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Summary

1. Integrative studies on ageing patterns in multiple traits of organisms are challenging and rare

in free-living populations. However, developing integrative approaches could prove useful to

understanding ageing patterns as causes of age variations are diverse, with conflicting or related

actions. Accordingly, we investigated age variation of multiple aspects in the common lizard

Lacerta (Zootoca) vivipara.

2. In a wild population of common lizards, we studied five fitness components, three physio-

logical traits (cell-mediated immunity, corticosterone level, resting metabolic rate), and con-

trolled for individual and environmental heterogeneities. To quantify ageing patterns in fitness,

we used individual-based data collected over 14 years (18 684 captures, 892 reproductive

events).

3. Ageing patterns were found in multiple aspects. They provided evidence for female maturation

early in adulthood (access to reproduction, litter size), followed by senescence in female repro-

duction (litter success) and survival. In parallel to senescence, a pattern of terminal investment

enhanced offspring quality (offspring body size, offspring corpulence, litter success). Ageing pat-

terns involved physiology with higher metabolic rate and T cell-mediated immune response in

old females.

4. Several ageing patterns were dependent on environmental and individual characteristics (habi-

tat, year, sex, body size). Interestingly, senescence occurred only in females with a high reproduc-

tive effort early in life. Rarely showed, this trade-off between early and late-life performances is

expected under the antagonistic pleiotropy and disposable soma theories of senescence.

5. Overall, this study emphasizes the interest of integrative studies to investigate the multifaceted

process of ageing.

Key-words: corticosterone, fitness, immunity, maturation, metabolic rate, reptile, senescence,

terminal investment

Introduction

Many organisms show age variation in life-history traits

and individual performances. Age variations may be

because of a wide range of processes that are often thought

to interact (e.g. negative relationships between early and

late performances in life, higher reproductive performances

in old individuals with a low life expectancy) (Stearns 1992).

It is therefore essential that ageing processes are investi-

gated simultaneously. Such studies are challenging in free-

living populations as they require the study of multiple

traits on a large number of individuals of known age.

Ageing processes may be individual or populational. There

are three true individual ageing processes not related to the

selective appearance or disappearance of individuals in popu-

lations (Forslund & Part 1995): maturation, terminal invest-

ment, and senescence. First, performance often increases with

age in early adulthood (Forslund & Part 1995). This matura-

tion process may be because of improvements in physiology

(developmental maturation), morphology (larger body size),

or behaviour (learning from experience, change in social*Correspondence author. E-mail: mmassot@snv.jussieu.fr
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status) (Forslund & Part 1995; Bowen et al. 2006; Low, Part

& Forslund 2007; Sparkman, Arnold &Bronikowski 2007).

Secondly, individual performance may increase with age

later in adulthood. It is classically defined as the hypothesis of

the ‘residual reproductive value’ or ‘terminal investment’: the

reproductive effort should increase when the reproductive

value of individuals declines with age so as to maximize life-

time reproduction (Stearns 1992; Descamps et al. 2007). This

duality between the reproductive effort and reproductive

value complicates studies (Catry et al. 2006; Descamps et al.

2007) and could explain why terminal investment is so rarely

documented.

Thirdly, senescence corresponds to irreversible deteriora-

tions in physiological condition in old individuals which leads

to lower longevity or ⁄ and reproduction. Three non-mutually

exclusive theories have been proposed as evolutionary causes

of senescence. The mutation accumulation theory holds that

deleterious mutations amass with age because of a decline in

the force of selection in older ages (Medawar 1952; Hamilton

1966). Based on the same idea of a decline of selection with

age, the antagonistic pleiotropy theory proposes that senes-

cence results from pleiotropic genes with both positive effects

early in life and detrimental effects later on (Williams 1957).

The disposable soma theory, a specific type of pleiotropy,

emphasizes the importance of the trade-off between repro-

duction and somatic maintenance (Kirkwood 1977). The dis-

posable soma and antagonistic pleiotropy theories expect

negative relationships between early and late fitness compo-

nents in adulthood based on the cost of reproduction early in

life, but very few studies have tested for this delayed cost of

reproduction (Nussey et al. 2006). The evolutionary theories

of senescence also expect the fitness decline to start after

reproductive maturity. However, senescence may be delayed

in species where adults continue to grow and increase their

fecundity (Vaupel et al. 2004).

Integrative studies testing for multiple factors could greatly

improve our knowledge of ageing in wild populations (Broni-

kowski & Promislow 2005; Lecomte et al. 2010). First, the

study of multiple factors increases the chance to detect non-

exclusive processes contributing to the same ageing variation

(Forslund & Part 1995; Low, Part & Forslund 2007;

McCleery et al. 2008) or with conflicting actions (Catry et al.

2006). Secondly, it is interesting to investigate multiple traits

because their age variationmay differ (Bronikowski & Promi-

slow 2005; Nussey et al. 2008; Lecomte et al. 2010). Thirdly,

the small number of old individuals in natural populations

makes it difficult to have a high statistical power (McCleery

et al. 2008; Nussey et al. 2008), and a low statistical evidence

may be reinforced by several variables showing the same

trend. In particular, investigating multiple variables could

provide greater information on the still debated issue of the

form of senescence in wild animals (Nussey et al. 2008).

Here we performed an integrative study of age-specific

variations by collecting physiological and fitness data in a

wild population of the common lizard Lacerta (Zootoca) vivi-

para (Fig. 1). We also tested for interactions with environ-

mental and individual heterogeneities, notably the

reproductive effort early in life. Furthermore, the variability

that can be associated with different environmental condi-

tions and taxonomic groups makes it a priority to perform

field studies on diverse organisms (Monaghan et al. 2008;

Robert & Bronikowski 2010). Ageing patterns in the wild are

predominantly documented in birds and mammals (Jones

et al. 2008), and very little is known in other taxa (Bondurian-

sky & Brassil 2005). Reptiles have been the subject of few

studies (Patnaik 1994; Congdon et al. 2003; Robert & Broni-

kowski 2010), and these do not provide enough evidence for

generalization.

Materials and methods

S PE C I E S

Lacerta vivipara is a lacertid lizard widely distributed across Europe

and Asia, and is usually found in peat bogs and heath lands. It is a

live-bearing species, except in the extreme south of Europe where

oviparous populations have been recorded (Surget-Groba et al.

2001). In our study region (southern France, 44�30¢N 3�45¢E, 1420 m

a.s.l.), hibernation lasts from October to April. Males emerge from

hibernation in April, and mating occurs soon after female emergence

in early May. Parturition occurs usually between mid-July and mid-

August. Average litter size is of five shell-less eggs, and females give

birth to fully formed juveniles that emerge from the foetal membrane

within 1 or 2 h after laying. There is no parental care, and juveniles

are independent from birth. The activity season ends in late Septem-

ber.

P O P U L A T I O N M O N I T O R I N G

The study population consists of two contiguous zones that differ for

structural diversity of habitats with regard to relative abundances in

heath and grass patches, rocks and trees (Clobert et al. 1994): F+

area (4300 m2) has a higher structural diversity than F) area

(4700 m2). Lizard life-history traits also differ between habitats: F+

has higher lizard densities (700 vs. 430 adults ha)1 in F)), F+ hatch-

lings have smaller body sizes, and F+ females lay earlier (Clobert

et al. 1994). Dispersal between the two zones is c. 10% of juveniles,

and less than 5% of adults. We collected reproductive and capture–

recapture data from 1989 to 2002. Many individuals were of known

age because theywere identified either as juveniles (born in the current

year)oryearlings(borntheyearbefore).Atthefirstcapture, individuals

Fig. 1. Common lizard adult female. How its survival, reproductive

performances and physiology vary with age is investigated in this

study. PhotographM.Massot.
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were toe-clipped, with no effect on subsequent recapture and sur-

vival probabilities (Massot et al. 1992). We identified 8758 individu-

als from 18 684 captures during the 14 study years, and age-specific

sample sizes per study zone in adult males and females are given in

Table 1. Data collection each year was structured as follows: a cap-

ture session of yearlings and adults in June, a temporary transfer of

pregnant females to the laboratory in July to survey reproductive

outputs and mark juveniles from birth, and a capture session of

juveniles in September. During each capture session, we measured,

weighed and identified individuals directly in the field, and immedi-

ately released them at their point of capture. Except in years 1998

and 2002, we also recorded the reproductive status of adult females

in June (mated females exhibiting mating scars). Pregnant females

captured in July were transferred to a field laboratory until parturi-

tion (usually between mid-July and mid-August). The females were

housed in plastic terraria (18 · 12 · 12 cm) under standardized con-

ditions (Massot & Clobert 2000). After giving birth, each female

was weighed and juveniles were measured, weighed and sexed. We

then released females and juveniles at the female’s capture point.

P H Y SI O L O G I C A L M E AS U R E M E N T S

We investigated the age variation of T lymphocyte cell-mediated

immunity which is one of the main components of immunity in verte-

brates. This is themost commonly immune variable tested in wild ani-

mals, and it may have fitness consequences because it constitutes a

generalized response to allergens and wounds (Norris & Evans 2000).

We evaluated T cell-mediated immunity, 1 day after parturition, of

51 females [15: 2 year old (y ⁄ o), 16: 3 y ⁄ o, 9: 4 y ⁄ o, 6: 5 y ⁄ o, 5: older
than 5 years] in 2005 and 2006. The T cell proliferation was assessed

by a subcutaneous injection of a mitogen (phytohaemagglutinin

PHA) and a measurement of the swelling that occurred 12 h later.

The right leg was injected with 0Æ04 mL of a solution containing

2Æ5 mg of phytohaemagglutinin in 1 mL phosphate buffered saline

(PBS). The left leg was injected with 0Æ04 mL of PBS. The reaction to

the PHA injection, in terms of leg thickening, was assumed to be pro-

portional to the intensity of the T lymphocyte cell-mediated immunity

(Martin, Scheuerlein &Wikelski 2003). Larger localized swelling indi-

cates a more robust immune response. To assess the T-cell response,

wemeasured the thickness of the left and right legs using a spessimeter

(Mitutoyo ID-C112, Kawasaki, Japan) with an accuracy of 0Æ01 mm.

After 12 h later the thickness of both legs was measured again at the

inoculation point. Reaction to PHA was expressed as the difference

between the changes in thickness of both legs (Meylan, Haussy &

Voituron 2010).

We measured the corticosterone level of 50 females in 2004 (22:

2 y ⁄ o, 14: 3 y ⁄ o, 9: 4 y ⁄ o, 2: 5 y ⁄ o, 3: older than 5 years). Blood sam-

ples (40–80 lL whole blood) were collected from the post-orbital

sinus using 2–3 50 lL microhematocrit tubes. Blood sampling was

conducted in females 2 days after parturition. All samples were col-

lected between 16:00 and 17:30 h, and within 2 min of removal of an

animal from its home cage to avoid a handling effect (Dauphin-Ville-

mant &Xavier 1987). The initial rise of the corticosterone level due to

captivity disappears after a few days (Dauphin-Villemant & Xavier

1987; Meylan, Dufty & Clobert 2003). Blood samples were centri-

fuged and the plasma harvested and stored at )20 �C until trans-

ported on dry ice to our laboratory in Paris, where they were

maintained at )80 �C. Corticosterone levels were assessed using a

competitive enzyme immunoassay with Octeia corticosterone kit

(IDS, FountainHills, AZ,USA) (Fitze et al. 2009).

In 2006 and 2007, we measured the resting metabolic rate defined

as the minimum rate of energy expenditure during the activity period

of the daily cycle (Andrews & Pough 1985). We measured 39 females

(16: 2 y ⁄ o, 12: 3 y ⁄ o, 4: 4 y ⁄ o, 4: 5 y ⁄ o, 3: older than 5 years). We

measured the oxygen consumption using an open air flow respirome-

ter from Sable Systems (Las Vegas, NV, USA) comprising a

two-channel pump PP-2, two mass flow controller electronics units

MFC-2, an eight-channel multiplexer TR-RM8, an FC-10a Oxygen

analyzer, and a subsampler ⁄ pump ⁄mass flowmeter unit TR-SS3.We

placed individuals in a 200 mL dark chamber, with a 20 mL min)1

airflow. The consumptions was recorded every 1 min for 30 min, with

the temperature maintained at 25Æ0 ± 0Æ5 �C. The volume of oxygen

consumed was calculated from the difference between the oxygen

level in the ambient air and that at the exit of the chamber, and we

used the minimal value. Lizards were deprived of food for 3 days

before measurements, and placed inside the chamber at least 1 h

before the beginning of the observations. Our measurement was the

volume of dioxygen consumed per mass and time units (r = 0Æ78,
n = 39, P < 0Æ0001 for the relationship between the metabolic rate

and bodymass).

S T A T I S T I C AL A N A L YS E S

Survival estimates were obtained independently of capture probabili-

ties using capture–mark–recapture methods based on the open popu-

lation model of Cormack–Jolly–Seber. This model produces

‘apparent survival estimates’ that result from mortality and emigra-

tion. Because we showed that emigration is rare in our study popula-

tion, our estimates may be assimilated to true survival rates (Massot

et al. 1992). We performed survival analyses on individuals of known

age, and with capture–recapture histories starting at a given age to

model a true age effect (Clobert, Lebreton & Allaine 1987). We used

the program MARK (White & Burnham 1999) to fit models, and mod-

els were compared with Akaike Information Criterion (AIC). It is

usually considered that two models differ when the difference in AIC

between the two models is higher than 2 (White & Burnham 1999).

The best model is the most consistent with the data while using the

fewest number of parameters, i.e. giving the lowest AIC. The good-

Table 1. Numbers of adult males and females with a known age collected in the two zones of the study site (F+, F)) from 1989 to 2002 at the

Mont Lozère (France)

Age (years) 2 3 4 5 6 7 8 9 10 Total

F+ males 226 51 29 20 13 1 0 0 0 340

F) males 78 32 7 3 1 0 0 0 0 121

F+ females 262 167 92 63 26 7 1 0 1 619

F) females 91 72 34 24 13 4 1 0 1 240

Total 657 322 162 110 53 12 2 0 2 1320

The table reports a single occurrence of each individual with the oldest age recorded.
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ness-of-fit of the time-dependent Cormack–Jolly–Seber model was

tested with the bootstrap procedure (1000 simulations) provided by

the program MARK (White & Burnham 1999), and we did not find sig-

nificant over-dispersion of the data (P = 0Æ4556).

We performed longitudinal analyses (analyses on repeated individ-

ual measurements) to test age dependence in reproductive perfor-

mances. We used Generalized Linear Mixed Models (MIXED

procedure of SAS, version 9.1; SAS Institute Inc., Cary, NC, USA)

that are of great interest in the study of ageing in the wild because they

provide a statistical method of disentangling true ageing effects from

individual heterogeneity between ages (Nussey et al. 2006, 2008).

Models included age, study zone, and body size (snout-vent length:

svl) as fixed factors, first-order interactions with age (age · svl,

age · zone), and individual as a random effect. Because age effects

are often curvilinear, squared termof agewas also included inmodels.

As we did not have repeated measures for the physiological variables,

they were analysed using ANCOVAs. In all these analyses, we selected

final models after backward elimination of independent factors with

P > 0Æ10, and we checked residuals of the initial models for normal-

ity and homoscedasticity.

Results

S U R V I V A L R AT ES

Age- and sex-specific survival rates from birth to adult ages

are given in Fig. 2. We found that after the classical improve-

ment in survival until maturity (usually at 2 years in our pop-

ulation), the survival probabilities decreased with age. This

ageing pattern was faster in males than in females

(v21 = 7Æ18 P = 0Æ0074). Thereafter, we focused analyses on

adult females because we did not have data on the reproduc-

tive performances of males. In order to better characterize the

decrease in adult female survival rates, we performed detailed

analyses on 610 adult females of known age by comparing

models in which survival rates and recapture probabilities

were dependent on year, age (class effect, linear trend, qua-

dratic relationship, two categories of age) or were constant.

The best models were dependent on year for recapture proba-

bilities (Table 2) as previously found (Massot et al. 1992).

For survival rates, we found four equivalentmodels, all corre-

sponding to a decrease in survival with age (Table 2, Fig. 2).

Selecting one of the four different models of survival decrease

(linear, quadratic or threshold effect after age of 3 or 4 years)

would require a large amount of supplementary capture–

recapture data. However, another possibility is to investigate

other variables as reported below.

R E P R OD U C T I V E P E R F O R M A N C E S O F F E M A LE S

Female age at maturity of L. vivipara is known to depend on

body size, year, density, and population (Massot et al. 1992;

Richard et al. 2005). Thus, we tested age variation in repro-

ductive status (pregnant vs. non-pregnant females) with logis-

tic regression controlling for body size, year, and the two

study zones. Reproduction of females was function of age

(v29 = 77Æ23 P < 0Æ0001), and we found a clear cut-off

between 2 and 3 years of age. All females of 3 years of age

and older were observed as pregnant (n = 378), while 18Æ7%
of 2-year-old (y ⁄o) females were non-pregnant (n = 310).

We found a yearly variation in the reproductive status of

2 y ⁄o females (v211 = 90Æ89 P < 0Æ0001) that was greatly,

but not only, explained by body size variation in these young

Fig. 2. Age-specific survival rates of males and females. Estimates

and standard errors come from 2146 juvenile males and 1927 juvenile

females for survival rates between birth and 1 year (label 0–1), from

879 yearlingmales and 841 yearling females for survival rates between

1 and 2 years (label 1–2), and from 366 two-year-old males and 610

two-year-old females for adult survival rates.

Table 2. Survival analysis in adult females

Survival

Recapture t a A A2
2 years vs.

‡3 years

2–3 years

vs. ‡4 years

2–4 years

vs. ‡5 years

2–5 years

vs. ‡6 years Constant

t 1501Æ12 1500Æ17 1491Æ32 1492Æ61 1491Æ70 1492Æ22 1499Æ37 1499Æ24 1500Æ72
a 1520Æ08 1515Æ09 1510Æ60 1512Æ53 1513Æ52 1511Æ09 1514Æ49 1512Æ63 1514Æ66
Constant 1517Æ39 1518Æ52 1506Æ13 1507Æ33 1506Æ36 1507Æ72 1514Æ99 1514Æ97 1514Æ64

Table reports AICc (Akaike Information Criterion corrected for small sample size, White & Burnham 1999) for different year- (time effect t)

and age-dependent models of survival and recapture probabilities. Age dependence was modelled as different age classes (a), linear trend (A)

or quadratic variation (A2). The other models compared two age classes at different thresholds (e.g. 2–3 years vs. ‡4 years contrasted yearly

survival rates of 2- and 3-year-old females with survival rates of older females). The lower the AICc value is the more appropriate the model

to fit the data. The lowest values of AICc, comparable with values which do not differ more than 2, are reported in bold.
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Integrative study of ageing 851



females (v211 = 21Æ41 P = 0Æ0294 for year effect in the

model including body size; v21 = 38Æ02 P < 0Æ0001 for body
size effect, v21 = 0Æ60 P = 0Æ4399 for study zone effect).

Non-reproducing 2 y ⁄o females were smaller females with a

snout-vent length threshold of 56 mm in June (95Æ6% of non-

pregnant females were smaller than 56 mm).

We investigated other age-specific reproductive perfor-

mances (see Table 3) with Generalized Linear Mixed Models

including individual as a random effect, age (linear and qua-

dratic relationships), body size (svl), and study zone as fixed

factors. Because we searched for variability of age-specific

responses, we also tested age · svl and age · zone interac-

tions. Litter size significantly varied with age in a quadratic

function (P = 0Æ0016), with increases throughout young ages
(Fig. 3a). In addition, the slope of the positive relationship

between female body size and litter size was significantly

weaker in younger females (Fig. 3a) as indicated by the inter-

action between age and body size (P = 0Æ0486). The litter

success was linearly dependent on age (P = 0Æ0211), the pro-
portion of live neonates decreasing with female age (Fig. 3b).

We performed analyses on neonatal characteristics of off-

spring through their body size and corpulence (residuals from

body mass–svl relationship). Overall, we observed that neo-

natal characteristics were largely dependent on maternal age

(Fig. 4). Corpulence increased with mother’s age both in off-

spring males and females (Fig. 4c,d; P = 0Æ0034 in males,

P = 0Æ0010 in females). Neonatal body size also varied with

maternal age, but with different responses depending on envi-

ronmental conditions or mother’s body size. Older mothers

produced larger offspring males, but particularly in the study

zone F) (Fig. 4a; Page·zone = 0Æ0121). Body size of offspring
females was positively dependent onmaternal age, but only in

smaller mothers (Fig. 4b;Page·svl = 0Æ0153).

A G E- S PE C I F I C PH Y S I O LO G Y

We investigated age variations in adult females for the circu-

lating corticosterone level, immune cellular response and rest-

ing metabolic rate (see Table 4). Due to the lack of repeated

measurements for the same females from different years, we

only performed cross-sectional analyses that might reflect

individual and ⁄or population patterns. In addition, we com-

pleted our main analyses with specific tests on age thresholds

as performed in the female survival analysis to increase our

statistical power on relatively small sample sizes. Circulating

corticosterone level did not differ between adult females of

different ages (P = 0Æ9621, n = 50; see Table S1, Support-

ing information). Comparisons between age classes were also

non-significant (P > 0Æ0870). In contrast, the immune

response seemed dependent on age (P = 0Æ0400 for the com-

parison 2–4 y ⁄o females vs. older females), although this rela-

tionship was not significant in the overall analysis

(P = 0Æ2297, n = 51). The inflammatory response to the

PHA injection tended to be higher in the oldest females

(Fig. 5a). Finally, the metabolic rate of pregnant females was

affected by their age differently depending on years

(Page·year = 0Æ0217). The metabolic rate significantly T
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increased with female age in 2006 (P = 0Æ0322, n = 22), but

did not significantly vary with age in 2007 (P = 0Æ1719,
n = 17) (Fig. 5b). The difference in metabolic rate between 2

and 4 y ⁄o females and older females was marginally signifi-

cant in 2006 (P = 0Æ0549), and not significant in 2007

(P = 0Æ9669).

R E P R OD U C T I V E E F F OR T

Senescence may be because of the cost of reproduction early

in life. Thus, we investigated the effect of the first reproductive

effort when females were 2 years old. We defined the repro-

ductive effort from residuals of the relationship between litter

size and female body size (r = 0Æ53 P < 0Æ0001), categories
of small and high reproductive efforts corresponding respec-

tively to negative and positive residuals. The reproductive

effort did not influence the ageing variation of litter size

(P = 0Æ7663) and offspring body size (P = 0Æ3352 in

females; P = 0Æ4259 in males). However, we found signifi-

cant interactions between the reproductive effort and female

age on the litter success (Fig. 6b; P = 0Æ0287), corpulence in
offspring males (Fig. 6c; P = 0Æ0006) and females (Fig. 6d;

P = 0Æ0280). While females that engaged in a small repro-

ductive effort did not show an age variation on litter success

(P = 0Æ3227), females that engaged in a large reproductive

effort in their first reproduction showed a significant increase

of litter success with age (P = 0Æ0331). Offspring corpulence

decreased in old females that engaged in a small reproductive

effort, and increased with age in females that engaged in a

large reproductive effort. These variations of corpulence were
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very similar in offspring males and females (Fig. 6c,d). We

also tested the effect of the first reproductive effort on female

survival by using capture–recapture data from our best mod-

els on cohorts of 2 y ⁄o females (age-dependent survival rates

and year-dependent recapture probabilities). The ageing

decrease of survival rates we previously found only character-

ized the females that engaged in a large reproductive effort in

their first reproduction (Fig. 6a; v21 = 8Æ18 P = 0Æ0042).
Unlike the global survival analysis, it was possible to show

here that the form of senescence was nonlinear. The two best

models selected (with the smallest AIC that did not differ of

more than 2) were the quadratic (AIC = 394Æ1) and the

threshold effect after the age of 4 years (AIC = 393Æ5), com-

pared to other shapes of age dependence (AIC = 397Æ6 for

linear effect; AIC = 405Æ1 for the threshold effect after age of
3 years).

Discussion

Our long-term and integrative study on the common lizard

revealed age variation in multiple aspects. These age varia-

tions involved physiology, reproductive performances, and

survival. We found contrasting age variations with some fit-

ness components that increase with age early in adulthood,

some that increase later in life, and some others that decrease

with age. Age-specific physiological traits observed (PHA,

metabolic rate) might be the source of some of these age-spe-

cific fitness variations.

M U L T I P L E A G EI N G P R O C ES S E S

The causes of age variation are basically investigated from

age-specific fitness components. Conclusions of studies could

depend on the choice of fitness measurements. First, ageing

variation may preferentially affect survival or reproduction

as they are not under the same physiological and behavioural

constraints. Ageing responses might also differ between

reproductive traits related either to parental fitness or to off-

spring fitness. In addition, physiological determinants may

vary between reproductive traits determined early (access to

reproduction, litter size) and late (litter success, offspring

quality) during the reproductive process. Using an overall

estimate of fitness, combining its different components, could

be a possibility to integrate this heterogeneity, and this is par-

ticularly adapted in comparative analyses from studies using

slightly different fitness estimates (Jones et al. 2008). How-

Table 4. Tests on ageing variation of adult female physiology

PHA Metabolic rate Corticosterone

Age F1,49 = 1Æ48 P = 0Æ2297 F1,35 < 0Æ01 P = 0Æ9820 F1,47 = 0Æ44 P = 0Æ9621
Age2 F1,43 = 0Æ46 P = 0Æ5019 F1,30 = 0Æ47 P = 0Æ4966 F1,46 = 0Æ57 P = 0Æ4542
Svl F1,48 = 2Æ06 P = 0Æ1579 F1,32 = 0Æ07 P = 0Æ8005 F1,48 = 3Æ90 P = 0Æ0539
Year F1,46 = 0Æ61 P = 0Æ4405 F1,35 = 0Æ87 P = 0Æ3579 –

Zone F1,47 = 1Æ15 P = 0Æ2893 F1,34 = 0Æ09 P = 0Æ7605 F1,44 = 0Æ03 P = 0Æ8716
Age · svl F1,44 = 0Æ08 P = 0Æ7734 F1,31 = 0Æ46 P = 0Æ5043 F1,45 = 0Æ23 P = 0Æ6366
Age · year F1,45 = 0Æ82 P = 0Æ3697 F1,35 = 5Æ77 P = 0Æ0217 –

Age · zone F1,42 = 0Æ12 P = 0Æ7324 F1,33 = 0Æ59 P = 0Æ4469 F1,43 = 0Æ25 P = 0Æ6170

Effect of age (linear and quadratic effects), body size (svl), year and zone on the inflammatory response to PHA (N = 34 in 2005, N = 17 in

2006) and the resting metabolic rate (N = 22 in 2006, N = 17 in 2007). The similar analysis was performed on the corticosterone level

(N = 50), but only on a single year (2004). Significant effect is in bold.
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ever, this approach masks the detection of multiple ageing

processes acting simultaneously on different fitness compo-

nents, and also ignores trade-offs that mediate interdepen-

dent responses between different fitness components. The

studies on age variation are most often performed either on

survival or on some reproductive performances. We chose to

tackle age variation of fitness in a comprehensive approach

based on multiple fitness components: survival, age at matu-

rity, litter size, litter success, offspring quality (offspring body

size, and corpulence).

We found that access to reproduction as well as litter size

increase with age early in adulthood, and this corresponds to

a reproductive maturation (Forslund & Part 1995). Female

age at maturity is either at 2 or 3 years, and 2 y ⁄o females do

not reproduce when their body size is lower than a threshold.

The litter size increases under a quadratic function with an

improvement at the youngest ages. Interestingly, the slope of

the classical positive relationship between litter size and body

size in reptiles (Massot et al. 1992) is weaker in young than in

old females (Fig. 3a). This indicates a suboptimal fecundity

for a given body size in young females, and thus provides

additional evidence for the reproductive maturation early in

adulthood. Higher performances with age are also present

late in adulthood for five variables (body size and corpulence

in offspring males and females, litter success in females with a

high investment in their first reproduction). All these vari-

ables are related to offspring quality. This high reproductive

performance in late adulthood provides evidence for a termi-

nal investment pattern (Stearns 1992; Descamps et al. 2007).

The terminal investment scenario is expected with senescence,

i.e. with a decline of the reproductive value in old individuals

(Bowen et al. 2006; Nussey et al. 2008; Reed et al. 2008). We

showed such a senescent pattern for survival probability and

litter success. The survival decline with age appeared specific

to females that invested more in their first reproduction, and

thus is evidence for a delayed reproductive cost. This repro-

ductive cost supports the disposable soma and antagonistic

pleiotropy theories (Gustafsson & Part 1990; Nussey et al.

2006) while no effect of early reproductive performance is

expected on age-specific accumulation of deleterious muta-

tions (Medawar 1952). This is a key finding because the

understanding of senescent patterns is limited by the rarity of

empirical evidences in wild populations. Therefore, our result

reinforces the very few studies that tested and showed this

reproductive cause of senescence (Gustafsson & Part 1990;

Orell & Belda 2002; Nussey et al. 2006). In particular, this

shows for the first time the trade-off between early reproduc-

tive performance and longevity in a reptile. Moreover, we

found that the decline in adult female survival starts 2 years

after the first reproduction (Fig. 6a; the best selected models

were for the quadratic decline and threshold effect after the

age of 4 years) while fecundity increases until the age of

4 years (Fig. 3a). This pattern is in accordance with the

hypothesis that senescence may be delayed in species where

adults continue to increase their fecundity (Vaupel et al.

2004).
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P R O XI M A T E F A C T O R S OF A G E V AR I A T I O N

Among the various physiological measurements that might

be involved in age variation (Patnaik 1994; Nemoto & Finkel

2004; Robert & Bronikowski 2010), we focused on endocri-

nology, metabolism and immunity, three key aspects of physi-

ology (Ricklefs & Wikelski 2002). Among the few studies

investigating ageing variation of metabolic rate, decline with

age and lack of age variation are the most frequent observa-

tions (Speakman 2005; Moe et al. 2009). In reptiles, evidence

was found for a decline early in life (Patnaik 1994). Thus, the

elevation of metabolic rate we observed late in life is surpris-

ing. As we found this elevation only in 1 year, further data on

additional years is needed to validate this result. If true, this

elevation remains difficult to interpret because it may either

reflect a physiological disruption or a good functionality

(Wickens 1998). It could result from the deterioration of the

hypothalamo-pituitary-adrenal axis associated with cortico-

sterone elevation as observed in old rats and humans (Sapol-

sky, Krey & McEwen 1986). However, we did not find age

variation in the baseline corticosterone level. The metabolic

elevation could on the other hand be linked to the increase of

the immune response we found, and reflect a higher allocation

of resources for the bodymaintenance in older females.

Although some evidence for immunosenescence has been

found in some free-living species, this degeneration of the

immune system in old age is still unclear (Palacios et al.

2007). Because individuals with high T cell-mediated

responses are usually considered of a better quality on the

short-term, the highest response to PHA in the oldest females

could explain part of our terminal investment patterns.

Because of the lack of individual repeated measurements, we

cannot discard the possibility of an individual heterogeneity

(Forslund & Part 1995; McCleery et al. 2008). However, the

better quality of individuals with higher responses to PHA

has been found inL. vivipara (Cote et al. 2010). In addition, a

positive relationship between PHA response and offspring

size, which also varied with age, militates for a true ageing

variation. The relationship was significant in offspring

females (F1,39 = 4Æ33 P = 0Æ0441), and marginally signifi-

cant in offspring males (F1,43 = 3Æ16 P = 0Æ0824). This posi-
tive relationship reinforces our suggestion of a role of the

immune system in the terminal investment pattern observed

on offspring quality.

To identify the proximate factors of senescence, we need

further measurements such as deteriorations of physiological

functions and DNA damage. Indeed, two main physiological

theories of senescence are related to the ‘oxidative stress’

causing accumulation of cellular damages, and to the ‘telo-

mere attrition’ causing the loss of DNA replication (Nemoto

& Finkel 2004). These two physiological sources of ageing

decline are under study. Because it can mediate physiological

effects on fitness, behaviour is also an important aspect to

consider in ageing variation (Catry et al. 2006; Kim et al.

2007; Lecomte et al. 2010). This is especially true in L. vivi-

para that shows age variation in behaviours related to mating

strategy (Richard et al. 2005), mate choice (Richard et al.

2009) and offspring dispersal (Ronce, Clobert & Massot

1998).

V AR I AB I L I T Y O F A G E R E S PO N S E S

Little is known on environmental and individual heterogene-

ities of age variations, and this is a major gap in our under-

standing of ageing processes in natural populations (Wilson,

Charmantier &Hadfield 2008). Indeed, it could bemisleading

to consider only average age-specific patterns because age

variations may depend on environmental conditions, life-his-

tory traits and reproductive costs (Nussey et al. 2006; Mona-

ghan et al. 2008; Reed et al. 2008). This is well illustrated by

our findings on these three sources of heterogeneity. For envi-

ronmental conditions, we found that habitat influences the

relationship between maternal age and offspring male body

size, and yearly conditions affect age variation in metabolism

aswell as the access tomaturity.We also showed several influ-

ences of a key life-history trait. Indeed, body size mediates

age dependence on the access to maturity, litter size, and off-

spring female body size. Sexual dimorphism is also to note,

with a sharper decrease in survival rates with age in adult

males. Another source of variability in age-specific responses

we found is because of the cost of early reproduction in life.

Only females with a high reproductive effort at first reproduc-

tion were subject to the actuarial senescence. This result

strengthens the few studies of wild populations that investi-

gated variation in senescence related to reproductive costs

(Bonduriansky & Brassil 2005; Descamps et al. 2006; Nussey

et al. 2006; Reed et al. 2008), and this reinforces evidence in

favour of the disposable soma and antagonistic pleiotropy

theories of senescence (Nussey et al. 2006). An interesting

novelty is that the survival decrease in females with a high

reproductive effort is associated with a rise in litter success

and offspring quality. This might be because of a terminal

investment pattern. However, we cannot discard the possibil-

ity that the highmortality of females with a high reproductive

effort induces a selection in favour of females in the best con-

dition. Further study is necessary to address the two hypothe-

ses.

T H E VI R T U E S O F I N T E G R A T I V E S T U D I E S

Our study of ageing on multiple factors provided valuable

advantages. First, ageing may be because of multiple non-

exclusive processes (Forslund & Part 1995; Catry et al. 2006;

McCleery et al. 2008) that are difficult to identify in studies

on few variables. Here, we obtained evidence for maturation

in young adult females, and also for both senescence and ter-

minal investment in spite of their antagonistic effects. Sec-

ondly, it is interesting to test whether ageing responses differ

between different types of traits (Bronikowski & Promislow

2005; Nussey et al. 2008; Lecomte et al. 2010). Here, matura-

tion preferentially involved variables linked to early physio-

logical stages of reproduction (access to reproduction, litter

size) compared to terminal investment (offspring quality).

Senescent patterns were found both on survival and repro-
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duction (litter success). Thirdly, the small number of old indi-

viduals in natural populations makes it difficult to perform

powerful statistical tests, and thus congruent results on sev-

eral variables could reinforce a line of evidence. Here, the sig-

nificant difference of immune response between 2 and 4 y ⁄o
females and older females was not sufficient to be translated

to a significant average age effect or quadratic age variation.

We obtained more confidence in this response because our

immune measurement was related to offspring quality that

also increased with age. Fourthly, the form of senescencemay

either be progressive or only affect old individuals (Catry

et al. 2006). This point is still in debate (Nussey et al. 2008)

partly because of the low statistical power of tests comparing

different forms based on a single distribution ⁄ variable. Here,

our overall analysis on female survival rates could not dis-

criminate between linear, quadratic and threshold effects.

The additional analysis based on the reproductive effort at

the first reproduction allowed us to show the form of senes-

cence as a nonlinear decrease of survival with age (quadratic

or threshold effect after age of 4 years). This nonlinear age

variation late in adulthood also characterized the immune

response. Finally, investigating physiology is especially rele-

vant because most ageing variations should have a physiolog-

ical basis. Here, we found age variations in metabolic rate

and immunity, and the immune response is related to off-

spring body size in the context of a terminal investment pat-

tern. All these points clearly show the interest to develop

integrative approaches to improve our knowledge of the mul-

tifaceted processes of ageing acting in free-living populations.
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