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Behaviour may contribute to changes in fitness prospects with age, for

example through effects of age-dependent social dominance on resource

access. Older individuals often have higher dominance rank, which may

reflect a longer lifespan of dominants and/or an increase in social dominance

with age. In the latter case, increasing dominance could mitigate physiological

senescence. We studied the social careers of free-living jackdaws over a 12 year

period, and found that: (i) larger males attained higher ranks, (ii) social rank

increased with age within individuals, and (iii) high-ranked individuals had

shorter lifespan suggesting that maintaining or achieving high rank and

associated benefits comes at a cost. Lastly, (iv) social rank declined substan-

tially in the last year an individual was observed in the colony, and through

its effect on resource access this may accelerate senescence. We suggest that

behaviour affecting the ability to secure resources is integral to the senescence

process via resource effects on somatic state, where behaviour may include not

only social dominance, but also learning, memory, perception and (sexual)

signalling. Studying behavioural effects on senescence via somatic state may

be most effective in the wild, where there is competition for resources,

which is usually avoided in laboratory conditions.
1. Introduction
Optimality theories of senescence [1] assume that resources are limited, which

imposes a trade-off between reproductive investment and somatic maintenance

or repair, causing senescence. However, individuals show large variation in

their ability to secure environmental resources, and this inherently shapes the

scope for allocation between reproductive investment and somatic maintenance

or repair [2]. Understanding what determines individual success in securing

resources, and how it changes with age, is therefore essential to understand the

senescence process.

Disentangling factors that determine access to resources is difficult because they

interact with each other. Forexample, body size, a component of physiological state,

is positively correlated with the ability to compete over food [3,4]. Increased access

to food, in turn, facilitates increased investment in somatic growth, maintenance or

repair, positively affecting state and hence the ability to secure resources. The inter-

action between state and the ability to secure resources is probably modified by age,

because: (i) physiological state first improves with age owing to development, and

later in life declines (i.e. senescence) [5]; and (ii) the ability to secure resources, in

part, depends on learning or experience that is gained over time [6,7]. Lastly,

social dominance, or any other behaviour affecting the ability to secure resources,

is an integral part of these relationships. Thus, we see social dominance as a trait

that can be invested in to gain resource holding potential [8], which through its

effect on resource access could modify the balance between somatic maintenance

and repair and other competing demands, shaping senescence.

Social dominance has often been shown to depend on age, with older individ-

uals being more dominant [3,4,6,7,9–14], also in jackdaws [10], the subject of this
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study. However, these studies are cross-sectional, i.e. between

individuals, and this leaves open the question whether the

observed patterns are owing to changes within individuals

as opposed to other processes. For example, high-ranked

individuals may have a longer lifespan resulting in selective dis-

appearance of lower-ranked individuals. This would by itself

result in a positive correlation between age and dominance in

cross-sectional studies. Alternatively, dominance may depend

on queuing for higher rank [14–17]. Queuing may arise when

all individuals start at the bottom of the social ladder, and

only advance to a higher position when a more dominant indi-

vidual disappears from the population. If such a queuing effect

occurs, then the resulting pattern is that dominance increases

with age within individuals, despite the fact that this process

may be entirely independent of competition, experience or

development. Longitudinal studies are required to disentangle

these non-mutually exclusive effects, and the few longitudinal

studies that we are aware of showed that indeed dominance

increases with age within individuals [11] and that this increase

is highly variable between individuals [18,19].

We collected longitudinal social dominance data of

individual male jackdaws using observations of contest behav-

iour over food. Earlier work in our colony has shown that social

dominance over food is strongly correlated with the ability

to secure nest-boxes [20]. This indicates that social dominance

in conflicts over food reflects something other than hunger

level, and we assume this to be resource holding potential.

We determined dominance in males only, because they are

dominant over females and the outcome of conflicts between

pairs is determined by the rank of the male [20,21]. We disen-

tangled effects of within- from between-subject age [22] to

determine whether dominance increased with age within sub-

jects. This approach also allowed us to test whether social

dominance is associated with lifespan, because this is reflected

in the mean age at which they were observed.
2. Methods
(a) Study population
We studied free-living jackdaws in the colony at the Zoological Lab-

oratory in Haren, The Netherlands, a semi-urban environment (see

[23,24] for details). Jackdaws are highly social small corvids with a

strong and stable dominance hierarchy [10,20,21,23–25]. Individual

birds were identified through their unique combination of colour

rings. Estimates of adult age are exact for individual birds first

ringed as fledglings or yearlings (distinguishable through brown

plumage coloration). Birds of unknown age were assigned a mini-

mum age of 2 years, which is the modal age at recruitment in our

population. In total, we used 69 males in this study (14 with exact

age known). That we did not always know the exact age has little

effect on this study, because our primary interest was (change in)

social status within individuals. Biometry (tarsus, wing length,

and mass) was measured, and we used the tarsus length as a

measure of body size because it does not change with age.

(b) Dominance
Social dominance was determined the month before the breeding

season (March and first days of April) in the years 1998–2009,

with the exception of 1999 and 2002, see [23] for details. In

brief, we staged social interactions using two feeding pits

(filled only during observation sessions), 30 m apart, where

only one jackdaw could eat at a time. Social dominance was

determined by the outcome of displacement, threat or fight
interactions between males, which were scored for each male

that could be identified (mean+ s.e. ¼ 59.5+ 7.4 interactions

per male per year collected during on average 25.6 observation

sessions per year, range 9–35). Relative rank on a scale from 0

to 1 was calculated using David’s score [26], where 0 was

assigned to the most dominant individual (cf. [23,24]).

(c) Statistical analyses
Because social dominance, as we defined it, is bound between

0 and 1, we analysed data with mixed-effects logistic regres-

sion using ML-win v. 2.02, with bird identification as a random

effect. With dominance as dependent variable, we first tested the

effects of tarsus, age, age-squared and [returned?], i.e. whether

individuals returned the subsequent year (1 when they returned

and 0 when they did not). The latter variable was included to

test for terminal effects, as we previously documented for jackdaw

telomeres [27]. To further investigate the shape of the relationship

between age and social dominance, and whether this depended on

body size, we also tested the two-way interactions. Next, we disen-

tangled queuing from within-individual effects, by testing the

effect of colony composition. If queuing determines the increase

of dominance with age, then the effect of age will depend on the frac-

tion of new or disappeared individuals. To test this hypothesis, we

included the effects of [% dead in hierarchy], [% new in hierarchy]

and tested the two-way interactions with age.

(d) Separating within- from between-subjects effects
In a standard linear regression, the estimated effect of age is

the combined effect of the within- and between-subject age

effects (model 1). Relative rank yij of measurement i from subject

j is given by

yij ¼ b0 þ b1xij þ u0j þ e0ij, (2:1)

where b0 is the intercept and b1 is the dependency of dominance

yij on age xij. The terms u0j and e0ij denote the random intercept

and residual variance. To disentangle the within- from the

between-subjects age components we transformed the model

(1) into a model with average age and delta age (model 2) as pre-

viously described [22,28]. Average age �x of subject j was obtained

by taking the mean of ages i over the years an individual

was ranked, resulting in one value for average age per indivi-

dual �xj. Delta age is defined as the difference between the age

at which individuals are ranked and their average age (xij � �xj),

resulting in multiple values for delta age per individual. Thus,

the average age can be used to describe how relative rank is

related with age between individuals, whereas delta age can be

used to describe the change in dominance with age within indi-

viduals. Note that, because our ages are minimum ages in most

instances, it is more exact to think of our variable ‘mean age’ as

‘mean number of years since entering the colony at which dom-

inance was measured plus 2’. We retained the term ‘mean age’,

however, because this distinction does not affect the interpret-

ation of the results, and because the variation in age at first

breeding is limited, the difference is small. The dependency of

relative rank on age is then described by

yij ¼ b0 þ bW(xij � �xj)þ bB�xj þ u0j þ e0ij, (2:2)

where bW is the within individual effect of delta age (xij � �xj),

and bB the between individual effect of average age �xj. To

test whether slopes bB and bW differed significantly from each

other, which signifies selective (dis)appearance of individuals

with high or low dominance, we transformed the model (2)

into a model with average age �xj and age xij as follows

yij ¼ b0 þ bWxij þ (bB � bW)�xj þ u0j þ e0ij: (2:3)

If the coefficient of average age �xj is significantly positive, than

individuals with high dominance selectively disappear from



Table 1. Model A. Social dominance in relation to age and body size. (Note that a negative slope signifies increasing dominance. The effect of delta age
bW(xij � �xj ), average age bB(�xj ) (equation 2.2), tarsus size and the variable [returned?], i.e. whether individuals return to the colony in the subsequent year.
n ¼ 149 bird years, of 69 individuals. Deviance denotes the 22 log-likelihood value of the model fit.)

model A deviance fixed effect slope s.e. p-value

null 83.94 intercept (b0)

final 57.12 intercept (b0) 11.135 4.225 ,0.001

tarsus 20.229 0.092 0.013

delta age (bW (xij � �xj )) 20.221 0.069 0.001

average age (bB �xj ) 0.052 0.048 0.276

returned? 20.581 0.281 0.038

rejected terms

(average age)2 0.009 0.016 0.577

(delta age)2 0.001 0.028 0.998

average age � returned? 0.098 0.110 0.377

tarsus � returned? 20.037 0.213 0.860

average age � tarsus 20.023 0.037 0.524
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the colony, because the slopes of within- versus between-subject

age differ significantly [22].

Variation in apparent survival rate can be due to variation in

recapture probability as well as variation in survival, and both

probabilities can be estimated separately using capture–mark–

recapture models [29]. However, such models were not a suitable

tool in this study; first, because such models cannot accommo-

date continuously distributed trait changes with age such as

we found for social dominance. Second, capture probability

within the colony was very high (we oversaw the colony from

our offices) whereas being very low outside the colony, and

hence there is little scope for capture probability estimates to

affect our survival estimates or to estimate dispersal.
0 2 4 6 8 10 12
1.0

age (years)

low
rank

Figure 1. Social dominance in relation to age and size (tarsus length). Stat-
istical analysis was carried out using raw data, but for graphical purposes,
individuals were grouped by tarsus size (tarsus � 45.8; or .45.8) and
age. Lines show the predicted values of the logistic regression in table 1
for the average tarsus length of each group (44.8 and 46.8). Low rank
indicates high dominance.
3. Results
(a) Size, age and dominance
Birds with a longer tarsus were more dominant (model A;

table 1 and figure 1). Average age was not related to dominance

(model A; table 1), indicating that there was no cross-sectional

relationship between age and social dominance in our popu-

lation. Dominance did however increase with age within

individuals (model A; table 1). None of the quadratic terms

or other two-way interactions significantly improved the

model (table 1; model A), indicating a linear relationship

between age and dominance within individuals. Within

individual slopes may be biased by individual outliers [30],

but a random slope for the delta age effect explained a negli-

gible part of the variance, indicating little individual

variation in the relationship between dominance and delta age.

To test whether the within- and between-subject effects of

age differed significantly from each other, we replaced delta

age in model A (equation (2.2)) with age (equation (2.3);

model B and the electronic supplementary material,

table S1). Average age was significant in this model, in the

presence of age (model B and the electronic supplementary

material, table S1), which shows that the coefficients of aver-

age age and delta age in model A differ significantly from

each other [22,28]. In other words, birds with low average
age, implying they were in the population for a short time,

had higher dominance for their age than birds with high

average age (figure 2). Hence, dominant birds disappeared

at a younger age from the colony when compared with sub-

ordinates (figure 2). This result differs from our conclusion on

this relationship in an earlier paper in which survival

appeared to be independent of dominance [24]. However,

there was already a trend towards more dominant birds to

have lower survival in that dataset, and the dataset has

increased substantially since that time, increasing statistical

power to detect survival effects of dominance.

We previously showed that telomere-shortening rate is

elevated in the year before disappearance, indicating a term-

inal decline [27]. We therefore tested whether social

dominance also shows a terminal decline, by including the

variable [returned?] in model A. This test showed that birds

decreased in rank when they did not return to the colony
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Figure 2. Social dominance in relation to age and lifespan. Statistical analysis
was carried out using raw data, but for graphical purposes, individuals were
grouped by median average age and age. Lines show the predicted values of
the logistic regression (equation (2.3)) for the mean values of average age
(2.6 and 6.8). Low rank indicates high dominance.
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Figure 3. Terminal decline in social dominance. To show the terminal
decline, social dominance is plotted in relation to years prior to disappearance
(death), but note that the terminal effect was tested in a model based on
age rather than age until death (table 1) and hence the line was drawn by
eye rather than being a model fit. Low rank (0) indicates high dominance.
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the subsequent year (table 1), contrasting strongly with the

increase in rank over the preceding years (figure 3).
(b) Are birds that disappeared dead?
The pattern that dominant males disappear at younger ages

(figure 2) may reflect their shorter lifespan, but alternatively

dominant males dispersed more often, which would yield

the same pattern. However, a jackdaw colony consists of resi-

dent birds that each year return to the colony to breed, and

intruders that may return or disperse to breed elsewhere

[20]. We therefore recalculated model B with only residential

males, that bred in the colony more than one year, where dis-

persal is likely to be negligible [20,29]. This subset yielded

results that were indistinguishable from the result in the com-

plete dataset (average age (bB2bW) ¼ 0.193+ 0.089 versus

0.178+0.085; residents versus total). We therefore consider

it safe to conclude that more dominant birds achieved

lower lifespan, rather than showing higher dispersal rate.
(c) Does dominance increase via queuing?
When queuing effects caused the increase in dominance with

age, we expect that individuals increase in rank more when

there are many new individuals in the colony. We examined

this hypothesis by testing the variables [% newrank] (percen-

tage new birds in the hierarchy), [% deadrank] (percentage of

disappeared birds from the hierarchy) and the two-way inter-

actions with delta age. None of these variables significantly

decreased the deviance (electronic supplementary material,

table S2), indicating that dominance did not increase with

age owing to queuing effects.
4. Discussion
Dominance affects access to resources, shaping life histories

and when dominance is age-dependent it could modulate

how fitness prospects change with age. We therefore studied

social dominance in relation to age in a colony of free-living

jackdaws, also taking body size and colony composition

into account.

Larger males were more dominant (figure 1), which is

consistent with previous findings in other species [3,4,24].

Adult structural size in birds is generally fixed early in

life, and in our study population, the tarsus length of

adults is strongly correlated with their tarsus length at fled-

ging (r ¼ 0.96, n ¼ 23 birds, p , 0.0001). Thus, adult size,

and hence a part of the variation in social dominance, is

determined early in life by a combination of genetic and

environmental effects related to growth.

Dominance rank increased with age within individuals

(figure 2), except that individuals lost dominance in the last

year before disappearing from the colony (figure 3). We further

conclude that the increase in dominance with age was not

owing to a ‘queuing effect’, because the increase in rank with

age did not depend on the proportion of new birds in the

colony. Males that already attained high dominance early in

life disappeared from the colony at younger ages (figure 2)

suggesting that dominance is costly by reducing lifespan.

Natural selection will reward investment in dominance only

if the benefits of dominance outweigh the costs of reduced life-

span. Given that extra-pair fertilizations are practically absent

in jackdaws [31,32], only reproductive success with the partner

could outweigh the negative effect of a shortened lifespan. How-

ever, we previously showed that dominant jackdaws in this

colony consistently achieved lower reproductive success than

subdominants, and hence it was concluded that more dominant

birds had lower fitness [24]. Our finding in this study that more

dominant birds have shorter lifespans indicates that the negative

fitness effect of dominance in our colony is even stronger than we

assumed on the basis of data on reproductive success. We pre-

viously discussed possible mechanistic explanations of this

finding, and suggested that dominants in this study colony

may have had very high testosterone titres, because they were

involved in substantially more agonistic interaction than subdo-

minants, with negative effects on care for offspring and partner

[24]. We believe this to be a specific feature of our colony, related

to the close proximity of the nest-boxes (see [24] for a full discus-

sion). Given that experimentally increased testosterone level has

been shown to reduce survival in another bird species [33], high

testosterone may also be involved in the dominance effect on life-

span. In addition to testosterone, stress hormones (cortisol,

corticosterone) may also be involved, because this often varies
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with rank, and literature reviews suggest that dominants have

higher stress hormone levels in particular when being dominant

involves more aggression [34–37].

Terminal declines have been reported in several traits

[5,38–40], but the underlying mechanism determining

whether physiology declines gradually or through a collapse

prior to death/disappearance remains poorly understood.

We previously showed that the rate of telomere attrition is

strongly elevated in the year before disappearance from

the colony [27], and speculated that this could reflect a

more general physiological collapse heralding death. If such

a terminal decline indeed characterizes jackdaw senescence,

we expected that this would also be apparent on the behav-

ioural level. In agreement with our telomere results, we

found that birds which were in their last year substantially

lost dominance status, which contrasted with the steady

increase observed in the years up to this point (figure 3).

This finding is in line with a study in lemurs showing that

the oldest individuals could not maintain high social status

[12], but we are not aware of other studies demonstrating

such effects. Terminal declines may reflect a general physio-

logical collapse prior to death and apparently both social

dominance and telomere dynamics could potentially function

as a biomarker of such effects.

Phenotypic state, dominance and resource acquisition can

be viewed as three interacting factors, which may all be inde-

pendently affected by age. This interaction can be positive,

with animals climbing up the social ladder, which through

knock-on effects on resource acquisition may enhance social

dominance via positive resource effects on somatic state

(figure 4a). We found that dominance increased with age

within individuals, and we interpret this to be at least in

part the result of a positive reinforcement loop across these

three factors (figure 4a). An increase in phenotypic state will

support higher dominance, which in turn increases the avail-

ability of resources for somatic maintenance or repair. An

upward spiral over time can thus be envisioned (figure 4a),

counteracting negative age effects on physiological state

(i.e. physiological senescence). Such processes may explain

why early in life reproductive success generally increases

with age. However, at some point in time, physiological state

may deteriorate sufficiently owing to senescence, to cause a

decline in social dominance, in particular in species such as

jackdaws where the more dominant individuals participate in

more agonistic interactions [24], suggesting that dominance

becomes too costly to maintain. When such a threshold is

crossed, the reinforcing loop may reverse, leading to a collapse

through negative reinforcement, with reduced dominance lead-

ing to lower resource acquisition, leading to lower phenotypic

state and so on (figure 4b). Thus, phenotypic state and social

dominance should perhaps not be seen as stable factors,
but instead as dynamically interacting traits, and we see the

characterization of these dynamics as the way ahead.

Behaviour is not generally considered as part of the senes-

cence process, probably, because most senescence research is

carried out in model organisms in the laboratory. Behaviour

is of limited importance in captivity, because social compe-

tition for resources is usually minimized, and predators are

absent. By contrast, we propose that under natural conditions

different aspects of behaviour may delay or accelerate the

senescence process. Senescence may be delayed owing to

increasing dominance, knowledge and experience, whereas

senescence may be accelerated when an initial decline in per-

formance is amplified owing to downstream effects on, for

example, the ability to secure resources. Cognitive abilities

may be as important in this context as competitive abilities;

indeed, in figure 4, behaviour (social dominance) can be

replaced with cognitive abilities (learning, memory), and per-

haps also with other aspects of behaviour such as sexual

signalling. Thus, we suggest that behaviour is an integral

part of the ageing syndrome and studying social life histories

and other aspects of behaviour may therefore be important to

understand the senescence process.

The study was carried out under licence from the Ethical Committee
for animal experiments of the University of Groningen.
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