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The relationship between environmental stress exposure and ageing is likely to

vary with stressor severity, life-history stage and the time scale over which

effects are measured. Such factors could influence whether stress exposure

accelerates or slows the ageing process, but their interactions have not

previously been experimentally investigated. We found that experimental

exposure of zebra finches to mildly challenging environmental circumstances

from young to old adulthood, which increased exposure to stress hormones,

reduced breeding performance during early adulthood, but had positive

effects when individuals were bred in old adulthood. This difference was

not due to selective mortality, because the effects were evident within individ-

uals, and no evidence of habituation in the response to the stressor was found.

The more stressful environment had no effects on survival during young or old

adulthood, but substantially improved survival during middle age. Changes

in the effects at different ages could be due to the duration and nature of the

challenging exposure, or to variation in coping capacity or strategy with age.

These results show that living under challenging environmental circumstances

can influence ageing trajectories in terms of both reproductive performance

and longevity. Our results provide experimental support for the emerging

idea that stress exposure needs to be optimized rather than minimized to

obtain the best health outcomes.
1. Introduction
Ageing, broadly defined as the decline in performance with advancing age, has

been well documented among different animal taxa both in the wild and under

laboratory conditions [1,2]. The pattern of ageing, that is the timing of onset and

the rate at which deterioration occurs, is highly variable both among and within

species. One of the major foci of ageing research is the endeavour to understand

the causes of such heterogeneity [3–5]. This involves identifying selection

pressures driving the evolution of species-specific patterns of ageing [1], the

underlying cellular mechanisms [6], and the genetic and environmental factors

that generate variation among individuals of the same species [7]. Evolutionary

explanations of ageing are largely based on cost–benefit trade-offs. Two main

theories currently predominate—a genetic approach centred on the antagonisti-

cally pleiotropic effects of genes that confer beneficial effects early in life but

deleterious effects later in life [8,9], and a resource allocation approach, embo-

died in the disposable soma theory, which is concerned with the fitness effects

of differential investment in self-maintenance and reproduction [3,10,11]. These

two approaches are complementary, make similar predictions, and have both

been applied largely in the context of variation in lifespan and reproductive

performance among different species [1,3,12,13].

Variation among individuals of the same species in the pattern of ageing

can also be viewed using the same framework. Allocation of resources to self-main-

tenance will vary due to differing capacities, constraints, priorities and resource
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availability. It is well recognized that intra-specific variation in

the pattern of ageing is strongly influenced by environmen-

tal conditions. Shifts in ‘priority rules’ underlying optimal

allocation of limiting resources between self-maintenance and

reproduction are expected to become more evident when ani-

mals are exposed to challenging environments, such as when

facing unpredictable, adverse environmental circumstances

influencing factors such as weather, food availability, disease,

parasites and predation risk [14,15]. The resultant increase

in energy expenditure and stress exposure might directly

damage the soma and result in faster age-related deterioration

[16–19]. Alternatively, harsher environmental conditions

could influence the optimal balance of resource allocation

between self-maintenance and reproduction with consequences

for age-related reproductive effort and survival patterns

[7,20,21]. Strategic rescheduling of investment may occur, with

individuals delaying reproduction if conditions are likely to

improve or bringing it forwards if life expectancy is likely to

be reduced, with consequences for age-specific reproductive

success and the pattern of senescence [22,23].

Effects of stressful environments on ageing patterns could

also vary at different life stages, for example in early life and

in adulthood, or early adulthood and old age, because vulner-

ability to damage, and the resulting fitness consequences, may

differ. An additional layer of complexity is added by the fact

that the ageing process itself can alter both vulnerability and

resilience to stress exposure, and stress exposure can diminish

or exacerbate ageing [24]. These interactions are influenced by

the severity of the stress experienced, with severe stress gener-

ally accelerating ageing, while milder stress exposure can

induce resilience and extend lifespan [25]. Furthermore, the

consequences of exposure to even mild stressors are likely to

change with age due, at least in part, to impaired functioning

of the stress–response systems with age [24]. Much attention

has been devoted to the long-lasting effects of stress exposure

in early life, with much less attention being given to effects in

adulthood, and less still to how these effects might change

across the life course [24,26]. In the majority of studies con-

ducted to date, manipulations of environmental conditions

have been conducted over a relatively short period and at a

single life stage. This is, in part, due to the time investment

required, the logistics of following individuals over time,

and to some extent also to the largely untested assumption

that what holds at one life-history stage also holds at others.

Here, we report the results of an experiment in which

female zebra finches (Taeniopygia guttata) were repeatedly

exposed to a relatively mild environmental stressor, to which

they did not habituate, from early in their adult lives. We

have previously shown that this has no effect on survival in

young adulthood, but increased survival during middle age

in comparison with a control group not exposed to the environ-

mental stressor [27]. The survival advantage could have

occurred due to a rescheduling of resource allocation to repro-

duction and/or stress-induced resilience. To examine whether

this response to the mildly stressful environment involved any

differences in reproductive investment over controlled age-

specific breeding events, we examined reproductive performance

of these birds from young adulthood into old age. We

also examined whether the previously observed survival

advantage of stress-exposed birds in middle age persisted

into old age, or whether there was evidence that resilience

then declined. Finally, we examined whether there were any

changes in baseline levels of the stress hormone corticosterone
with age, and whether there was any evidence of habituation to

the stressor when the birds were older.
2. Material and methods
(a) Study subjects
The study was performed in female zebra finches that were

produced in two replicates from parents of the same stock

population at the University of Glasgow (replicate 1 birds

were produced in April–June 2011; replicate 2 birds were produced

in August–September 2011). To minimize potential mate famili-

arity [28], the stock females were paired with different mates in

the two breeding events, and the resulting offspring used to form

the two experimental replicates. For each replicate, the environ-

mental manipulations started when the study females were

young, fully grown, sexually mature adults (five months old on

average; mean+ s.e.: 152+1 days) [27]. Females were housed in

treatment-specific cages (n ¼ 7–10 per 120 � 50� 50 cm cage)

and randomly allocated to one of two experimental groups:

(i) challenging environment (replicate 1: n ¼ 45 females; replicate

2: n ¼ 62 females) or (ii) control environment (replicate 1: n ¼ 46

females; replicate 2: n ¼ 61 females). When possible, females that

hatched in the same nest (part of the same brood) were counterba-

lanced between the two treatment groups and family of origin was

taken into account in all analyses. All birds were maintained

throughout the experiment at a photoperiod of 14 L : 10 D cycle

and the temperature was maintained in the range of 20–248C.

(b) Environmental conditions
At five months of age, females were randomly assigned to

either a challenging or control environmental condition. In the

challenging environmental condition, food was made unavailable

for a continuous period of 4.9 h (approx. one-third of the daylight

hours), 4 days per week, on a random time schedule. For the

remaining two-thirds of the day and on the remaining 3 days per

week, they were provided with ad libitum food. Thus, the manipu-

lation changed the temporal availability of food, but, when

available, food was abundant. Challenged females were always

kept on this food regime except when they were breeding, and

received ad libitum access to food continuously from the time

they were paired with a male or shortly afterwards until after

they completed breeding (approx. two months for each breeding

event). Females in the control group were always provided with

ad libitum food and experienced exactly the same breeding

regime as the challenged birds (see paragraph below). During

the third breeding event only, at 1.8 years old (see also paragraph

below), the birds in the challenging environment were given

a single daily exposure to the glucocorticoid stress hormone

corticosterone to determine whether a more protracted environ-

mental challenge during pre-breeding/pair formation influenced

reproductive investment. Specifically, two weeks prior to this

breeding event, challenged birds were given oral doses of corti-

costerone (Sigma-Aldrich, Poole, UK) following each period of

episodic food withdrawal. The hormone was administered by pro-

viding the birds with seed soaked in corticosterone suspended

in peanut oil at a concentration of 0.0825 mg ml21 (corticosterone

dose was approx. 4.075 mg; 1 g of seed soaked per bird) for

10 min immediately after the end of each episodic food withdra-

wal. Corticosterone dosing was based on previous work in zebra

finches [29]. Control birds received 1 g of seed soaked in peanut

oil only for the same amount of time as the challenged females.

The unpredictable food regime and corticosterone seed manipu-

lation were continued until individual clutches were completed

(mean+ s.e.: 25.8+0.3 days; range: 20–33 days). A small

number of females did not attempt to breed, and in these birds

the oral corticosterone treatment was suspended 14 days after
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pairing (total duration 28 days). Following this breeding event,

all experimental females were placed back on the unpredictable

food regime only (i.e. no exposure to corticosterone-soaked

seeds) until the next breeding event at 3.5 years of age (approx.

1.5 years later). There were no effects of the duration of corticoster-

one supplementation on measures of reproductive performance

(clutch size or number of chicks reared) at both 1.8 years of

age and 3.5 years of age (Pearson’s r: 20.02 , r , 0.2, p � 0.2

for all), suggesting that this short-term additional corticosterone

treatment did not influence breeding investment.

We have previously shown that there is no overall significant

effect of the experimental treatment on body mass up to 3 years

of age [27]. Consistent with other studies, we have also found

that the experimental food manipulation resulted in increases in

overall exposure to glucocorticoids [30,31]. More specifically, at

the end of the episodes of food withdrawal, the challenged birds

showed higher baseline corticosterone (the predominant avian

glucocorticoid hormone) levels than those birds living in the con-

trol environment, and this physiological response was consistent

over prolonged exposure periods (up to six weeks), indicating no

habituation of the birds to the unpredictable food shortages (on

average 1.4-fold increase; full details in [27]). These data were col-

lected during young adulthood (less than 1 year of age). We also

measured corticosterone in a randomly chosen subset of study

females (34 control and 32 challenging environment) when

they were 3.5 years old. Average baseline corticosterone levels

decreased by approximately 50% in both treatment groups in

old adulthood compared with young adulthood, but despite

this the birds in the challenging environment continued to show

a similar magnitude of increase in baseline corticosterone at the

end of the episodic food withdrawals also into old adulthood

(on average 1.8-fold increase; electronic supplementary material,

table S0; full details in electronic supplementary material). Thus,

our environmental protocol mimicked the physiological effects

of an environmental stressor naturally experienced by animals

living under protracted exposure to unpredictable environmental

conditions [32].
(c) Breeding schedule and breeding performance
Study females from both treatment groups were allowed to pro-

duce clutches of eggs four times during the study. For breeding,

females were paired with a randomly assigned, relatively young

male ranging in age from six months to 1.8 years; experimen-

tal females were paired with the same male partner in their first

and second breeding event, whereas in the following two breeding

events they were always paired with a different male. Control and

challenged females were paired with males for the first time when

they were on average six months old (188+0.89 days of age; all

females survived to this first breeding event), approximately 1

month after the start of the environmental manipulation. Each

pair was housed in their own cage (60 � 50 � 50 cm) and provided

with a nest-box and nest material (coconut fibre and jute; Haiths

Ltd). The females were paired again at the following ages: 1.1

years (408+0.82 days of age), 1.8 years (653+0.78 days of age)

and finally when they were 3.5 years old (1270+0.92 days of

age; mean+ s.e. for all). For the breeding event at 1.1 years, the

pairs were not allowed to rear any chicks because the eggs were

required for assays of egg composition, and were collected shortly

after laying and replaced with dummy eggs. Dummy eggs were

removed once individual clutches were complete and the pairs

then separated. During the breeding at 1.8 years, most of the

clutches (157 out of 187; logistic reasons) were cross-fostered at

the end of the incubation period in order to examine egg effects

on chick survival as part of a separate study to disentangle maternal

from rearing environmental treatment effects; a small subset of

cross-fostered clutches [43] was also subjected to brood size

manipulation experiments (data to be reported in full elsewhere).
When lifetime breeding performance and survival are exam-

ined below, we only considered those birds whose clutch size

was not manipulated (43 out of 214 birds excluded from these

analyses; total sample size 171 birds). We quantified breeding

performance of the study females by recording the following:

(i) likelihood of breeding (laying a clutch), (ii) latency to lay

(i.e. time from pairing to the laying of the first egg), (iii) clutch

size, (iv) fledgling success (proportional data: number of chicks

fledged/clutch size) and (v) the number of chicks fledged

(assessed when the offspring were approx. 30 days old, including

also those females that did not lay a clutch in order to assess

the overall breeding performance).

(d) Survival
We monitored the survival of the birds for approximately 4 years

(i.e. till 1456 days of age). Experimental birds were inspected

daily, and all the birds considered here died of intrinsic causes,

not of accidental injury or aggression. Where birds showed

clear signs that death was imminent and their welfare was very

severely compromised (the birds were not able to fly and/or

feed independently, and our veterinarian confirmed that death

was imminent), they were culled under the advice of our veteri-

narian in line with UK Home Office legislation (n ¼ 24 out of 85

females that died—total sample size, n ¼ 171). Generally, deaths

were unpredictable, with the majority of the birds being found

dead on the cage floor without having shown prior symptoms.

(e) Data analysis
Analyses were performed in R (v. 3.2.5; R Core Team, 2014).

Unless otherwise specified, all final models included the effects

of experimental design factors expected to influence the response

variables either as parameters of interest integral to the question

being investigated or for the purpose of adjustment. These rele-

vant factors were always retained in the main models rather than

tested using backwards or forwards selection to avoid overfitting.

We used generalized linear mixed models (GLMMs; R packages

‘lme4’ and ‘lmerTest’ [34,35]) to examine whether the challeng-

ing treatment influenced reproductive performance, and

whether any potential effect of the treatment varied across the

age-specific breeding events at six months, 1.1 years, 1.8 years

and 3.5 years old, as appropriate. Unless otherwise specified,

final models included the following factors: treatment, age, repli-

cate and the interaction treatment � age. In initial models, we

tested the potential interaction effect of the treatment with replicate

to check consistencies of treatment effects between the two repli-

cates. Age was modelled as a categorical rather than continuous

variable due to the relatively reduced number of data points per

individual bird (up to two, or four as appropriate); female individ-

ual identity was always added as a random factor to control for

correlations between reproductive performance traits within indi-

viduals due to the presence of repeated measurements in the data.

As appropriate, we also entered family of origin and male partner

identity as additional random factors to control for potential

pseudo-replication due to the presence of sisters in the experiment

and because some males were used more than once across the

breeding events. In preliminary analyses, we also tested if previous

reproductive investment decision level (investment in egg laying

up until the event under consideration) influenced current repro-

ductive investment (clutch size) at 1.1, 1.8 or 3.5 years in an

interaction with the treatment. Chick mortality is low in this cap-

tive situation, and clutch size correlates well with the number of

chicks reared in our population (Pearson’s r ¼ 0.6, p , 0.0001);

thus, investment in egg laying is a good proxy for overall reproduc-

tive investment level at each breeding event. Across all breeding

events, we found no interaction effect of the treatment with pre-

vious reproductive decisions on clutch size ( p � 0.5), excluding

the possibility of conditionality between previous and current
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reproductive decisions in relation to lifetime environmental

conditions. We first examined if there were any treatment differ-

ences in whether or not the females attempted to breed (i.e. laid

eggs) using a GLMM with a binomial error distribution and

the logit link function. The interactions treatment � age and

treatment � replicate could not be assessed in the latter model

due to reduced statistical power because relatively few birds did

not attempt to breed during the first three breeding events. For

those females that bred (i.e. laid a clutch), we then analysed the

latency to lay the first egg using GLMMs with a Gaussian distri-

bution error—data were log10-transformed to improve normality

of model residuals. Clutch size (mean: 4.3, range: 1–8 eggs) was

analysed using a GLMM with a Gaussian distribution error

rather than with a Poisson distribution because the data were

strongly under-dispersed (dispersion parameter less than 0.39)

and model residuals were normally distributed. Fledging success

was analysed with a GLMM using a binomial error distribution

and logit link function [36], and the number of chicks fledged

(range 0–6 chicks) was analysed using a GLMM with a Poisson

distribution (dispersion parameters: 0.8–1.3). In the fledging suc-

cess and number of chicks fledged statistics, we did not include

the data at 1.8 years of age as these response variables could

have been influenced by the cross-fostering experiment conducted

as part of a separate study to disentangle maternal from rear-

ing environmental treatment effects (data to be fully reported

elsewhere). To assess within-female treatment effects and to

exclude potential survival bias in the results caused by loss of

specific phenotypes from the population (e.g. poor-quality bree-

ders dying in early adulthood), we also performed the analyses

using only those females that survived to the breeding event up

to 3.5 years of age (103 out of 171 birds). We used the R package

‘lsmeans’ [37] to perform pairwise post hoc contrasts for significant

outcomes in the main models (Tukey’s p-value adjustment).

We have previously shown in the birds from the same study

population used here that the challenging environmental con-

ditions improved life expectancy up to 3 years of age (mixed-

effects Cox models, p ¼ 0.02; full details in [27]). We have also

shown that there was no link between body mass at 1 year of

age and subsequent survival up to 3 years of age [27]. Importantly,

the positive effect of the challenging treatment on survival was evi-

dent prior to the start of the additional short-term corticosterone

manipulation at approximately 1.8 years of age (data right-cen-

sored at 600 days of age: mixed-effects Cox models, p ¼ 0.04)

excluding the possibility that the short-term change in the severity

of the stress treatment at 1.8 years of age per se was the main factor

triggering the change in the survival trajectories of our study birds.

Here, we further examined survival in old age (between 3 and 4

years) and tested the extent to which survival probability

was dependent on individuals’ lifetime reproductive effort. We

excluded the females that were subjected to the brood size manipu-

lation experiments at 1.8 years of age (43 birds) from all breeding

performance and survival analyses performed here to exclude

any possibility that those manipulations altered subsequent survi-

val independently of the environmental conditions. However, the

results do not differ qualitatively when these birds are included

(data not shown). Data were right-censored to allow inclusions

of birds still alive at the end of the survival monitoring period

(49.7% out of 171 birds). We first checked if our annual measure-

ments of body mass (i.e. 1, 2 and 3 years) predicted survival up

to 4 years of life using time-dependent covariate Cox model

analyses (R package ‘survival’ [38]) and found no effect of this

covariate on survival (body mass, body mass � treatment, body

mass � replicate, p � 0.2). Therefore, body mass was dropped

from the following analyses. In the following Cox model analyses

(R packages: ‘survival’ and ‘coxme’ [38,39]), we entered treatment,

replicate and their interaction as fixed factors, and family identity

as a random factor as appropriate. Model diagnostics using

Schoenfeld’s residuals plotting suggested that the proportional
hazards hypothesis was not met due to a nonlinear effect of the

treatment with time emerging after 3 years of age, whereas it

was met in our previous analysis up to 3 years. As mortality

rates were clearly very low from five months to 1 year (four control

and two challenged birds dead out of 171 females), and because of

the change in the effect of the treatment over time after 3 years of

age, we consequentially introduced in the analyses treatment

time-dependent coefficients by breaking the data into three time

intervals: (i) young adulthood, from the start of the experiment

(five months old) up to 1 year of age; (ii) middle adulthood,

from 1 to 3 years of age; and (iii) old adulthood, from 3 to 4

years of age. In the model, we also checked the potential inter-

action effect of treatment with replicate. The proportional hazard

assumption was met in these models. To test if survival was influ-

enced by the individual’s lifetime reproductive effort, we

performed separate GLMs (binomial family distribution error

with logit link function) entering replicate, along with lifetime

egg-laying effort (calculated as lifetime number of eggs laid

divided by total number of breeding events, ranging from 1 to 4

events depending on the individual’s lifespan) or chick-rearing

effort (calculated as lifetime number of chicks reared by each

female divided by total number of breeding events in which

chicks were reared, including the event at 1.8 years of age, ranging

from 1 to 3 events depending on the individual’s lifespan), as con-

tinuous covariate—this standardization allowed us to overcome

collinearity between longevity and lifetime number of eggs laid/

chicks reared (Pearson’s r ¼ 0.1, 0.07 , p , 0.2) as females that

survived longer ended up with a larger number of eggs and

chicks reared over the lifespan (Pearson’s r ¼ 0.5–0.7, p , 0.0001

for both covariates). We performed the latter GLMs separately

by treatment in order to simplify model interpretation and avoid

issues of collinearity between the treatment and the lifetime repro-

ductive effort. Unless otherwise specified, values are presented as

mean+ s.e.
3. Results
(a) Breeding failure
Irrespective of environmental conditions, the probability of

breeding failure was influenced by female age. More females

failed to produce a clutch in the later breeding events at 1.8

and 3.5 years of age than the earlier events (1.8 years

versus six months and 1.8 years versus 1.1 years, p � 0.048;

3.5 years versus six months and 3.5 years versus 1.1 years,

p � 0.0007; full results in electronic supplementary material,

table S1a; descriptive statistics in electronic supplementary

material, table S2). There was no difference in the probability

of breeding failure between the breeding events at six months

and 1.1 years old ( p ¼ 1.0), or between 1.8 years and 3.5 years

of age (p ¼ 0.2; electronic supplementary material, tables S1a

and S2). We found no significant effect of the treatment or

replicate on the likelihood of breeding failure (electronic sup-

plementary material, table S1a). Similar results were obtained

when we carried out this analysis using only those females

that survived to breed in old age at 3.5 years old (electronic

supplementary material, tables S3a and S4).

(b) Latency to lay the first egg within the clutch
Irrespective of their environmental conditions, females at 1.1

and 1.8 years laid their first egg sooner following pairing

than they did at six months of age (1.1 years versus six

months, and 1.8 years versus six months, p , 0.0001 for both;

full results in electronic supplementary material, table S1b;
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figure 1a); there were no differences in latency between 1.8 and

1.1 years ( p ¼ 0.4; figure 1a). Latency to lay increased again

when the birds were old at 3.5 years to a level similar to that

at six months of age ( p ¼ 0.8; electronic supplementary

material, table S1b; figure 1a). Replicate 2 birds laid their first

clutches slightly sooner compared with replicate 1 birds (repli-

cate 1: 8.5+0.4 days; replicate 2: 7.2+0.3 days), and there

were no treatment effects on latency to lay either as a main

factor or in its interaction with age (electronic supplementary

material, table S1b; figure 1a). Again, similar estimate par-

ameters were obtained when carrying out the analysis only

on those females that opted to breed and survived to the breed-

ing event at 3.5 years of age (electronic supplementary

material, table S3b and figure S1a).
(c) Clutch size
Irrespective of environmental conditions, clutch size (range

1–8 eggs) was influenced by female age: it increased at 1.1

years relative to six months of age (p ¼ 0.007), did not differ

between 1.1 and 1.8 years of age (p ¼ 0.15), and then decrea-

sed in old adulthood relative to the earlier life breeding

events ( p � 0.0001 for all contrasts; full results in electronic
supplementary material, table S1c; figure 1b). We found no

effect of treatment on clutch size (electronic supple-

mentary material, table S1c; figure 1b). Replicate 2 females

produced overall slightly larger clutches than replicate 1

females (replicate 1: 4.0+0.1 eggs; replicate 2: 4.5+0.1 eggs;

electronic supplementary material, table S1c). Similar

parameter estimates were obtained when carrying out the ana-

lyses only using those females that opted to breed and survived

up to the breeding event at 3.5 years of age (electronic

supplementary material, table S3c and figure S1b).
(d) Fledging success
We examined fledging success at the first and last breeding

event (no chicks were reared at the breeding event at 1.1 and

1.8 years of age, and a separate egg cross-fostering experiment

was performed, so these data have not been included). Fled-

ging success was reduced when the birds were 3.5 years

relative to six months (p , 0.0001, full results in electronic

supplementary material, table S1d; figure 1c). There was no

effect of replicate either as a main factor or in its interaction

with the treatment (electronic supplementary material, table

S1d). The effect of the treatment on fledging success was
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age-dependent (electronic supplementary material, table S1d;

figure 1c). At six months of age, there was no detectable

reduction in fledging success in the challenged females relative

to controls (p ¼ 0.2; figure 1c), while at 3.5 years, challenged

females had higher fledging success than the age-matched con-

trols (p ¼ 0.01; figure 1c). The same results were observed

when the analysis was carried out using only those females

that opted to breed and survived to the breeding event at 3.5

years of age (electronic supplementary material, table S3d

and figure S1c).

(e) Number of chicks fledged
As with the fledging success, we examined overall breeding

performance at the first and last breeding event. As expected

from the clutch size results, the number of chicks fledged

(0–6) was much reduced in old adulthood compared

with six months of age in both control and challenged females

(p , 0.0001, full results in electronic supplementary material,

table S1e; figure 1d ). Replicate 2 birds reared more fledgl-

ings than replicate 1 birds (replicate 1: 1.6+0.1 chicks;

replicate 2: 2.1+0.1 chicks, electronic supplementary material,

table S1e); however, this effect was consistent between control

and challenged females (electronic supplementary material,

table S1e). The effect of the treatment on the number of

chicks fledged was influenced by female age. Challenged

females fledged fewer chicks (on average 20%) compared

with controls at six months of age (p ¼ 0.04; figure 1c), whereas

at 3.5 years challenged females reared more offspring com-

pared with age-matched controls (p ¼ 0.008; figure 1d ).

Similar parameter estimates were obtained when performing

analyses only using those females that survived to 3.5 years

of age (p ¼ 0.1; electronic supplementary material, table S3e

and figure S1d).

( f ) Survival
Mortality was very low between five months and 1 year of age,

and there were no differences in survival between the two treat-

ment groups ( p ¼ 0.5; full results in electronic supplementary

material, table S5; figure 2a). Survival curves started diverging

after 1 year of age (figure 2b), and from 1 to 3 years old the

challenged females had, on average, a 48% reduction in relative

risk of death compared with controls (p ¼ 0.03, electronic

supplementary material, table S5), as previously shown [27].

However, when we examined survival during old age,

between ages 3 and 4, this effect disappeared; survival of chal-

lenged birds was no longer better than controls (p ¼ 0.8,

electronic supplementary material, table S5; figure 2c). There

was no effect of replicate as a main factor or in its interaction

with the treatment (electronic supplementary material, table

S5). When examining survival up to 4 years of age in relation

to lifetime breeding effort, we found no relationship between

either laying effort or chick-rearing effort within both

treatment groups (electronic supplementary material, table S6).
4. Discussion
This is the first experimental longitudinal study in a vertebrate

species to directly compare the effects of living in a challen-

ging environment at different adult life stages, from early to

old adulthood. Our key findings are as follows. (i) Regardless

of environmental conditions, female reproductive
performance changed across adult life (six months, 1.1 years,

1.8 years and 3.5 years) with peak performance generally

occurring during middle adulthood (1.1 and 1.8 years) fol-

lowed by a marked decline in old adulthood (3.5 years).

Importantly, this later life decline occurred within individuals

consistent with previous literature on ageing across diverse

vertebrate taxa [2]. (ii) Females exposed to the challenging

environmental circumstances produced relatively fewer
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chicks than those living in the control environmental conditions

when they were young (six months of age), but, in contrast,

were able to rear more chicks when they were old (3.5 years

of age). Again, this effect occurred within individuals.

(iii) Females living in the more challenging conditions showed

no difference relative to controls in more benign conditions in

the probability of survival when they were young adults (five

months to 1 year of age) had a higher probability of survival

in middle age (1–3 years of age), with this benefit then

disappearing at older ages (from 3 to 4 years).

Our stressful environmental protocol did not influence

either the likelihood of breeding or the latency to lay the first

egg when the females were given the opportunity to breed

across the four breeding events, from early to old adulthood.

During young adulthood, the challenged females showed an

overall reduction in the number of fledglings produced

compared with the controls. This effect on overall breeding per-

formance was due to additive treatment-dependent reduction

in performance observed at the clutch (primarily) and fledging

success level. Interestingly, in old adulthood (3.5 years of age),

challenged females, despite laying similar clutch sizes to the

controls, fledged proportionally more of their chicks than

females living in the more predictable environment, possibly

due to treatment differences in parental behaviour and/or in

egg quality. Altogether, our results thus show that the mild

stress exposure induced by the challenging environmental con-

ditions resulted in females showing a relatively reduced

breeding performance when they were young, but increased

performance in old age. This effect occurred within individuals

and thus was not due to any differential survival effects.

It could be due to challenged females having either an impaired

breeding capacity in young adulthood as a result of their

exposure to increased levels of glucocorticoid hormones, or to

their showing a strategic restraint in breeding effort during

early adulthood. We have shown that our challenging envi-

ronmental protocol did increase overall exposure to stress

hormones without causing habituation (measured to old adult-

hood, 3.5 years). A reduction in reproductive performance in

response to stress exposure has been reported in other studies

that examined responses to stressful environments, including

food shortages or increased predation pressure [32,40–42].

However, the fact that the birds in our study then showed

increased breeding performance in old adulthood, despite still

being exposed to higher levels of stress hormones, suggests

that their breeding capacity was not impaired and supports a

strategic restraint interpretation. It has been suggested that

stress exposure induces shifts in energy allocation in order

to promote self-maintenance strategies at the expense of repro-

ductive behaviours and parenting [43]. It has also been

suggested that environmental stressors could trigger protective

and compensatory effects on reproductive physiology (see [15]

for a review on the potential mechanisms). Therefore, increa-

ses in stress exposure levels experienced by the challenged

birds might have activated adaptive changes that allowed

individuals to better cope with the protracted exposure to the

somewhat harsher environmental conditions, at the expense

of earlier reproductive investment perhaps in favour of long-

term maintenance processes, including survival [33]. We

found no relationships between lifetime breeding effort (egg

laying/chick rearing) and survival within both treatment

groups. The slight treatment-dependent reduction in clutch

size during the early–middle adulthood breeding events

within the pool of birds that survived up to the final breeding
event in old adulthood provides only very limited support to

this possibility. It would be interesting in future studies to see

whether similar treatment effects would be observed in animals

free to reproduce. Such a design was not possible in our exper-

iment because we were interested in determining the varying

effects of the treatment with maternal age on breeding perform-

ance, while controlling for the age of the male partner. Our

experimental design does not allow us to separate the effects

of age and duration of the challenging exposure, because the

two are interlinked, as would be the case in nature. Our com-

parison between exposure to repeated stress or not simulates

responses of animals living in environments in which the occur-

rence of key stressors such as low food availability, high

population density or high predation risk differs, as has been

recorded in the wild in diverse species, such as black-legged

kittiwakes Rissa tridactyla [44], Belding’s ground squirrels

Spermophilus beldingi [45] and snowshoe hares Lepus americanus
(see [46] for further discussion of this). The facts that breeding

performance increased at old age in the birds living in the

more stressful environment and that the stress response of the

birds to the random food withdrawals was not diminished

with age suggest that the observed effects on reproductive per-

formance are not due to any accumulated negative effects of

stress exposure. Our data on survival show that exposure to

the challenging environmental conditions had little effect on

survival probability when the birds were young, as mortality

was very low during this period in our study population as

in previous work in captive zebra finches [17,47]. Survival of

the birds in the challenging environments was better than

the controls during middle age, with this effect disappear-

ing into old adulthood. Our environmental exposure protocol

only affected the temporal availability of food, which was other-

wise abundant, and thus the effects on survival that we found

are not likely to be attributable to caloric restriction. Indeed,

body mass was not predictive of survival in our study. The chal-

lenge induced by our environmental manipulation was mild,

giving rise to repeated and prolonged increases in baseline

glucocorticoid secretion (this study) [27]. The effect of the treat-

ment on survival was substantial, with the challenged birds

having on average 48% decrease in the relative risk of mortality

compared with control females during middle age. It is possible

that the challenging environment may have induced effects that

reduced the rate of ageing through hormetic processes [48,49].

This possibility fits also with our reproductive data in old adult-

hood as the challenged females showed less pronounced

age-specific declines in reproductive performance relative to

those females exposed to the more benign environmental con-

ditions. These long-term beneficial effects of mild challenging

exposure resemble those induced by various low-level/mild

repeated stressors that have been shown to delay or slow the

onset of senescence across a large variety of animals, including

humans [49–53]. Our data are therefore compatible with the

treatment exposure having induced stimulatory hormetic

responses that slowed at least in part the rate of ageing. The

majority of the work focusing on hormetic effects has used

single or repeated exposure to mild stressors over relatively

brief periods [54,55]. There is good experimental evidence

that exposure to mild stressors can ‘prime’ responses such

that individuals are better able to cope with challenges experi-

enced in later life [52,56,57]. However, the survival benefits

seem to be contingent on the environmental conditions to

which the physiology of the animal has been conditioned

being encountered again later in life [47]. In our study, the
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birds exposed to the challenging environment were continu-

ously exposed to it from when they first experienced it at

five months old, which may have enabled them to reap the

best survival benefit from the resilience induced by the challen-

ging exposure. We do not know the mechanism underlying the

disappearance of the positive effect of the challenging environ-

mental conditions on survival in old age. Overall, our data

highlight the need for more longitudinal/long-term studies to

further our understanding of interacting effects among duration

of exposure to stress, stressor severity and ageing patterns—

disentangling such factors would require exposing animals of

different ages to different stressor duration and severity.

In conclusion, the results of this study suggest that the

apparent organismal effects of living in a mildly challenging

environment might vary at different life stages, something

which has previously received very little consideration. We

found evidence of negative effects of living under challenging

environmental conditions on breeding performance across

young adulthood, but positive effects in old age. Survival

was not affected in young adulthood, improved in middle

age, but then not affected in old age. These results, in addition

to showing that exposure to challenging environments can

modulate life histories with consequences for patterns of

senescence, also emphasize that the duration of studies, the

life-history stage at which they take place and the point at

which the effects are examined can influence the interpretation.
That repeated exposure to stress might slow the ageing process

is an extremely interesting prospect and fits with the emerging

idea that, rather than being minimized, exposure to stress levels

across the life course needs to be optimized in order to obtain

the best health benefits [25,48].
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