion (AIC)-based model selection procedure for modelling the effect of age on LRS. age.BL, age up to the penultimate year of life; age.LY, last
year of life; age2, ageZ2, age2.BL, age from 3 to penultimate; age3, ageZ3, age3.BL, age from 4 to penultimate. The DAIC values are based on maximum likelihood fitting of generalized
linear mixed models. The best model is shown in bold type.
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(Forslund & Pärt 1995; Gaillard et al. 2000b). The linear
increase in female reproductive success with age between 3
years and the penultimate year of life (table 2) provides
evidence for the experience component. Indeed, experience is often associated with increased reproductive
performance (Gaillard et al. 2000b; Pyle et al. 2001).
The success of the terminal-breeding occasion was
strongly dependent on longevity, justifying the marked
decrease in female reproductive success during the last
year of life. As expected from the quality component, longlived females were more successful at any stage than shortlived ones. Indeed, the effect of age on reproductive
success varied with longevity, and we found that marked
evidence of the quality component only occurred during
the last breeding attempt. Long-lived females were able to
keep about the same success until their death whereas
short-lived females most often failed during their last
attempt.
In addition to the simple increase of the number of
reproductive attempts also reported in our study, the
occurrence of a higher individual fitness with increased
longevity involved an increased yearly reproductive
success with age. Moreover, survival is not a random
process especially among young animals and a selection
against individuals of inferior quality has often been
reported (Gaillard et al. 2000b). Indeed, the mean quality
of animals is expected to increase as they age, masking any
trade-off between life history traits (Van Noordwijk & De
Jong 1986). However, we found marked effects of female
quality on yearly reproductive success only during the last
year of life. That the success of the terminal-breeding
occasion might be lower than the reproductive success of
previous years has been reported in birds (Rattiste 2004)
and interpreted as disease-related or condition-related
problems. Our study supports this finding of a decreased
performance during the last reproductive attempt. In
addition, we report for the first time that only the shortlived females show such a decrease in performance
whereas the long-lived ones are able to maintain a high
reproductive success until the end.
The marked positive effect of experience on reproductive success between 3 years and the penultimate year of
life is likely to involve better ability to raise offspring when
ageing. This may either be due to a better knowledge of the
resource distribution and quality (i.e. foraging ability;
Mirza & Provenza 1992; Ortegareyes & Provenza 1993), a
higher social rank (e.g. dominance and access to
resource), an improved quality of maternal care or a
better ability to minimize high mortality risks facing
newborn calves. Indeed, loss of newborn pronghorn
(Antilocapra americana) fawns to coyotes (Canis latrans)
was less for experienced breeders (Byers 1997). Consequently, greater fitness will evolve when good females
learn how to become better mothers, by increasing the
success of their offspring (i.e. offspring survival) rather
than just breeding themselves (i.e. offspring production).
Hayflick (2000) recently proposed that the question
‘why do we live as long as we do’ might be more
appropriate than ‘why do we age’. Since achieving greater
fitness is the ultimate goal of any organism, the question
‘how do we achieve greatest fitness by living longer’ is
more appropriate in an evolutionary biology perspective.
Our study clearly supports this view and demonstrates that
fitness of reindeer females increases when they live longer
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Table 2. Parameter estimates based on generalized linear mixed modelling assessing the effect of age and longevity on the
probability of a female to wean her offspring successfully (i.e. weaning success). Age effects are based on a three-stage model (i.e.
piecewise regression): (a) 2 year-old females, (b) females from 3 years of age to penultimate year and (c) the last year of life. In
order to get biologically interpretable estimates for the parameters, ageO2 is included as age-2 (so that the intercept corresponds
to age 2) and last year is included as last year-7 (so that the coefficients for age represents the slope and curvature in weaning
success for a female aged 7, a close to average longevity). Such a parameterization does not affect the predicted values used in
figures 1 and 2.
without longevity
term

estimates

intercept
K0.495
ageZ2
K0.476
age 2 to penultimate
0.139
last year
0.112
(last year)2
0.033
longevity (for ageslast year)

with longevity
95% C.I.

estimates

95% C.I.

(K1.00;0.013)
(K0.701;K0.250)
(0.083;0.194)
(0.033;0.191)
(0.015;0.052)

K0.216
K0.504
0.121
0.137
0.030
0.0469

(K0.833;0.401)
(K0.734;K0.274)
(0.061;0.181)
(0.052;0.221)
(0.011;0.049)
(K0.0123;0.106)

not only because they benefit from more breeding
opportunities, but mainly because they enjoy the positive
effects of experience during their long life, and also
because they keep the ability to be successful up to death
whereas short-lived females failed most often during their
last attempt.
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