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University of East Anglia, Norwich, United Kingdom, 4 Nature Seychelles, Mahé, Republic of Seychelles, 5 Behavioural Ecology and Self-organisation, Centre for Ecological

and Evolutionary Studies, University of Groningen, Groningen, The Netherlands

Abstract

Background: Conditions during an individual’s rearing period can have far reaching consequences for its survival and
reproduction later in life. Conditions typically vary due to variation in parental quality and/or the environment, but in
cooperative breeders the presence of helpers adds an important component to this. Determining the causal effect of
helpers on offspring fitness is difficult, since high-quality breeders or territories are likely to produce high-quality offspring,
but are also more likely to have helpers because of past reproductive success. This problem is best resolved by comparing
the effect of both helping and non-helping subordinates on offspring fitness, however species in which both type of
subordinates commonly occur are rare.

Methodology/Principal Findings: We used multi-state capture-recapture models on 20 years of data to investigate the
effect of rearing conditions on survival and recruitment in the cooperatively breeding Seychelles warbler (Acrocephalus
sechellensis), with both helping and non-helping subordinates. The number of helpers in the rearing territory, but not
territory quality, group- or brood size, was positively associated with survival of offspring in their first year, and later in life.
This was not a result of group size itself since the number of non-helpers was not associated with offspring survival.
Furthermore, a nestling cross-foster experiment showed that the number of helpers on the pre-foster territory was not
associated with offspring survival, indicating that offspring from territories with helpers do not differ in (genetic) quality.

Conclusions/Significance: Our results suggest that the presence of helpers not only increase survival of offspring in their
first year of life, but also subsequent adult survival, and therefore have important fitness consequences later in life. This
means that when calculating the fitness benefits of helping not only short-term but also the late-life benefits have to be
taken into account to fully understand the evolution of cooperative breeding.
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Introduction

The conditions that individuals experience during the rearing

period can vary due to differences in the environment and/or of

the parents. Environmental effects can differ between individuals

because of variation in, for example, territory quality [1], or can

affect entire cohorts, for example due to bad weather in a specific

year [2,3]. Parents can affect the quality of offspring directly via

the genes that the offspring inherit, but also as a result of their

reproductive decisions, e.g. the trade-off between the quantity and

quality of offspring [4,5] or current and future reproduction [6].

Parents can also contribute to how the environment affects early

development [7], since parents can increase provisioning when

resource availability is low [8] or adjust egg size or composition

which can affect offspring growth, survival or immune function

[9–11].

Until recently, it was thought that the variation in conditions

that individuals experience during the rearing period would only

have short-term effects on fitness components early in life. Effects

of rearing conditions on fitness components later in life were

expected to be overridden by environmental stochasticity

accumulating during individual’s lifetime [1], and because

selection on fitness components becomes weaker over the course

of life [12,13]. However, the long-term consequences of rearing

conditions have now become clear [7,14,15] and numerous studies

have shown that such conditions can have important fitness

consequences later in life [1,16–20]. Although the evidence for

long-term fitness consequences of conditions during early
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development in long-lived birds is still debated (for review see:

[21]).

In cooperatively breeding species, individuals delay dispersal

and often help to rear kin [22]. Helpers add an important

component to rearing conditions as their helping behaviour has

been shown to positively affect offspring survival and body weight

early in life [23,24]. Recently a number of studies have shown that

helpers can have long-term benefits for the helped offspring

through improving survival to maturity [25–27], advancing the

onset of first reproduction [25,28] or increasing lifetime repro-

ductive success [29]. However, in long-lived species variation in

lifetime fitness is best explained by the number of breeding

attempts (and thus adult longevity/survival) rather than by

individual differences in annual reproductive output [30,31].

Yet, whether the presence of helpers can even affect adult survival

of the helped offspring remains unknown. Positive effects of

helpers on offspring performance are essential when explaining

cooperative breeding through kin-selection [23,32] or group-

augmentation [33]. If helpers also affect offspring performance

later in life then the calculations based on the short-term benefits

will be an underestimation of fitness benefits of helping and

thereby complicate our understanding on the evolution of

cooperative breeding.

An important difficulty in interpreting how variation in rearing

conditions affects fitness is the inability to distinguish rearing

effects from individual quality effects, i.e. high-quality parents

might occupy high-quality territories and produce high-quality

offspring, which survive better. Cross-foster experiments, in which

nestlings are swapped between nests, are able to resolve this

problem by separating the rearing from the (genetic) quality

effects, although cross-fostering does not separate the individual

(genetic) quality from territory quality. In cooperative breeders,

high-quality breeders/territories are also likely to recruit more

helpers because of past breeding success, resulting in, possibly

pervasive, non-causal correlations between the presence of helpers

and offspring fitness [22,34]. To establish causality, the effect of

helping has to be distinguished from the fact that living in a high-

quality territory or a larger group (‘group augmentation’, [33]) can

be beneficial itself.

Several approaches have been suggested to determine causality

of helping. First, experiments in which helpers were removed have

shown that offspring perform less well after helper removal [35–

37], however these experiments potentially disrupt social relation-

ships within the group [36]. Second, a comparison of the same

group with and without helpers has been suggested to determine

the causality of helper effects [38,39]. Such comparisons have been

criticized as groups where helper numbers change might be a

biased sample of the population [34], as changes in helper number

are the result of high reproduction or low survival. However a

recent study using this approach suggests that this criticism is not

necessarily valid [40]. Third, it has been suggested that statistical

models that incorporate the effect of territory or breeder identity

as random effects may disentangle helper from quality effects [22].

However, disentangling and reliably estimating such variance

components typically requires large sample sizes as well as

biological factors alleviating any covariance between individual

and territory quality (e.g. by breeders switching territories) [40].

Fourth, a very powerful method is to compare offspring from

groups where subordinates provision with offspring from groups

where subordinates do not help [41,42], but such an approach is

only applicable in species where subordinates often fail to

provision, which is rare among cooperative breeders [40].

Variation in rearing conditions can also affect natal dispersal

patterns, for example birds of high phenotypic quality disperse

when they are born in low quality habitat [43]. An important

methodological consequence of such a biological phenomenon is

that in studies that concern open infinite populations, unobserved

dispersal outside the study population (permanent emigration) will

be erroneously interpreted as mortality, and consequently effects of

rearing conditions on dispersal and survival are confounded [44–

46]. However, the effects of rearing conditions on survival and

recruitment can be unambiguously determined in closed popula-

tions (i.e. no emigration).

Using multistate mark-recapture analyses on 20 years of data we

investigate the effect of rearing conditions on juvenile and adult

survival and recruitment of Seychelles warbler (Acrocephalus

sechellensis) offspring. This cooperative breeder is endemic to a

few small islands in the Indian Ocean. The population on Cousin

Island is a closed population, since dispersal from the island is

virtually absent [47]. Although Seychelles warblers can breed

independently in their first year, a lack of suitable habitat drives

some males as well as females to become subordinate within their

natal territory [48,49]. Nestlings are fed for up to three months

and remain in the natal territory for at least six months [50],

suggesting helpers in the natal territory have ample opportunity to

make substantial improvements to early life conditions of offspring.

A subordinates’ decision to help is independent of territory quality

(measured according to Komdeur [48]), and for female subordi-

nates has been shown to depend on the continued presence of the

primary female that raised them (the putative mother), thus

assuring they gain kin-selected benefits through helping [51,52]. A

helper removal experiment has shown that helping increased

reproductive success of Seychelles warblers by increasing nestling

survival [53], but it is unknown whether helpers also have long-

lasting positive effects on offspring fitness.

Here we investigate the long-term effect of conditions during the

rearing period upon subsequent juvenile and adult survival and the

probability of being recruited into a breeding position. We

considered territory quality, group size, brood size and the number

of helping and non-helping subordinates in the rearing territory as

potential key aspects of conditions during the rearing period.

Previous analyses have shown that natal territory quality and natal

group size do not affect juvenile survival [54]. We first explore the

association between rearing conditions and offspring survival and

recruitment. By investigating both the number of helping and non-

helping subordinates we will be able to test whether associations

are due to causal effects of helping or correlated effects through

group size. Furthermore, we will use data from a cross-fostering

experiment of nestlings [55] to distinguish rearing from genetic

(quality) effects. We do this by comparing the effects of the

conditions in the original (pre-foster) territories to those of the

rearing territories. If any effects of rearing conditions on survival

or recruitment are the result of a causal relationship, we would

expect an association between conditions of the rearing territories,

and not of the original territories, on the performance of cross-

fostered offspring.

Methods

Ethics statement
The work has been conducted under the proper legislation of

the Seychelles law; the Department of Environment and the

Seychelles Bureau of Standards gave permission for fieldwork and

sampling (approval reference A0347). Our work also complied

with all the ethical conditions set out by the European institutions

involved (University of Groningen & University of East Anglia).

Long-Term Effects of Helpers
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Study area and data collection
Data were collected as part of the long term study of the

Seychelles warbler population on Cousin Island (04u209S,

55u409E) from 1986 to 2006 [55,56]. See Table 1 for a summary

of years in which specific data was collected. During the main

breeding season (July to September), and in some years during the

minor breeding peak (January to March), each territory was

checked for the presence of birds and breeding activity [48,54].

We assigned the status of all birds in the population. The ‘primary’

male and female were defined as the pair-bonded male and female

in the territory. All other adult birds resident in the territory were

defined as ‘subordinate’ [57]. Nests were observed throughout the

breeding cycle. Most Seychelles warblers produce one clutch per

season and this normally consists of just one egg, but about 20% of

nests contain two or three eggs [58]. Parentage analysis has shown

that egg dumping does not occur, however, joint-nesting is

common with 44% of subordinate females producing offspring.

Moreover, 40% of offspring are the result of extra-group paternity

(sired by a male from outside the social group) [58]. Birds were

either ringed as nestlings or as fledglings while still resident in the

natal territory and dependent on their parents (birds of known age

and origin), or later when independent (birds of unknown age and

origin). Birds were ringed with a unique combination of three

colour rings and a British Trust for Ornithology ring and since

1993 all birds were blood-sampled.

Molecular sexing [59] was used to determine the sex of each

individual sampled since 1993. Before that birds were sexed based

on observations and biometry at 6 months of age [60].

Consequently, by including only birds of known sex, juvenile

survival before 1993 will likely be overestimated (as for the earlier

period it will only include birds that reached 6 months of age).

However, here we are interested in the long-term effects of rearing

conditions, i.e. their effect on adult survival and recruitment.

Operationalization of rearing conditions
Rearing conditions were defined as the conditions (i.e. group

size, territory quality etc.) in the rearing territory during the

breeding season the bird hatched. Group size is defined as the

number of independent birds resident in the territory. Seychelles

warblers are insectivorous, taking 98% of their insect food from

leaves, therefore an index of territory quality was calculated using

the number of insect prey available, territory size and foliage cover

following the methods in Komdeur [48]. Territory quality was

calculated for each territory in 1987, 1990, 1996–1999 and 2003–

2006. The territories are very static in space (Brouwer, Richardson

& Komdeur pers. obs.) and the number of territories varies little

over time (number of territories: 112.361.2 S.E., n = 15 years).

Consequently, for the remaining years, territory quality for each

territory was calculated as the average from the preceding and

following period [54].

Additional data on rearing conditions was available for the

cohorts 1997–1999 and 2002–2005 (n = 327). For these cohorts

brood size was available and group size was specified as the

number of helping and non-helping subordinates. During the

nestling provisioning stage a minimum of two 90-minute

observations (1 week apart and randomized with respect to time

of day) were completed at each nest to asses whether a subordinate

was helping or not [49]. A subordinate was defined as ‘helper’

when it provisioned nestlings whereas ‘non-helpers’ were never

observed provisioning. Females and males are as likely to act as

helper [61], but joint nesting females (female subordinates laying

an egg) might have wrongly been assigned as helper in this study

(since a full pedigree is not yet available). However, our main

interest lies in how additional helping behaviour affects offspring

fitness.

Cross-foster experiment
To disentangle the effects of rearing conditions and (genetic)

quality on long-term fitness, we investigated survival and

recruitment of 69 same age (62-day difference) nestlings that

were cross-fostered between 0 and 6 days of age for the cohorts

1997–1999. Nests with two or three nestlings (n = 11) were reduced

to one by moving two or three nestlings to another nest, but

provisioning rates have been shown to be independent of the

number of nestlings [51].

Survival and recruitment analysis
We constructed the capture-resighting histories of 1047 marked

birds that were monitored between 1986 and 2006. Of these, 499

were ringed as nestling or fledgling (known age and territory).

Although birds ringed as adults do not provide any direct

information about effects of rearing conditions, they were included

in the analyses to improve the estimation of parameters that were

independent of rearing conditions and thereby indirectly improve

the accuracy of parameters of key interest. The capture-resighting

histories were included in one combined model, using multistate

mark-recapture models based on resightings (e.g. [62]). Survival,

resighting and transition probabilities between the states of

‘fledgling’, ‘old fledgling’, ‘subordinate’ and ‘primary’ were

estimated according to Figure 1. Since offspring have never been

Table 1. Summary showing the years in which specific data was collected to investigate the effects of early conditions on survival
of Seychelles warblers between 1986–2006.

Data collected Year

Mark–recapture/resighting main breeding season 1986–1991, 1993–2006

Mark–recapture/resighting minor breeding season 1998, 1999, 2004, 2005

DNA sexing 1993–2006

Territory quality 1987, 1990, 1996–1999, 2003–2006

Group size 1986–1991, 1993–2006

No. helpers 1997–1999, 2002–2005

No. non-helpers 1997–1999, 2002–2005

Brood size 1997–1999, 2002–2005

Nestling cross-fostering 1997–1999

doi:10.1371/journal.pone.0033167.t001

Long-Term Effects of Helpers
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observed to help or breed before six months of age [50] they can

be considered as juveniles in two consecutive periods in years

where both the major and minor breeding peaks are monitored.

To include this in the multistate model, the first year of life was

divided into two states: ‘fledgling’ and ‘old fledgling’. After the first

year of life ‘old fledgling’ birds subsequently become ‘subordinate’,

recruit to a ‘primary’ (breeding) position, or die. The transition

probabilities from fledgling to old fledgling, and from old fledgling

to subordinate were fixed to one, as all fledglings and old fledglings

move to the next state, conditional that they survive (Figure 1).

Twenty-nine out of 1047 birds in our dataset lost their ‘primary’

status and became ‘subordinate’ again. Although this is an

interesting phenomenon [63], we did not include these birds in

our sample as we are primarily interested in recruitment here.

Consequently, the transition from ‘primary’ to ‘subordinate’ was

constrained to zero (Figure 1).

Each year, except for 1992, individuals were recorded as present

if observed in the last two weeks of the main breeding season (1

July–1 September). Furthermore, for 1998, 1999, 2004 and 2005

the minor breeding peak (1 January–1 March) was monitored.

The biannual re-sighting periods allow us to estimate survival over

two 6-month periods, for the remaining years we could only

calculate survival over the whole year. If no capture-resighting

data were available for the minor breeding season, dummy

variables were created by including zeros in the encounter histories

and adjusting the time interval, with the survival parameter (W) set

to 1 and the resighting parameter (recapture, p) and transition

parameter (y) set to 0 [54]. A total of 58 birds that were

translocated in 2004 [56] were removed from the dataset from that

moment on (i.e. treated as right censored). Individuals’ re-sighting

histories were used as input files for survival analyses in the

program MARK [64].

We employed an a priori approach in which a small set of

candidate models was created based on previous knowledge and

hypotheses of interest. Previous analyses have shown that annual

survival was high, both for juveniles (first year) (0.61) and adults

(0.84), and did not differ between the sexes [54]. The basic model

structure we use here (Table 2, model 3) allowed survival to vary

between years and states, with different survival probabilities for

individuals in their first year of life (fledgling and old fledgling state)

than for older birds (subordinate and primary state). We expected

the resighting probability to be highest for primary birds, because

they remain in the same territory after settling, in contrast to

subordinates which make forays around the island in search for a

vacancy [65]. To simplify and avoid the over-parameterisation of

our model we assumed time-independent resighting rates but

allowed them to vary between the primary and the other states. Our

basic model structure allowed transition (recruitment) probabilities

to vary over time and between the sexes. In addition, three groups

were created in the analyses, one group for birds of known age and

origin, one group for cross-fostered (also known age and origin)

offspring, and one group for the birds of unknown age and origin.

For each year that data was available, conditions of the rearing

territory were included as individual covariates in the analyses for

both the cross-fostered birds and for birds of known age and origin.

However, the individual covariates describing the conditions of the

original territory (pre-fostering) were included for the cross-fostered

birds only. Since previous analyses have shown that local density

negatively affected adult survival [54], the average group size a bird

lived in from its second year on was included as a covariate on adult

survival when testing for the effects of the rearing conditions.

We first investigated whether the probability of resighting or

survival varied between birds in the different states and checked

whether the recruitment rate differed between the sexes. We then

investigated whether survival and recruitment were associated

with conditions during the rearing period for both the cross-

fostered birds and the other birds of known age and origin. Finally,

we investigated whether we can distinguish rearing conditions

from (genetic) quality effects by including conditions of the original

(pre-fostering) territory for cross-fostered offspring only.

Model selection was based on Akaike’s Information Criterion

(AICc) corrected for sample size with better fitting models resulting

in lower AICc values [66], but models with DAICc ,2 are

considered to be approximately equally well supported. Addition-

ally, we report the normalized Akaike weights to assess the relative

support for competing models [67]. Estimating the amount of

overdispersion using the median ĉ-procedure implemented in

program MARK [68] showed some evidence for overdispersion

(variance inflation factor ĉ = 1.5160.02). Consequently, AICc

values were adjusted to allow for the extent of overdispersion

measured by ĉ, through quasi likelihood (QAICc).

Results

Natural variation in rearing conditions
On average 39% of the territories (average total number of

territories on Cousin Island = 112.364.6 S.D.) had one or more

Figure 1. Schematic overview of the life cycle of the Seychelles
warbler. The four main life stages: fledgling (F), old fledgling (O),
subordinate (S) and primary (P) with the survival (W) and transition (Y)
parameters as estimated in the multistate capture-recapture model as a
function of covariates of the rearing and original (pre-foster) territory.
(c) = cross-fostered, (nc) = non-cross-fostered. After the first year of life
‘old fledgling’ birds subsequently become ‘subordinate’, recruit to a
‘primary’ (breeding) position, or die. The transition probabilities from
fledgling to old fledgling, and from old fledgling to subordinate were
fixed to one, as all fledglings and old fledglings move to the next state,
conditional that they survive.
doi:10.1371/journal.pone.0033167.g001

Long-Term Effects of Helpers
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subordinates in a given year. The nest observation data showed

that group sizes varied from 2 to 6 birds, with a maximum of two

helping (mean = 0.2960.52 S.D.) and two non-helping

(mean = 0.5360.70 S.D.) subordinates observed per territory

(groups of 7 birds exist but are rare and were not part of this

dataset). The index of territory quality revealed that higher quality

territories did not have more helpers, nor non-helpers, than lower

quality territories (GLMM, response variable territory quality with

territory identity as random effect, n = 1117, helpers: x2
1 = 0.87,

P = 0.35; non-helpers, x2
1 = 0.31, P = 0.58). However, there could

be other aspects associated with the presence of subordinates not

accounted for in the territory quality calculation.

State, sex and time-dependent variation
We investigated whether survival, recruitment and resighting

probabilities differed between individuals in the different states

(Figure 1). Annual resighting probabilities were similarly high for

first year birds (fledglings and old fledglings) as subordinates

(0.8360.02 S.E.), but even higher for primary birds (0.9760.01

S.E.; Table 2, model 3 vs. 5). There was no evidence that survival

probabilities differed between subordinates and primaries (Table 2,

model 3 vs. 4). Annual recruitment probabilities varied between

0.15 and 0.79 (average = 0.6060.04 S.E.). There was no evidence

for differential recruitment between the sexes (Table 2, model 1 vs.

2; b = 20.00260.21), and this did not change between years

(Table 2, model 1 vs. 3). A model with equal recruitment

probabilities for both sexes was 2.8 times better supported by the

data than a model with sex-specific recruitment (Table 2, model 1

vs. 2). Consequently model 1 (Table 2) was used as a starting

model to investigate the effects of conditions during the rearing

period on survival and recruitment.

Effect of rearing conditions on survival
We found that the number of helpers in the rearing territory (of

both cross-fostered and non-cross fostered offspring) was positively

associated with survival (Table 3a, model 1 vs. 3), and that this

effect did not vary between years (Table 3a, model 11) or with

territory quality (Table 3a, model 4 vs. 1). Specifically, the number

of helpers in the rearing territory was not only positively associated

with survival in the first year of life but also later in life, as there

was no evidence that the effect varied between the fledgling/old

fledgling state versus the subordinate and primary states (Table 3a,

model 1 vs. 2; Figure 2a). Including the number of helpers in the

rearing territory as a covariate with survival was 3.8 times better

supported by the data than a model without this effect (Table 3a,

model 1 vs. 3). This effect was due to the presence of helpers itself

as there was no evidence that the number of non-helping

subordinates (Table 3a, models 5 and 8 vs. 3; Figure 2b), or

group size (helping and non-helping subordinates; Table 3a,

model 10 vs. 3) in the rearing territory was associated with juvenile

or adult survival. Including the number of non-helping subordi-

nates as a quadratic effect did not improve the fit of the model

(Table 3a, model 7 vs. 5). Brood size and territory quality of the

rearing territory were also not associated with survival (Table 3a,

models 6 and 9 vs. 3).

Effect of rearing conditions on recruitment
The probability of recruitment to the primary state was not

higher for birds reared on a territory with helpers (Table 3b,

model 3 vs. model 1). Furthermore, recruitment probabilities were

not associated with territory quality, the number of non-helpers or

the size of the group or brood in which they were reared

(Table 3b).

Disentangling rearing from (genetic) quality effects on
survival and recruitment

The association between the number of helpers in the territory

and offspring survival was not a result of a non-causal relationship

caused by (genetic) quality; the cross-foster experiment showed

that the number of helpers of the original (pre-foster) territory was

not associated with either survival (Table 4a, model 3 vs. 1) or

recruitment probabilities (Table 4b, model 1 vs. 2). Furthermore,

none of the other characteristics of the original territory i.e. group

size, territory quality, brood size and the number of non-helpers

were associated with survival or recruitment of the cross-fostered

offspring (Table 4). This null-result was not likely caused by a lack

of power as there was a positive association between the number of

helpers in the foster territory and both juvenile and adult survival

for the cross-fostered offspring (Table 4a, model 1 vs. 2). Although

QAICc increased by only 1.8, including the number of helpers in

the foster territory was 2.4 times better supported by the data than

a model without this effect (Table 4a, model 1 vs. 2).

Discussion

Our results suggest that the presence of helpers has long-term

effects on the offspring they help; the number of helpers in the

rearing territory was not only associated with juvenile survival, but

also with the later adult survival of the helped offspring. The

evidence suggest that offspring benefited from being helped, rather

than just the presence of other group members, as the number of

non-helping subordinates was not associated with survival.

Furthermore, the positive association between helper numbers

and survival was not a non-causal result of offspring of groups with

helpers being of higher (genetic) quality since the presence of

helpers on the original (pre-foster) territory was not associated with

Table 2. Results of a multistate model examining survival (W), resighting (p) and recruitment probabilities (transition from
subordinate to primary state, YSP) for Seychelles warblers (n = 1018) from 1986 to 2006.

No. Model Description of effect No. Par. DQAICc QAICc weights

1 WFO
(t)?W

S
=W

P
(t) pFO

(.) = pS
(.)?pP

(.)y
SP

(t) Absence of sex effect on recruitment 67 0.0 0.74

2 WFO
(t)?W

S
=W

P
(t) pFO

(.) = pS
(.)?pP

(.) y
SP

(t+s) Additive effect of sex on resighting 68 2.1 0.26

3 WFO
(t)?W

S
=W

P
(t) pFO

(.) = pS
(.)?pP

(.)y
SP

(t6s) Starting model 84 17.0 0.00

4 WFO
(t)?W

S
(t)?W

P
(t) pFO

(.) = pS
(.)?pP

(.)y
SP

(t6s) Survival function of state 106 46.3 0.00

5 WFO
(t)?W

S
(t)?W

P
(t) pFO

(.)?pS
(.)?pP

(.)y
SP

(t6s) Survival and resighting function of state 107 47.9 0.00

The different states (life stages) are: fledgling (F), old fledgling (O), subordinate (S) and primary (P). (t) = time, (s) = sex, (.) = constant. Models were ranked according to
their QAICc value, with the best supported model on top. DQAICc being the difference between the QAICc of the best supported model and the model considered.
doi:10.1371/journal.pone.0033167.t002
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Figure 2. Annual adult and juvenile survival of Seychelles warblers. Survival probabilities (with S.E.) and model predictions for an average
year are given in relation to a) the number of helpers in the rearing territory (predictions based on model 1, Table 3a), b) the number of non-helpers
in the rearing territory (predictions based on model 5, Table 3a) and c) the number of helpers in the original (pre-foster) territory of cross-fostered
offspring (predictions based on model 3, Table 4a). Numbers on top indicate number of offspring followed.
doi:10.1371/journal.pone.0033167.g002

Table 3. Results of a multistate model examining conditions during the rearing period on (a) survival (W) and (b) recruitment
(transition from subordinate to primary state, YSP) of Seychelles warblers.

No. Model Description of effect No. Par. DQAICc QAICc weight

(a)

1 (WFO
?W

S
=W

P) t+h ySP
(t) Helper on survival 69 0.0 0.45

2 WFO
(t+h)?W

S
=W

P
(t+h) y

SP
(t) Helper on survival in interaction with

state (juvenile vs. adult)
70 2.0 0.16

3 WFO
(t)?W

S
=W

P
(t) y

SP
(t) Starting model 68 2.7 0.12

4 (WFO
?W

S
=W

P) t+(h6tq) y
SP

(t) Helper in interaction with territory quality
on survival

71 3.2 0.09

5 (WFO
?W

S
=W

P) t+nh ySP
(t) Non-helper on survival 69 4.0 0.06

6 WFO
(t+tq)?W

S
=W

P
(t+tq) y

SP
(t) Territory quality on survival in interaction

with state (juvenile. vs. adult)
70 5.6 0.03

7 (WFO
?W

S
=W

P) t+(nh)
2 ySP

(t) Quadratic effect non-helper on survival 70 5.8 0.02

8 WFO
(t+nh)?W

S
=W

P
(t+nh) y

SP
(t) Non-helper on survival in interaction with

state (juvenile vs. adult)
70 6.0 0.02

9 WFO
(t+b)?W

S
=W

P
(t+b) y

SP
(t) Brood size on survival in interaction with

state (juvenile vs. adult)
70 6.2 0.02

10 WFO
(t+gs)?W

S
=W

P
(t+gs) y

SP
(t) Group size on survival in interaction with

state (juvenile vs. adult)
70 6.5 0.02

11 (WFO
?W

S
=W

P)(t6h) y
SP

(t) Time dependent helper on survival 72 23.6 ,0.01

(b)

1 WFO
(t)?W

S
=W

P
(t) y

SP
(t) Starting model 68 0.0 0.30

2 WFO
(t)?W

S
=W

P
(t) y

SP
(t+b) Brood size on recruitment 69 0.5 0.23

3 WFO
(t)?W

S
=W

P
(t) y

SP
(t+h) Helper on recruitment 69 1.8 0.12

4 WFO
(t)?W

S
=W

P
(t) y

SP
(t+gs) Group size on recruitment 69 1.9 0.12

5 WFO
(t)?W

S
=W

P
(t) y

SP
(t+tq) Territory quality on recruitment 69 1.9 0.12

6 WFO
(t)?W

S
=W

P
(t) y

SP
(t+nh) Non-helper on recruitment 69 2.0 0.11

The different states (life stages) are: fledgling (F), old fledgling (O), subordinate (S) and primary (P). Covariates of the rearing territory: (h) = number of helpers,
(nh) = number of non-helpers, (tq) = territory quality, (b) = brood size, (gs) = group size, (t) = time. Models were ranked according to their QAICc value, with the best
supported model on top. DQAICc being the difference between the QAICc of the best supported model and the model considered.
doi:10.1371/journal.pone.0033167.t003
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offspring survival. These findings mean that not only the short-

term but also the long-term benefits have to be taken into account

to fully understand the evolution of cooperative breeding.

Potentially other factors not accounted for here, like age and

breeding experience, differ between groups with helpers versus

groups with non-helping subordinates and result in differences in

offspring survival. Although previous work has shown that age and

breeding experience do affect reproductive success, access to food

and foraging efficiency has been shown to be similar between

older/more experienced and younger birds [69,70]. It is therefore

unlikely that age or breeding experience caused differences in

survival after fledging.

Evidence that helpers can have short-term effects on offspring

fitness by increasing juvenile survival has previously been shown,

for example through removal experiments in several cooperatively

breeding species [35–37,71]. However whether helping has long-

term fitness benefits has long remained unclear, reflecting the fact

that helper effects are hard to study, not only because long-term

data are needed, but also since specific approaches (e.g. comparing

helping and non-helping subordinates) are required to determine

the direction of causation [22]. Furthermore, parents might

respond to the presence of helpers by reducing their investment in

their offspring, making it even harder to detect helper effects as

shown, for example, in a study on superb-fairy wrens (Malurus

cyaneus) where mothers breeding in the presence of helpers lay

smaller eggs of lower nutritional content that produce lighter

chicks, as compared with those laying eggs in the absence of

helpers [72]. In studies that have shown long-term effects of

helping the benefit was mediated through increased mass or size at

independence, which resulted in higher survival to maturity or

younger age of first reproduction [25–29]. We have now shown

that helping can even affect the adult survival of the helped

offspring. It is likely, and logical, that the increased survival of

Seychelles warblers may also be linked to higher body mass of the

helped offspring at fledging as a result of the provisioning provided

by helpers. However, helpers could also reduce the need for

offspring to forage, which in turn could lead to reduced

physiological damage like reduced oxidative stress [73], something

that will be investigated in the future.

In the Seychelles warbler, the presence of helpers during the

rearing period positively affects survival during the nestling stage

[53], and also later in life, but did not result in a higher likelihood

of recruiting to a breeder position (this study). A removal

experiment indeed showed that the proximity to a vacant breeding

position, rather than body size, was the main determinant of the

chance of claiming a vacancy [74]. Nevertheless, since many

individuals will not obtain a breeding position upon reaching

adulthood, increasing one’s adult survival will also increase one’s

likelihood of reproduction via joint-laying or extra-pair paternity

as well as eventually obtaining a breeding vacancy. Although

having helpers in a group therefore seems very beneficial for the

future survival of the offspring, living in larger groups later in life

becomes a disadvantage as this results in lower survival [54], most

likely acting via competition for food [56]. This might explain why

the presence of more than one helper is uncommon in this species

(average no. of helpers per territory = 0.2960.52 S.D.).

Neither brood size nor territory quality experienced during the

rearing period was associated with survival at any stage of an

Table 4. Results of a multistate model examining the effects of the original (pre-foster) territory conditions on (a) survival and (b)
recruitment probabilities (transition from subordinate to primary state, ySP) of cross-fostered Seychelles warblers (n = 69).

No. Model Description of effect No. Par. DQAICc QAICc weights

(a)

1 (WFO
?W

S
=W

P) (t+fosterh) y
SP

(t) Helper foster territory on survival 69 0.0 0.50

2 WFO
(t)?W

S
=W

P
(t) y

SP
(t) Starting model 68 1.8 0.20

3 (WFO
?W

S
=W

P) (t+h) y
SP

(t) Helper original territory on survival 69 3.8 0.08

4 (WFO
?W

S
=W

P) (t+h)
2 ySP

(t) Quadratic effect helper original territory on
survival

70 3.9 0.07

5 WFO
(t+nh)?W

S
=W

P
(t+nh) y

SP
(t) Non-helper original territory on survival in

interaction with state (juvenile vs. adult)
70 4.1 0.06

6 WFO
(t+b)?W

S
=W

P
(t+b) y

SP
(t) Brood size original territory on survival in

interaction with state (juvenile vs. adult)
70 5.4 0.03

7 WFO
(t+tq)?W

S
=W

P
(t+tq) y

SP
(t) Quality original territory on survival in

interaction with state (juvenile vs. adult)
70 5.5 0.03

8 WFO
(t+gs)?W

S
=W

P
(t+gs) y

SP
(t) Group size original territory on survival in

interaction with state (juvenile vs. adult)
70 5.7 0.03

(b)

1 WFO
(t)?W

S
=W

P
(t) y

SP
(t+h) Helper original territory on recruitment 69 0.0 0.27

2 WFO
(t)?W

S
=W

P
(t) y

SP
(t) Starting model 68 0.5 0.21

3 WFO
(t)?W

S
=W

P
(t) y

SP
(t+b) Brood size original territory on recruitment 69 0.6 0.20

4 WFO
(t)?W

S
=W

P
(t) y

SP
(t+gs) Group size original territory on recruitment 69 1.4 0.14

5 WFO
(t)?W

S
=W

P
(t) y

SP
(t+tq) Quality original territory on recruitment 69 1.9 0.10

6 WFO
(t)?W

S
=W

P
(t) y

SP
(t+nh) Non-helpers original territory 69 2.5 0.08

Models were based on all individuals (n = 1018) but the covariates were included for the cross-fostered offspring only. The different states (life stages) are: fledgling (F),
old fledgling (O), subordinate (S) and primary (P). Covariates from original territories: (h) = number of helpers, (nh) = number of non-helpers, (tq) = territory quality,
(b) = brood size, (gs) = group size, (t) = time and (fosterh) = number of helpers on foster territory. Models were ranked according to their QAICc value, with the best
supported model on top. DQAICc being the difference between the QAICc of the best supported model and the model considered.
doi:10.1371/journal.pone.0033167.t004
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individuals’ life. A previous study on the Seychelles warbler has

already shown that although there was variation in juvenile

survival between seasons, this did not affect a cohorts’ adult

survival probability [54]. The long period in which the Seychelles

warbler offspring are dependent on their parents might counter-

balance any negative effects experienced during early life. Our

results suggest that there is a direct effect of the additional care,

probably as a result of the extra provisioning gained by young.

Furthermore, a previous analysis found evidence for maternal

effects, as maternal heterozygosity at microsatellite loci was

positively associated with offspring survival [55,75]. It is possible

that parental effects are, therefore, a more important source of

variation in quality than the effects of the environment and

territory. The Seychelles warbler lives in a relatively stable tropical

environment and birds time their reproduction to periods with

high food availability and choose whether to lay one or two eggs

[76]. With such a strategy, adverse conditions might be avoided.

Although studies on temperate species might show greater effects

of rearing conditions, in tropical species with less variation in the

environmental conditions, parental effects and decisions might be

more important.

Primary birds did not have lower survival probabilities than

subordinates, which at first sight suggest there is little cost

associated with reproduction itself. However, the assessment of

status was based on observations only. A previous study showed

that 44% of subordinate females are joint nesting each year [77],

therefore they may also suffer any cost of reproduction.

Furthermore, subordinates may have been investing considerable

effort in helping. Unfortunately, we could not differentiate helper

and non-helper survival as the minor breeding peak was

monitored in a few years only, drastically reducing our sample

size with respect to knowledge about whether a bird has helped or

not. Finally, it might be that heterogeneity in quality between

individuals, or condition dependence, allows certain individuals to

reproduce without bearing the cost of reduced survival [78].
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8. Hakkarainen H, Korpimäki E (1994) Does feeding effort of Tengmalm’s owls

reflect offspring survival prospects in cyclic food conditions? Oecologia 97:

209–214.

9. Eising CM, Eikenaar C, Schwabl H, Groothuis TGG (2001) Maternal

androgens in black-headed gull (Larus ridibundus) eggs: consequences for chick

development. Proc R Soc Lond B 268: 839–846.

10. Hipfner JM (2000) The effect of egg size on post-hatching development in the

Razorbill: an experimental study. J Avian Biol 31: 112–118.

11. Saino N, Ferrari R, Romano M, Martinelli R, Møller AP (2003) Experimental

manipulation of egg carotenoids affects immunity of barn swallow nestlings.

Proc R Soc Lond B 270: 2485–2489.

12. Caswell H (2001) Matrix population models. Construction, analysis and

interpretation. Sunderland: Sinauer Associates. 722 p.

13. Charlesworth B (1980) Evolution in age-structured populations. Cambridge:

Cambridge University Press. 300 p.

14. Lummaa V, Clutton-Brock T (2002) Early development, survival and

reproduction in humans. Trends Ecol Evol 17: 141–147.

15. Beckerman A, Benton TG, Ranta E, Kaitala V, Lundberg P (2002) Population

dynamic consequences of delayed life-history effects. Trends Ecol Evol 17:

263–269.

16. Cam E, Monnat JY, Hines JE (2003) Long-term fitness consequences of early

conditions in the kittiwake. J Anim Ecol 72: 411–424.

17. Green DJ, Cockburn A (2001) Post-fledging care, philopatry and recruitment in

brown thornbills. J Anim Ecol 70: 505–514.

18. Magrath RD (1991) Nestling weight and juvenile survival in the blackbird,

Turdus merula. J Anim Ecol 60: 335–351.

19. Sedinger JS, Flint PL, Lindberg MS (1995) Environmental influence on life-

history traits-growth, survival, and fecundity in black brant (Branta bernicla).

Ecology 76: 2404–2414.

20. Hodge SJ, Manica A, Flower TP, Clutton-Brock TH (2008) Determinants of

reproductive success in dominant female meerkats. J Anim Ecol 77: 92–102.

21. Cam E, Aubry L (2011) Early development, recruitment and life history

trajectory in long-lived birds. J Ornithol 152(Suppl 1): S187–S201.

22. Cockburn A (1998) Evolution of helping behavior in cooperatively breeding

birds. Ann Rev Ecol System 29: 141–177.

23. Brown JL (1987) Helping and communal breeding in birds. Princeton: Princeton

University Press. 354 p.

24. Emlen ST (1991) Evolution of cooperative breeding in birds and mammals. In:

Krebs JR, Davies NB, eds. pp 301–337.

25. Hodge SJ (2005) Helpers benefit offspring in both the short and long-term in the

cooperatively breeding banded mongoose. Proc R Soc Lond B 272: 2479–2484.

26. Ridley AR (2007) Factors affecting offspring survival and development in a

cooperative bird: social, maternal and environmental effects. J Anim Ecol 76:

750–760.

27. Hatchwell BJ, Russell AF, MacColl ADC, Ross DJ, Fowlie MK, et al. (2004)

Helpers increase long-term but not short-term productivity in cooperatively

breeding long-tailed tits. Behav Ecol 15: 1–10.

28. Russell AF, Young AJ, Spong G, Jordan NR, Clutton-Brock TH (2007) Helpers

increase the reproductive potential of offspring in cooperative meerkats.

Proc R Soc Lond B 274: 513–520.

29. Sparkman AM, Adams J, Beyer A, Steury TD, Waits L, et al. (2011) Helper

effects on pup lifetime fitness in the cooperatively breeding red wolf (Canis

rufus). Proc R Soc Lond B 278: 1381–1389.

30. Clutton-Brock TH (1988) Reproductive Success. Studies of individual variation

in contrasting breeding systems. Chicago: University of Chicago Press. 548 p.

31. Newton (1989) Lifetime reproduction in birds Academic Press. 479 p.

32. Griffin AS, West SA (2003) Kin discrimination and the benefit of helping in

cooperatively breeding vertebrates. Science 302: 634–636.

33. Kokko H, Johnstone RA, Clutton-Brock TH (2001) The evolution of

cooperative breeding through group augmentation. Proc R Soc Lond B 268:

187–196.

34. Dickinson JL, Hatchwell BJ (2004) Fitness consequences of helping. In:

Koenig WD, Dickinson JL, eds. Cambridge: Cambridge University Press. pp

48–66.

35. Brown JL, Brown ER, Brown SD, Dow DD (1982) Helpers: Effects of

experimental removal on reproductive success. Science 215: 421–422.

36. Mumme RL (1992) Do helpers increase reproductive success? An experimental

analysis in the Florida scrub jay. Behav Ecol Sociobiol 31: 319–328.

37. Brouwer L, Heg D, Taborsky M (2005) Experimental evidence for helper effects

in a cooperatively breeding cichlid. Behav Ecol 16: 667–673.

38. Green DJ, Cockburn A, Hall ML, Osmond HL, Dunn PO (1995) Increased

opportunities for cuckoldry may be why dominant male fairy-wrens tolerate

helpers. Proc R Soc Lond B 262: 297–303.

39. Legge S (2000) The effect of helpers on reproductive success in the laughing

kookaburra. J Anim Ecol 69: 714–724.

40. Cockburn A, Sims RA, Osmond HL, Green DJ, Double MC, et al. (2008) Can

we measure the benefits of help in cooperatively breeding birds: the case of

superb fairy-wrens Malurus cyaneus? J Anim Ecol 77: 430–438.

Long-Term Effects of Helpers

PLoS ONE | www.plosone.org 8 April 2012 | Volume 7 | Issue 4 | e33167



41. Davies NB, Hatchwell BJ (1992) The value of male parental care and its

influence on reproductive allocation by male and female dunnocks. J Anim Ecol

61: 259–272.

42. Magrath RD, Yezerinac SM (1997) Facultative helping does not influence

reproductive success or survival in cooperatively breeding white-browed

scrubwrens. J Anim Ecol 66: 670.

43. Verhulst S, Perrins CM, Riddington R (1997) Natal dispersal of great tits in a

patchy environment. Ecology 78: 864–872.

44. Bennets RE, Nichols JD, Lebreton JD, Pradel R, Hines JE, et al. (2001) Methods

for estimating dispersal probabilities and related parameters using marked

individuals. In: Clobert J, Danchin E, Dhondt A, Nichols JD, eds. Oxford:

Oxford University Press. pp 3–17.

45. Ims RA, Hjermann DO (2001) Condition-dependent dispersal. In: Clobert J,

Danchin E, Dhondt A, Nichols JD, eds. Oxford: Oxford University Press. pp

203–216.

46. Tinbergen JM (2005) Biased estimates of fitness consequences of brood size

manipulation through correlated effects on natal dispersal. J Anim Ecol 74:

1112–1120.

47. Komdeur J, Piersma T, Kraaijeveld K, Kraaijeveld-Smit F, Richardson DS

(2004) Why Seychelles warblers fail to recolonize nearby islands: unwilling or

unable to fly there? Ibis 146: 298–302.

48. Komdeur J (1992) Importance of habitat saturation and territory quality for the

evolution of cooperative breeding in the Seychelles warbler. Nature 358:

493–495.

49. Komdeur J (1994) The effect of kinship on helping in the cooperative breeding

Seychelles warbler (Acrocephalus sechellensis). Proc R Soc Lond B 256: 47–52.

50. Komdeur J (1996) Facultative sex ratio bias in the offspring of seychelles

warblers. Proc R Soc Lond B 263: 661–666.

51. Richardson DS, Burke T, Komdeur J (2003) Sex-specific associative learning

cues and inclusive fitness benefits in the Seychelles warbler. J Evol Biol 16:

854–861.

52. Richardson DS, Komdeur J, Burke T (2003) Altruism and infidelity among

warblers. Nature 422: 580.

53. Komdeur J (1994) Experimental evidence for helping and hindering by previous

offspring in the cooperative breeding Seychelles warbler Acrocephalus sechellensis.

Behav Ecol Sociobiol 34: 175–186.

54. Brouwer L, Richardson DS, Eikenaar C, Komdeur J (2006) The role of group

size and environmental factors on survival in a cooperatively breeding tropical

passerine. J Anim Ecol 75: 1321–1329.

55. Richardson DS, Komdeur J, Burke T (2004) Inbreeding in the Seychelles

warbler: environment-dependent maternal effects. Evolution 58: 2037–2048.

56. Brouwer L, Tinbergen JM, Both C, Bristol R, Richardson DS, et al. (2009)

Experimental evidence for density-dependent reproduction in a cooperatively

breeding passerine. Ecology 90: 729–741.

57. Richardson DS, Burke T, Komdeur J (2002) Direct benefits and the evolution of

female-biased cooperative breeding in Seychelles warblers. Evolution 56:

2313–2321.

58. Richardson DS, Jury FL, Blaakmeer K, Komdeur J, Burke T (2001) Parentage

assignment and extra-group paternity in a cooperative breeder: the Seychelles

warbler (Acrocephalus sechellensis). Mol Ecol 10: 2263–2273.

59. Griffiths R, Double MC, Orr K, Dawson RJG (1998) A DNA test to sex most

birds. Mol Ecol 7: 1071–1075.
60. Komdeur J (1991) Cooperative breeding in the Seychelles warbler. PhD thesis

Cambridge, U.K., University of Cambridge.

61. Dugdale H, Richardson D, Komdeur J, Burke T (2010) Fitness consequences of
helping in the cooperatively breeding Seychelles warbler. CEES report,

University of Groningen.
62. Nichols JD, Kendal WL (1995) The use of multi-state capture-recapture models

to address questions in evolutionary ecology. J Appl Stat 22: 835–846.

63. Richardson DS, Burke T, Komdeur J (2007) Grandparents helpers: the adaptive
significance of older post-dominant helpers in the Seychelles warbler. Evolution

61: 2790–2800.
64. White GC, Burnham KP (1999) Program MARK: Survival estimation from

populations of marked animals. Bird Study 46: 120–139.
65. Eikenaar C, Richardson DS, Brouwer L, Komdeur J (2008) Sex biased natal

dispersal in a closed, saturated population of Seychelles warblers. J Avian Biol

39: 73–80.
66. Akaike H (1973) Information theory and an extension of the maximum

likelihood principle. In: Petrov BN, Csaki N, eds. Budapest: Akademiai Kiado.
pp 267–281.

67. Burnham KP, Anderson DR (2002) Model selection and multimodel inference.

New York: Springer Verlag. 488 p.
68. Cooch EG, White GC Program MARK: Analysis of data from marked

individuals: http://www.phidot.org/software/mark/docs/book/.
69. Komdeur J (1996) Influence of helping and breeding experience on reproductive

performance in the Seychelles warbler: a translocation experiment. Behav Ecol
7: 326–333.

70. Komdeur J (1996) Influence of age on reproductive performance in the

Seychelles warbler. Behav Ecol 7: 417–425.
71. Shreeves G, Field J (2002) Group size and direct fitness in social queues. Am Nat

159: 81–95.
72. Russell AF, Langmore NE, Cockburn A, Astheimer LB, Kilner RM (2007)

Reduced egg investment can conceal helper effects in cooperatively breeding

birds. Science 317: 941–944.
73. Monaghan P, Metcalfe NB, Torres R (2009) Oxidative stress as a mediator of life

history trade-offs: mechanisms, measurements and interpretation. Ecol Lett 12:
75–92.

74. Eikenaar C, Richardson DS, Brouwer L, Bristol R, Komdeur J (2009)
Experimental evaluation of sex differences in territory acquisition in a

cooperatively breeding bird. Behav Ecol 20: 207–214.

75. Brouwer L, Komdeur J, Richardson DS (2007) Heterozygosity-fitness correla-
tions in a bottlenecked island species: a case study on the Seychelles warbler. Mol

Ecol 16: 3134–3144.
76. Komdeur J (1996) Seasonal timing of reproduction in a tropical bird, the

Seychelles warbler - a field experiment using translocation. J Biol Rhythms 11:

333–346.
77. Richardson DS, Jury FL, Blaakmeer K, Komdeur J, Burke T (2001) Parentage

assignment and extra-group paternity in a cooperative breeder: the Seychelles
warbler (Acrocephalus sechellensis). Mol Ecol 10: 2263–2273.

78. Cam E, Monnat JY (2000) Apparent inferiority of first-time breeders in the
kittiwake: the role of heterogeneity among age classes. J Anim Ecol 69: 380–394.

Long-Term Effects of Helpers

PLoS ONE | www.plosone.org 9 April 2012 | Volume 7 | Issue 4 | e33167


