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ƐՊ |ՊINTRODUC TION

In cooperative breeding systems, offspring care is often shared 

between the dominant male and female �breeders,� and a variable 

number of subordinate helpers (Koenig & Dickinson, 2016; Komdeur 

et al., 2017; Solomon & French, 1997; Stacey & Koenig, 1990). The 

optimal amount of parental investment provided by a dominant 

breeder is determined by the trade-off between current and future 
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Abstract
In cooperatively breeding species, care provided by helpers may affect the dominant 

breeders� investment trade-offs between current and future reproduction. By nega-

tively compensating for such additional care, breeders can reduce costs of reproduc-

tion and improve their own chances of survivaѴĺ AѴternativeѴyķ heѴper care can be 
additive to that of dominants, increasing the fledging fitness of the current brood. 

However, the influence helpers have on brood care may be affected by group size 

and territory quality. Therefore, the impact of helping needs to be disentangled from 

other factors determining offspring investment before conclusive inferences about 

the effect of help on additive and compensatory care can be made. We used 20 years 

of provisioning data to investigate the effect of helping on provisioning rates in the 

facultative cooperatively breeding Seychelles warbler Acrocephalus sechellensis. Our 

extensive dataset allowed us to statistically disentangle the effects of helper pres-

ence, living in larger groups and different food availability. We show compensatory 

and additive care (i.e., partial compensation) in response to helper provisioning. 

Helpers lightened the provisioning load of the dominant male and female and in-

creased total provisioning to nestlings. This was irrespective of group size or territory 

quality (food availability). Moreover, our results illustrate sex-specific variation in pa-

rental care over the course of the breeding event. We discriminate between temporal 

variation, group size, and territory quality processes affecting cooperative care and 

as such, gain further insight into the importance of these factors to the evolutionary 

maintenance of helping behavior.
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reproduction (Stearns, 1989, 1992; Williams, 1966) and the care 

provided by helpers may affect the balance of this trade-off for 

the dominants (Johnstone, 2011; Russell, Young, Spong, Jordan, & 

Clutton-Brock, 2007). For example, care provided by helpers may 

increase the success of the current reproductive attempt, allow the 

dominants to reproduce more frequently, and/or improve the sur-

vival and future reproductive output of the dominants (Brown, Dow, 

Brownķ ş Brownķ ƐƖƕѶĸ Heinsohnķ ƑƏƏƓĸ Kingmaķ HaѴѴķ Arrieroķ ş 
Peters, 2010; Koenig & Dickinson, 2016).

The investment strategies implemented by cooperative breeders 

are generally classified as �additive� and �compensatory� care strat-

egies (Hatchwell, 1999b; Johnstone, 2011). When helpers improve 

overall care levels, the care provided is additive (Emlen & Wrege, 

1991; Tanaka, Frommen, Engqvist, & Kohda, 2017; Zöttl, Fischer, & 

Taborskyķ ƑƏƐƒőĺ The resuѴting increase in the totaѴ amount of care 
received by the offspring can lead to higher reproductive success 

(Bales, French, & Dietz, 2002; Emlen & Wrege, 1991; Hatchwell, 

ƑƏƏƓĸ Komdeurķ ƐƖƖƓĸ RusseѴѴ et aѴĺķ ƑƏƏƕĸ Tanakaķ Kohdaķ ş 
Frommen, 2018) through accelerated offspring growth (Bell et al., 

ƑƏƐƓĸ Dickinsonķ Koenigķ ş PiteѴkaķ ƐƖƖѵĸ Hodgeķ ƑƏƏƔő and reduced 
offspring starvation (Dickinson et al., 1996; Hatchwell, 1999b, 1999a, 

ƑƏƏƓĸ Heinsohnķ ƐƖƖƔĸ Kingma et aѴĺķ ƑƏƐƏőĺ ConverseѴyķ when the 
dominants compensate for the care provided by helpers by reduc-

ing their amount of care, the total amount of care received by the 

offspring may remain similar. Such �load lightening� by helpers can 

reduce the costs of reproduction for the dominants (Bruintjes, Heg-

Bacharķ ş Hegķ ƑƏƐƒĸ Dixitķ EngѴishķ ş Lukasķ ƑƏƐƕĸ Heinsohnķ ƑƏƏƓĸ 
Koenig & Walters, 2011; Meade, Nam, Beckerman, & Hatchwell, 

2010; Scantlebury, Russell, McIlrath, Speakman, & Clutton-Brock, 

ƑƏƏƑĸ Sharpķ EngѴishķ ş CѴuttonŊBrockķ ƑƏƐƒőķ which can Ѵead to 
increased dominant survival (Cockburn et al., 2008; Hatchwell & 

Russell, 1996b; Heinsohn, 1992; Khan & Walters, 2002; Kingma et al., 

2010) and increased future reproductive success (Brown & Brown, 

ƐƖѶƐĸ RusseѴѴķ Brothertonķ McIѴrathķ Sharpeķ ş CѴuttonŊBrockķ ƑƏƏƒĸ 
Woxvold & Magrath, 2005; Blackmore & Heinsohn, 2007; but see 

Meade et al., 2010).

These additive and compensatory investment strategies are 

not mutually exclusive (Hatchwell, 1999b; Kingma et al., 2010) and 

theory predicts the optimal stable solution is for parents to incom-

pletely compensate for additive care (load lightening) provided by 

additional carers (partial compensation), resulting in an increase in 

care received by offspring ŐLesseѴѴs ş McNamaraķ ƑƏƐƑőĺ The degree 
of parental response may be driven by the likelihood of offspring 

starvation, with more additive care when the risk of offspring star-

vation is higher, and more compensatory care when the risk of star-

vation is lower (Hatchwell, 1999b; Johnstone, 2011; Savage, Russell, 

& Johnstone, 2012).

LoadŊѴightening and additive care strategies have been studied 
in many cooperative breeding systems (Hatchwell, 1999a; Hatchwell 

ş RusseѴѴķ ƐƖƖѵaĸ Heinsohnķ ƑƏƏƓĸ LiebѴķ Nomanoķ Browningķ ş 
Russell, 2016; MacGregor & Cockburn, 2002; McDonald, Kazem, & 

Wrightķ ƑƏƏƖĸ RusseѴѴķ Langmoreķ Gardnerķ ş KiѴnerķ ƑƏƏѶĸ Wright ş 
Dingemanse, 1999), but it is often extremely difficult to disentangle 

the effect of helpers from the effects of living in a larger group or 

on different quality territories (Cockburn et al., 2008; Dickinson & 

HatchweѴѴķ ƑƏƏƓĸ Kingmaķ Santemaķ Taborskyķ ş Komdeurķ ƑƏƐƓőĺ 
For example, larger groups with more helpers may be better able 

to occupy territories with higher food availability; hence, the level 

of care to offspring might increase as a consequence of higher food 

availability in territories with helpers and not because of the con-

tribution of helpers per se. Similarly, if more individuals occupy the 

territory and utilize the food sources, apparent load lightening of 

breeders could instead be the consequence of their reduced pro-

visioning when food is more difficult to find; in such cases breed-

ers would not actually reduce the amount of energy they expend 

in providing care. However, studies on load-lightening and additive 

care disentangling the impact of helping from that of living in a larger 

group or in a territory with higher food avaiѴabiѴity are rare Őeĺgĺķ LiebѴ 
et al., 2016; Cockburn et al., 2008).

Here, we use 20 years of parental and group provisioning data 

to investigate how helpers affect both breeder and overall off-

spring provisioning rates in the facultative cooperatively breeding 

Seychelles warbler Acrocephalus sechellensis. Seychelles warblers 

live in groups that occupy stable territories that are defended year-

round (Komdeur, 1991). Groups consist of a pair-bonded dominant 

male and female and 0�5 subordinate individuals of either sex that 

may or may not provide help with provisioning nestlings and fledg-

lings (Kingma, Bebbington, Hammers, Richardson, & Komdeur, 2016; 

Komdeurķ ƐƖƖƓőĺ The presence of subordinate heѴpers and nonheѴp-

ing subordinates provides the opportunity to disentangle the impact 

of helping and group size (Woxvold & Magrath, 2005). Subordinates 

are generally retained offspring from previous reproductive at-

tempts in the territory (but see Richardson, Burke, & Komdeur, 2007; 

Groenewoud et al., 2018). Dominant individuals gain from helper 

care as this positively influences the first-year survival of offspring 

ŐKomdeurķ ƐƖƖƓőķ an effect that persists into the aduѴthood of off-
spring receiving additional care (Brouwer, Richardson, & Komdeur, 

ƑƏƐƑőĺ A previous study on a dataset coѴѴected during the first few 
years of the Seychelles warbler study found that (a) nests with help-

ers received a higher amount of total provisioning compared to nests 

without helpers; (b) the provisioning effort of dominant females was 

independent of helper presence; and, (c) dominant males reduced 

their provisioning rates in groups with more helpers (Komdeur, 

ƐƖƖƓőĺ Hereķ we repѴicate this study using a much Ѵarger datasetķ andķ 
for the first time in this species, disentangle the impact of help from 

the effects of group size (including helpers and nonhelpers) and food 

availability.

ƑՊ |ՊMETHODS

ƑĺƐՊ|ՊStudy popuѴation

The Seychelles warbler population on Cousin Island (29 ha; 

ƏƓŦƑƏனSķ ƔƔŦƓƏனEő has been monitored cѴoseѴy since the midŊƐƖѶƏs 
(Komdeur, Burke, Dugdale, & Richardson, 2016). The main breed-

ing season is July�September, and a smaller breeding season occurs 
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January�March (Komdeur, 1996). From 1997 onwards, ca. 96% of 

the population has been color-ringed, using a unique combination of 

a metal British Trust for Ornithology ring and color rings (Richardson, 

Jury, Blaakmeer, Komdeur, & Burke, 2001). We recorded the iden-

tity of all color-ringed birds present in each territory, and the sex of 

aѴѴ birds has been moѴecuѴarѴy determined since ƐƖƖƒ using bѴood 
samples (Griffiths, Double, Orr, & Dawson, 1998). Dominant birds, 

defined as the pair-bonded male and female in a territory based 

on their behavioral interactions and nesting behavior (Richardson, 

Burke, & Komdeur, 2002), form long-term pair bonds. Groups may 

contain 0�5 sexually mature (>5 months old) subordinates, which 

are usually retained offspring (Groenewoud et al., 2018; Kingma et 

al., 2016; Richardson et al., 2002) and typically produce one clutch 

per season of a singѴe egg ŐѶƕѷĸ range Ɛŋƒ eggsőĺ NestѴings fѴedge 
18�20 days after hatching and become independent around 88 days 

of age (Komdeur, 1991). Subordinate birds were defined as �help-

ers� when they were observed brooding or provisioning offspring at 

least once during a nest watch, with assessments made at every nest 

watch. Territories were checked for breeding activity at least once 

every 2 weeks by following the dominant female for a minimum of 

15 min. Once breeding, focal territories were checked every week 

for at least 15 min to determine nest building, brooding or feeding 

activity.

ƑĺƑՊ|ՊProvisioning observations

We measured nestling and fledgling provisioning rates at nests pro-

duced between 1996 and 2015. Provisioning watches with >10% 

of provisioning events by unidentified birds were excluded from 

the analyses (N = 178 of 701 watches), with further nest watches 

excluded with no monthly insect abundance estimate (N = ƕƓőĺ A 
totaѴ of ƓƓƖ nest watches were incѴuded in our anaѴysesķ measuring 
60�90 min each. These watches included a total of 889 dominant 

breeder provisioning watches (Supporting Information, Table S1) 

over ƒƔƒ nestsķ attempted by ƒƓƖ unique maѴeŋfemaѴe pairsĺ The 
totaѴ number of unique birds incѴuded ƑƐƓ dominant femaѴes and 
ƑƏƖ dominant maѴesĺ For three and six out of ƓƓƖ nest watchesķ no 
dominant female or male respectively was observed provisioning, 

resulting in a total of 889 dominant breeder provisioning watches 

(Supporting Information Table S1). Each nest was watched for a 

mean of Ɛĺƒ times ŐƖƔѷ CI Ʒ ƐĺƑŋƐĺƒőķ with a mean totaѴ observation 
duration per nest of ѶƑ min ŐƖƔѷ CI Ʒ ƕƖŋѶѵĸ range Ʒ ѵƏŋƐѶƔ minőĺ 
Of these ƓƓƖ nest watchesķ ƓƔѷ incѴuded heѴpers and ƒѵѷ incѴuded 
subordinate nonhelpers (Supporting Information Table S2). Ninety 

nests were watched more than onceķ and ƐƑ ŐƐƒѷő of these had 
a subordinate that was classified as a helper in one watch and a 

 nonhelper in another watch. We scored helping on a per nest watch 

basis, as we were interested in how the behavior of the dominants 

varied in relation to the number of subordinates that were currently 

helping with provisioning or brooding.

Provisioning rates were calculated as the number of nest visits 

during which the nestling(s) was fed. Sex-specific parental invest-

ment, including building and guarding the nest or brooding, is known 

to change over the course of the pre- and posthatching stages 

(Komdeur & Kats, 1999). To account for different types of obser-

vations as a proxy of chick developmental state, we grouped provi-

sioning watches into three categories: (a) provisioning and brooding: 

a nestling was fed in the nest and a female was still brooding; (b) 

provisioning nestling: a nestling was fed in the nest and no brood-

ing occurred; and, (c) provisioning fledgling: a fledgling was fed away 

from the nestĺ AѴthough brooding during provisioning can occur as 
a way to protect the nestling from the environment, most brooding 

occurred immediately after hatching (field observations).

ƑĺƒՊ|ՊMonthѴy insect abundance and 
territory quaѴity

Seychelles warblers are insectivorous, taking 98% of their insect 

food from the undersides of leaves (Komdeur, 2006; Komdeur & 

Pels, 2005). The number of insects present in a territory is a use-

fuѴ index of territory quaѴity ŐKomdeurķ ƐƖƖƓő which refѴects the 
number of fledglings, independent offspring and yearlings produced 

(Komdeur & Pels, 2005). Insect abundance was estimated by count-

ing the number of insects on the undersides of 50 leaves of the most 

abundant plant species (Eikenaar, Richardson, Komdeur, & Brouwer, 

ƑƏƐƏĸ Komdeurķ ƐƖƖƐőķ at ƐƔ ŐuntiѴ ƐƖƖƖő or ƐƓ Őafter ƐƖƖƖő fixed Ѵo-

cations on the island once every month. Monthly insect abundance 

was calculated as the mean insect abundance across these locations, 

with insect abundances in each territory extrapolated from the near-

est insect count location (Komdeur, 1991). Furthermore, to provide 

an overall index of territory quality for each territory and investi-

gate long-term effects of environment on investment, we calculated 

mean standardized territory quality per territory over all seasons 

(Hammers, Richardson, Burke, & Komdeur, 2012). These estimates 

were calculated as insect abundance per unit leaf area (dm2) mul-

tiplied by vegetation abundance score, multiplied by territory size. 

Leaf area was estimated in ƐƖƖƐ by measuring the area of five Ѵeaves 
of each abundant plant species at 50 random sites on the island 

(Komdeur, 1991). Vegetation abundance was scored each season by 

determining the presence of all plant species at 20 random points in 

a territory in the foѴѴowing height bandsĹ ƏŋƏĺƕƔ mķ ƏĺƕƔŋƑ mķ ƑŋƓ mķ 
and at 2 m intervals thereafter (Komdeur, 1991). Territory sizes were 

measured each season using ArcGIS Ɩĸ territory boundaries were 
based on observations of individual warblers and the outcomes of 

territory disputes. Territory quality estimates were standardized 

across territories in each breeding season, by mean centering and 

dividing by two standard deviations (Gelman & Hill, 2007).

ƑĺƓՊ|ՊStatisticaѴ methods

We performed generalized linear mixed model analyses in 

MCMCgѴmm ƑĺƑƓ ŐHadfieѴdķ ƑƏƐƏőķ which takes a Bayesian approachķ 
in R ƒĺƓĺƏ ŐR Core Teamķ ƑƏƐƕőĺ We first investigated the impact of 
helper care on the dominants� parental investment by modeling the 

number of provisioning visits by each dominant individual to off-

springĺ AѴong with the number of heѴpersķ we incѴuded the sex of the 
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dominant individual, number of offspring, group size, provisioning 

watch type (provisioning and brooding, provisioning nestling, pro-

visioning fledgling), monthly insect abundance and territory quality 

index as fixed effects. To explore sex differences in provisioning in 

response to helper presence or type of provisioning watch (a proxy 

for chick developmental state), we tested for an interaction between 

the number of helpers and sex of the dominant individual, and pro-

visioning watch type and sex of the dominant individual. To account 

for varying observation duration, yet retain variation, the log of the 

watch duration was also included in the fixed structure (log was ap-

plied due to right skew) and a prior was specified to set its regression 

coefficient to 1 (i.e., observation duration was treated as an offset). 

To control for repeated measures from dominant individuals that pro-

visioned in more than one breeding season, we included bird identity 

as a random effect, using an idh variance structure (heterogeneous 

error variance with no covariance) to allow sex-specific variances to 

be estimated. To control for multiple provisioning watches and simul-

taneous watches of males and females at the same nest, we included 

the random effects of provisioning watch identity nested within nest 

identity. We did not include territory identity as the posterior den-

sity plot of territory identity was poor. Multiple provisioning records 

from the same territory could therefore be a problem in our analy-

ses, so to best control for this without including territory identity, 

we included individual identity and territory quality, to account for 

multiple records from the same birds and birds in similar quality ter-

ritories potentially having similar provisioning rates. To control for 

differences between observers we included observer identity as a 

random effect. For the random effects, we applied parameter ex-

panded priors (noncentral scaled F-distribution; V Ʒ Ɛķ nu Ʒ ƏĺƏƏƑķ 
aѴphaĺmu Ʒ Əķ aѴphaĺV Ʒ ƐķƏƏƏő to aid chain mixingķ as the variance 
was close to zero and inverse-Wishart distributed priors have high 

density at values close to zero (Hadfield, 2015). For bird identity and 

residual variance, the expanded prior was structured as a 2×2 matrix 

to estimate variances for dominant males and females separately. 

The model had a Poisson error distribution and log link, was run for 

ƓĺƔ Ƶ ƐƏ5 iterations with a burn-in of 5 × 10Ɠ and thinning of ƓƏƏĺ
To test whether helper effects were additive or compensatory, we 

modeled the total number of provisioning visits per watch (i.e., by all 

dominants and helpers combined). This model was the same as the pro-

visioning model except that the response was the total number of feeds, 

the parameters describing sex and bird identity were omitted and the 

model was run for 2.1 × 107 iterations with a 1 × 106 burn-in and 2 × 10ƒ 

thinning. Provisioning observations of nests with more than one nestling 

can be confounded by factors such as sibling competition (Bebbington 

et al., 2017) and reduced statistical power resulting from low sam-

pѴe size of nests with more than one nestѴing ŐƓѶņƔƑƒőĺ We therefore 
ran additional models with identical settings on single nestling nests 

thereby excluding the number of offspring as a fixed effect (Supporting 

Information) to confirm that this did not alter our conclusions.

To assess model convergence, we checked that the: (a) autocor-

relation for all parameters was <0.1; (b) variance estimates passed 

the Heidelberger and Welch's convergence diagnostic, which test 

if successive samples are drawn from a stationary distribution; 

(c) variance estimates passed the Geweke diagnostic, which tests 

for equality of the means of the first 10% and last 50% of the 

Markov chain; and (d) variance inflation between fixed effects was 

ƺƒ to avoid coѴѴinearity ŐCowѴes ş CarѴinķ ƐƖƖѵĸ Gewekeķ ƐƖƖƐĸ 
HeideѴberger ş WeѴchķ ƐƖѶƒőĺ We evaѴuated if the ƖƔѷ credibiѴity 
intervals (95% CrI) of the posterior modes overlapped zero, where 

a departure from zero was interpreted as a significant effect.

ƒՊ |ՊRESULTS

Both male and female dominants showed lower provisioning ef-

fort when more helpers aided in provisioning (12.9% reduction in 

F I G U R E  Ɛ Պ Posterior density estimates 

of parameter modes, and their 95% 

credible intervals, for the fixed effects 

used to model the number of feeds 

by dominant Seychelles warblers with 

or without helpers: monthly insect 

abundance, index of territory quality, 

number of offspring ŐƐ Ʒ ѶƏѶķ Ƒ Ʒ ƕƖķ 
ƒ Ʒ Ƒőķ group size ŐƑ Ʒ ƑѶƏķ ƒ Ʒ ƓƑƔķ 
Ɠ Ʒ ƐƔƏķ Ɣ Ʒ ƒƏķ ѵ Ʒ Ɠőķ number of 
heѴpers ŐƏ Ʒ ƓƖƑķ Ɛ Ʒ ƒƔƏķ Ƒ Ʒ Ɠƕőķ 
sex of the dominant bird ŐmaѴe Ʒ ƓƓѵķ 
femaѴe Ʒ ƓƓƒĸ contrast Ʒ femaѴeőķ watch 
type Őprovisioning and brooding Ʒ ƓƒѶķ 
provisioning nestѴing Ʒ ƒѶƓķ provisioning 
fѴedgѴing Ʒ ѵƕĸ contrast Ʒ provisioning 
nestling). *Parameters whose credible 

intervals do not overlap zero

Dominant male x Provisioning fledgling

Dominant male x Provisioning and brooding

Dominant male x No. helpers*

Provisioning fledgling

Provisioning and brooding

Dominant male

No. helpers

Group size*

No. offspring*

Territory quality*

Monthly insect abundance*

Intercept

−2 −1 0

Parameter estimates
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feeds/hour per helper, from 8.5 (no helpers, N Ʒ ƓƖƑő to ѶĺƐ Őone 
helper; N Ʒ ƒƔƏő and ƕĺƓ feedsņhour Őtwo heѴpersĸ N Ʒ Ɠƕőĸ Figures 
1 and 2). This load-lightening effect was similar for males and fe-

males as no interaction between the sex of the dominant and the 

number of heѴpers was found ŐFigure Ɛőĺ An interaction between the 
sex of the dominant and provisioning watch type revealed that the 

provisioning rates of dominant males were 27.0% higher to nest-

Ѵings ŐѶĺƏ feedsņhrő versus fѴedgѴings ŐƔĺѶ feedsņhrĸ Figures Ɛ and ƒőĺ 
The opposite pattern was observed in dominant females, which fed 

fledglings almost twice as much as nestlings (12.0 vs. 6.8 feeds/hr; 

Figure ƒőĺ Feeding rates were not significantѴy reѴated to monthѴy 
insect abundance, territory quality, number of offspring, or group 

size (Figure 1).

We found an increase in total provisioning when helpers were 

feeding and aѴso when more heѴpers were invoѴved ŐFigure Ɠőĺ A 
singѴe heѴper resuѴted in an increase of ƒƏĺƔѷ ŐƑƑĺƑ visits per hourķ 
N Ʒ Ɛƕƕķ compared to ƐƕĺƏ feeds in pairsķ N Ʒ ƑƓѶő provisioning vis-

its per hour, and a second helper increased the total provisioning 

effect to a ѵƓĺƕѷ increase ŐƑѶĺƏ feedņhourķ N Ʒ ƑƓĸ Figure Ɣőĺ The 
total number of provisioning visits each hour to nestlings also being 

brooded was ƑƒĺƏѷ Ѵess than to nestѴings onѴy being provisioned 
ŐƐƕĺѵ vsĺ ƑƐĺѵĸ Figures Ɠ and ѵőĺ The totaѴ number of provisioning 
visits received by offspring was not correlated with group size, 

number of offspring, territory quality or monthly insect abundance 

ŐFigure Ɠőĺ ExcѴuding nests with more than one offspring from these 
models did not change the direction or significance of our results 

(Supporting Information). Together, these results indicate load-light-

ening and total provisioning increased with additive feeding invest-

ment by helpers.

ƓՊ |ՊDISCUSSION

Our analyses of the long-term Seychelles warbler dataset revealed 

both additive and compensatory helper effects in this species. 

Helpers lightened the provisioning load of dominant individuals and 

increased the total number of provisioning trips to the nestlings. 

These results were not the confounding result of group size or ter-

ritory quality. Moreover, in addition to subordinates being defined 

as helpers if they were observed provisioning, subordinates could 

also be classified as helpers if they were observed aiding with the 

brooding only (and not provisioning). Therefore, this is a conserva-

tive analysis and the actual additive and compensatory effects might 

be higher. The increased total nest provisioning effort resulting 

from additive helper provisioning could lead to higher nestling sur-

vivaѴ ŐHatchweѴѴķ ƐƖƖƖbĸ MacCoѴѴ ş HatchweѴѴķ ƑƏƏƒĸ VaѴenciaķ Cruzķ 
Carranza, & Mateos, 2006; Woxvold & Magrath, 2005). Indeed, in 

the Seychelles warbler, this may well explain the higher survival of 

offspring in their first year ŐKomdeurķ ƐƖƖƓő and beyond ŐBrouwer et 
al., 2012), leading to direct fitness benefits for parents.

We demonstrated that, in addition to additive care, helpers 

also provide load-lightening benefits for dominant individuals, as 

dominants of both sexes reduced provisioning rates when aided by 

heѴpersĺ In someķ but not aѴѴķ species ŐHeinsohnķ ƑƏƏƓĸ Kingma et 
al., 2010) such load-lightening benefits have been associated with 

increased survival of dominants with helpers. In the Seychelles 

warbler, survival of dominants with and without helpers is similar 

ŐKomdeurķ ƐƖƖƓĸ Hammers et aѴĺ őķ except among very oѴd dominants 
when those that receive help show higher survival (Hammers et al. ).  

While it may be that load-lightening effects on breeder survival are 

only obvious in some circumstances (i.e., when breeders are old), 

other reproductive components (like renesting opportunities or time 

between nesting attempts) may also be affected by breeders reduc-

ing their current workload. Future work will need to reveal whether 

such effects may explain selection on breeders reducing workload 

in response to help.

We found that provisioning rates of male dominants were lower 

than those of female dominants in most provisioning watches. Sex-

related differences in the parental investment of the dominants are 

not uncommon ŐHatchweѴѴķ ƐƖƖƖbĸ MacCoѴѴ ş HatchweѴѴķ ƑƏƏƒőķ 
and are proposed to result from diverging cost-benefit trade-offs 

between the sexes ŐMacCoѴѴ ş HatchweѴѴķ ƑƏƏƒőĺ SeveraѴ studies 
have shown that the genetic relatedness of the carer to the brood 

affects investment, where male uncertainty of parentage can result 

in lower amounts of care (e.g., Burke, Daviest, Bruford, & Hatchwell, 

ƐƖѶƖĸ Neffķ ƑƏƏƒĸ Kokko ş Jennionsķ ƑƏƐƑőĺ In the SeycheѴѴes war-
bler, male breeders are on average less related to the offspring than 

femaѴesķ due to the ƓƓѷ extraŊpair paternity occurring in this spe-

cies (Hadfield, Richardson, & Burke, 2006; Richardson et al., 2001), 

which may explain the overall lower provisioning by breeder males.

The observation that sex-specific investment changed over the 

course of the breeding event may suggest that other aspects, be-

sides certainty of parentage, affect the symmetry of provisioning 

between sexes, as has been observed in other species (Cockburn et 

F I G U R E  Ƒ Պ The predicted mean number of feeds in provisioning 

watches by dominant Seychelles warblers in respect to the number 

of helpers present. Error bars represent 95% confidence intervals 

and numbers at the top of the graph represent number of dominant 

breeder watches
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al., 2008; Meade et al., 2010). For example, females might reduce 

the costs of investment before the nestling period by decreasing 

egg size when assisted by heѴpers ŐRusseѴѴķ Langmoreķ Gardnerķ ş 
Kilner, 2008; Dixit et al., 2017; but see Koenig, Walters, & Haydock, 

2009). In the Seychelles warbler, females predominantly build the 

nest and brood the egg, and spend less time foraging compared 

to males, who guard the nest (Komdeur & Kats, 1999). This, in 

combination with ongoing brooding of newly hatched chicks, may 

suggest higher costs, such as time investment, for females during 

the prenestling and young-nestling period, which could explain 

lower provisioning effort of the dominant female compared to the 

dominant male shortly after hatching. Therefore, the most suitable 

investment strategy may change within the breeding season and 

fine-scaled studies are required to understand the evolution of pa-

rental care (Savage, Browning, Manica, Russell, & Johnstone, 2017).

Our results differ from previous findings of provisioning effort in 

the SeycheѴѴes warbѴer in reѴation to heѴper presenceĺ Komdeur ŐƐƖƖƓő 
found a load-lightening effect for dominant males only when three 

F I G U R E  ƒ Պ The predicted mean number of feeds during provisioning watches by dominant Seychelles warbler males and females in 

relation to the three types of provisioning watches: provisioning and brooding nestlings (brood. nestling), provisioning nestlings (nestling) 

and provisioning fledglings (fledgling). Error bars represent 95% confidence intervals and numbers at the top of the graph represent number 

of dominant breeder watches
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F I G U R E  Ɠ Պ Posterior density estimates 

of parameter modes, and their 95% 

credible intervals, for the fixed effects 

used to model the total number of feeds 

received by the Seychelles warbler 

offspring from all feeding birds per 

provisioning watch: monthly insect 

abundance, index of territory quality, 

number of offspring ŐƐ Ʒ ƓƏѶķ Ƒ Ʒ ƓƏķ 
ƒ Ʒ Ɛőķ group size ŐƑ Ʒ ƐƓƐķ ƒ Ʒ ƑƐƓķ Ɠ Ʒ ƕƕķ 
Ɣ Ʒ ƐƔķ ѵ Ʒ ƒőķ number of heѴpers ŐƏ Ʒ ƑƓѶķ 
Ɛ Ʒ Ɛƕƕķ Ƒ Ʒ ƑƓőķ watch type Őprovisioning 
and brooding Ʒ ƑƑƑķ provisioning 
nestѴing Ʒ ƐƖƒķ provisioning fѴedgѴing Ʒ ƒƓĸ 
contrast Ʒprovisioning nestѴingőĺ 
*Parameters whose credible intervals do 

not overlap zero

Provisioning fledgling*

Provisioning and brooding

No. helpers

Group size*

No. offspring*

Territory quality*

Monthly insect abundance*

Intercept

−1.5 −1.0 −0.5 0.0

Parameter estimates
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or more helpers were present. The relatively higher degree of load 

lightening identified here, for both sexes and with a smaller number of 

helpers, could result from the higher data accuracy used in the current 

study, with 97% of the Cousin bird population ringed versus <50% in 

the previous studyĺ AѴternativeѴyķ these resuѴts couѴd suggest that the 
cost-benefit trade-offs for dominant individuals may have changed 

since Komdeur's earlier Seychelles warbler study. For instance, an in-

crease in offspring survival (e.g., due to higher quality of insects or 

increased protection from the environment; Komdeur & Pels, 2005) 

would allow parents to relax investment into the current brood.

ƔՊ |ՊCONCLUSION

Our study adds to the growing evidence that both compensatory 

and additive care can apply at the same time within one species. 

These simultaneous parental care strategies are fundamental to the 

evolutionary maintenance of cooperative behavior. The exact fitness 

effects of both load-lightening and additive care, as well as sex-spe-

cific changes in fitness benefits during the breeding season need to 

be explored in the future.
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F I G U R E  ѵ Պ The predicted total number of feeds received by the 

Seychelles warbler offspring from all feeding birds in relation to 

the three types of provisioning watches: provisioning and brooding 

nestlings (brood. nestling), provisioning nestlings (nestling) and 

provisioning fledglings (fledgling). Error bars represent 95% 

confidence intervals and numbers at the top of the graph represent 

number of dominant breeder watches

1
9
3

2
2
2

3
4

18

20

22

24

Brood. nestling Nestling Fledgling

Provisioning watch type

P
re

d
ic

te
d
 n

o
. 
fe

e
d
s
 +

/−
 9

5
%

 C
I

https://doi.org/10.6084/m9.figshare.6977564.v1
https://doi.org/10.6084/m9.figshare.6977564.v1
https://github.com/Seychelle-Warbler-Project/vanBoheemen_Lotte/
https://github.com/Seychelle-Warbler-Project/vanBoheemen_Lotte/
https://orcid.org/0000-0001-9199-7704
https://orcid.org/0000-0001-9199-7704
https://orcid.org/0000-0002-6638-820X
https://orcid.org/0000-0002-6638-820X
https://orcid.org/0000-0002-6737-7975
https://orcid.org/0000-0002-6737-7975
https://orcid.org/0000-0001-8769-0099
https://orcid.org/0000-0001-8769-0099


ՊՍ Պ | ՊƑƖƖƒVAN BOHEEMEN ET AL.

R E FE R E N CE S

BaѴesķ Kĺķ Frenchķ Jĺ Aĺķ ş Dietzķ Jĺ Mĺ ŐƑƏƏƑőĺ ExpѴaining variation in ma-

ternal care in a cooperatively breeding mammal. Animal Behaviour, 

63ķ ƓƔƒŋƓѵƐĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏѵņanbeĺƑƏƏƐĺƐƖƔƓ
Bebbingtonķ Kĺķ Kingmaķ Sĺ Aĺķ FairfieѴdķ Eĺ Aĺķ Spurginķ Lĺ Gĺķ Komdeurķ 

J., & Richardson, D. S. (2017). Consequences of sibling rivalry vary 

across life in a passerine bird. Behavioral Ecology, 28ķ ƓƏƕŋƓƐѶĺ
Bell, M., Cant, M., Borgeaud, C., Thavarajah, N., Samson, J., & Clutton-

Brockķ Tĺ ŐƑƏƐƓőĺ Suppressing subordinate reproduction provides 
benefits to dominants in cooperative societies of meerkats. Nature 

Communications, 5ķ ƓƓƖƖĺ httpsĹņņdoiĺorgņƐƏĺƐƏƒѶņncommsƔƓƖƖ
Blackmore, C. J., & Heinsohn, R. (2007). Reproductive suc-

cess and helper effects in the cooperatively breeding grey-

crowned babbler. Journal of Zoology, 273ķ ƒƑѵŋƒƒƑĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƓѵƖŊƕƖƖѶĺƑƏƏƕĺƏƏƒƒƑĺx

Brouwerķ Lĺķ Richardsonķ Dĺ Sĺķ ş Komdeurķ Jĺ ŐƑƏƐƑőĺ HeѴpers at the nest 
improve late-life offspring performance: Evidence from a long-term 

study and a cross-foster experiment. PLoS ONE, 7ķ eƒƒƐѵƕĺ httpsĹņņ
doiĺorgņƐƏĺƐƒƕƐņjournaѴĺponeĺƏƏƒƒƐѵƕ

Brownķ Jĺ Lĺķ ş Brownķ Eĺ Rĺ ŐƐƖѶƐőĺ Kin seѴection and individuaѴ seѴection 
in babblers. Natural Selection and Social Behaviorķ ƑƓƓŋƑƔѵĺ

Brownķ Jĺ Lĺķ Dowķ Dĺ Dĺķ Brownķ Eĺ Rĺķ ş Brownķ Sĺ Dĺ ŐƐƖƕѶőĺ Effects 
of helpers on feeding of nestlings in the grey-crowned babbler 

(Pomatostomus temporalis). Behavioral Ecology and Sociobiology, 4, 

ƓƒŋƔƖĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƕņBFƏƏƒƏƑƔѵƏ
Bruintjesķ Rĺķ HegŊBacharķ Zĺķ ş Hegķ Dĺ ŐƑƏƐƒőĺ Subordinate removaѴ 

affects parental investment, but not offspring survival in a co-

operative cichlid. Functional Ecology, 27ķ ƕƒƏŋƕƒѶĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņƐƒѵƔŊƑƓƒƔĺƐƑƏѶѶ

Burke, T., Daviest, N., Bruford, M. W., & Hatchwell, B. (1989). Parental 

care and mating behaviour of polyandrous dunnocks Prunella modu-

laris reѴated to paternity by DNA fingerprintingĺ Nature, 338ķ ƑƓƖĺ 
httpsĹņņdoiĺorgņƐƏĺƐƏƒѶņƒƒѶƑƓƖaƏ

Cockburnķ Aĺķ Simsķ Rĺ Aĺķ Osmondķ Hĺ Lĺķ Greenķ Dĺ Jĺķ DoubѴeķ Mĺ Cĺķ 
ş MuѴderķ Rĺ Aĺ ŐƑƏƏѶőĺ Can we measure the benefits of heѴp in co-

operatively breeding birds: The case of superb fairy-wrens Malurus 

cyaneus? Journal of Animal Ecology, 77ķ ƓƒƏŋƓƒѶĺ
Cowles, M. K., & Carlin, B. P. (1996). Markov chain Monte Carlo con-

vergence diagnosticsĹ A comparative reviewĺ Journal of the American 

Statistical Association, 91ķ ѶѶƒŋƖƏƓĺ httpsĹņņdoiĺorgņƐƏĺƐƏѶƏņƏƐѵƑƐƓ
ƔƖĺƐƖƖѵĺƐƏƓƕѵƖƔѵ

Dickinsonķ Jĺ Lĺķ ş HatchweѴѴķ Bĺ ŐƑƏƏƓőĺ Fitness consequences of heѴpingĺ 
Ecology and Evolution of Cooperative Breeding in Birdsķ ƓѶŋѵѵĺ

Dickinsonķ Jĺ Lĺķ Koenigķ Wĺ Dĺķ ş PiteѴkaķ Fĺ Aĺ ŐƐƖƖѵőĺ Fitness conse-

quences of helping behavior in the western bluebird. Behavioral 

Ecology, 7ķ ƐѵѶŋƐƕƕĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖƒņbehecoņƕĺƑĺƐѵѶ
Dixitķ Tĺķ EngѴishķ Sĺķ ş Lukasķ Dĺ ŐƑƏƐƕőĺ The reѴationship between egg size 

and heѴper number in cooperative breedersĹ A metaŊanaѴysis across 
species. PeerJ, 5ķ eƓƏƑѶĺ httpsĹņņdoiĺorgņƐƏĺƕƕƐƕņpeerjĺƓƏƑѶ

Eikenaarķ Cĺķ Richardsonķ Dĺķ Komdeurķ Jĺķ ş Brouwerķ Lĺ ŐƑƏƐƏőĺ Sex 
biased natal dispersal is not a fixed trait in a stable population 

of Seychelles warblers. Behaviour, 147, 1577�1590. https://doi.

orgņƐƏĺƐƐѵƒņƏƏƏƔƕƖƔƐƏXƔƐƏƔƐƐ
Emlen, S. T., & Wrege, P. H. (1991). Breeding biology of white-fronted bee-

eaters at Nakuru: The influence of helpers on breeder fitness. Journal 

of Animal Ecology, 60ķ ƒƏƖŋƒƑѵĺ httpsĹņņdoiĺorgņƐƏĺƑƒƏƕņƔƓѵƑ
GeѴmanķ Aĺķ ş HiѴѴķ Jĺ ŐƑƏƏƕőĺ Data analysis using regression and multilevel/

hierarchical models. New York, NY: Cambridge University Press.

Geweke, J. (1991). Evaluating the accuracy of sampling-based approaches 

to the calculation of posterior moments. Minneapolis, MN: Federal 

Reserve Bank of Minneapolis, Research Department.

Griffithsķ Rĺķ DoubѴeķ Mĺ Cĺķ Orrķ Kĺķ ş Dawsonķ Rĺ Jĺ ŐƐƖƖѶőĺ A DNA test 
to sex most birds. Molecular Ecology, 7, 1071�1075. https://doi.

orgņƐƏĺƐƏƓѵņjĺƐƒѵƔŊƑƖƓxĺƐƖƖѶĺƏƏƒѶƖĺx

Groenewoudķ Fĺķ Kingmaķ Sĺ Aĺķ Hammersķ Mĺķ DugdaѴeķ Hĺ Lĺķ Burkeķ Tĺķ 
Richardson, D. S., & Komdeur, J. (2018). Subordinate females in the 

cooperatively breeding Seychelles warbler obtain direct benefits by 

joining unrelated groups. Journal of Animal Ecology, 87ķ ƐƑƔƐŋƐƑѵƒĺ
Hadfield, J. (2015).MCMCglmm: Course notes. Retrieved from 

https://cran.r-project.org/web/packages/MCMCglmm/vignettes/

CourseNotes.pdf.

Hadfield, J., Richardson, D., & Burke, T. (2006). Towards unbiased parent-

age assignment: Combining genetic, behavioural and spatial data in a 

Bayesian framework. Molecular Ecology, 15ķ ƒƕƐƔŋƒƕƒƏĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƒѵƔŊƑƖƓXĺƑƏƏѵĺƏƒƏƔƏĺx

Hadfield, J. D. (2010). MCMC methods for multi-response generalized 

linear mixed models: The MCMCglmm R package. Journal of Statistical 

Software, 33, 1�22.

Hammersķ Mĺķ Kingmaķ Sĺķ Spurginķ Lĺķ Bebbingtonķ Kĺķ DugdaѴeķ Hĺķ Burkeķ 
T., ... Richardson, D. Helpers delay parental senescence: Evidence from a 

coorporative breeding bird. In Preparation. 

Hammersķ Mĺķ Richardsonķ Dĺ Sĺķ Burkeķ Tĺķ ş Komdeurķ Jĺ ŐƑƏƐƑőĺ AgeŊde-

pendent terminal declines in reproductive output in a wild bird. PLoS 

ONE, 7ķ eƓƏƓƐƒĺ httpsĹņņdoiĺorgņƐƏĺƐƒƕƐņjournaѴĺponeĺƏƏƓƏƓƐƒ
Hatchwell, B. (1999a). Investment strategies of breeders in avian cooper-

ative breeding systems. The American Naturalist, 154, 205�219.

HatchweѴѴķ Bĺķ ş RusseѴѴķ Aĺ ŐƐƖƖѵaő Provisioning ruѴes in cooperativeѴy 
breeding long-tailed tits Aegithalos caudatusĹ An experimentaѴ studyĺ 
Proceedings of the Royal Society of London. Series B, Biological Sciences, 

263ķ ѶƒŋѶѶĺ
HatchweѴѴķ Bĺ Jĺ ŐƑƏƏƓőĺ HeѴpers increase ѴongŊterm but not shortŊterm 

productivity in cooperatively breeding long-tailed tits. Behavioral 

Ecology, 15ķ ƐŋƐƏĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖƒņbehecoņargƏƖƐ
HeideѴbergerķ Pĺķ ş WeѴchķ Pĺ Dĺ ŐƐƖѶƒőĺ SimuѴation run Ѵength controѴ in 

the presence of an initial transient. Operations Research, 31, 1109�

ƐƐƓƓĺ httpsĹņņdoiĺorgņƐƏĺƐƑѶƕņopreĺƒƐĺѵĺƐƐƏƖ
Heinsohn, R. (1995). Hatching asynchrony and brood reduction in coop-

eratively breeding white-winged choughs Corcorax melanorhamphos. 

Emu, 95, 252�258.

Heinsohn, R. G. (1992). Cooperative enhancement of reproductive suc-

ces in white-winged choughs. Evolutionary Ecology, 6ķ ƖƕŋƐƐƓĺ
Heinsohnķ Rĺ Gĺ ŐƑƏƏƓőĺ ParentaѴ careķ ѴoadŊѴightening and costsĺ In Wĺ Dĺ 

Koenig ş Jĺ Lĺ Dickinson ŐEdsĺőķ Ecology and evolution of cooperative 

breeding in birds (pp. 67�80). Cambridge: Cambridge University Press.

Hodge, S. J. (2005). Helpers benefit offspring in both the short and long-

term in the cooperatively breeding banded mongoose. Proceedings 

of the Royal Society of London B: Biological Sciences, 272ķ ƑƓƕƖŋƑƓѶƓĺ
Johnstoneķ Rĺ Aĺ ŐƑƏƐƐőĺ Load Ѵightening and negotiation over offspring 

care in cooperative breeders. Behavioral Ecology, 22ķ ƓƒѵŋƓƓƓĺ 
httpsĹņņdoiĺorgņƐƏĺƐƏƖƒņbehecoņarqƐƖƏ

Khan, M., & Walters, J. (2002). Effects of helpers on breeder survival 

in the red-cockaded woodpecker (Picoides borealis). Behavioral 

Ecology and Sociobiology, 51ķ ƒƒѵŋƒƓƓĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƕņ
sƏƏƑѵƔŊƏƏƐŊƏƓƓƐŊƒ

Kingmaķ Sĺ Aĺķ Bebbingtonķ Kĺķ Hammersķ Mĺķ Richardsonķ Dĺ Sĺķ ş 
Komdeur, J. (2016). Delayed dispersal and the costs and benefits of 

different routes to independent breeding in a cooperatively breeding 

bird. Evolution, 70ķ ƑƔƖƔŋƑѵƐƏĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņevoĺƐƒƏƕƐ
Kingmaķ Sĺ Aĺķ HaѴѴķ Mĺ Lĺķ Arrieroķ Eĺķ ş Petersķ Aĺ ŐƑƏƐƏőĺ MuѴtipѴe bene-

fits of cooperative breeding in purpѴeŊcrowned fairyŊwrensĹ A conse-

quence of fidelity? Journal of Animal Ecology, 79, 757�768.

Kingmaķ Sĺ Aĺķ Santemaķ Pĺķ Taborskyķ Mĺķ ş Komdeurķ Jĺ ŐƑƏƐƓőĺ Group 
augmentation and the evolution of cooperation. Trends in Ecology & 

Evolution, 29ķ ƓƕѵŋƓѶƓĺ httpsĹņņdoiĺorgņƐƏĺƐƏƐѵņjĺtreeĺƑƏƐƓĺƏƔĺƏƐƒ
Koenigķ Wĺ Dĺķ ş Dickinsonķ Jĺ Lĺ ŐƑƏƐѵőĺ Cooperative breeding in verte-

brates: Studies of ecology, evolution, and behavior. Cambridge, UK: 

Cambridge University Press.

Koenigķ Wĺ Dĺķ ş WaѴtersķ Eĺ Lĺ ŐƑƏƐƐőĺ Broodingķ provisioningķ and com-

pensatory care in the cooperatively breeding acorn woodpecker. 

https://doi.org/10.1006/anbe.2001.1954
https://doi.org/10.1038/ncomms5499
https://doi.org/10.1111/j.1469-7998.2007.00332.x
https://doi.org/10.1111/j.1469-7998.2007.00332.x
https://doi.org/10.1371/journal.pone.0033167
https://doi.org/10.1371/journal.pone.0033167
https://doi.org/10.1007/BF00302560
https://doi.org/10.1111/1365-2435.12088
https://doi.org/10.1111/1365-2435.12088
https://doi.org/10.1038/338249a0
https://doi.org/10.1080/01621459.1996.10476956
https://doi.org/10.1080/01621459.1996.10476956
https://doi.org/10.1093/beheco/7.2.168
https://doi.org/10.7717/peerj.4028
https://doi.org/10.1163/000579510X510511
https://doi.org/10.1163/000579510X510511
https://doi.org/10.2307/5462
https://doi.org/10.1046/j.1365-294x.1998.00389.x
https://doi.org/10.1046/j.1365-294x.1998.00389.x
https://cran.r-project.org/web/packages/MCMCglmm/vignettes/CourseNotes.pdf
https://cran.r-project.org/web/packages/MCMCglmm/vignettes/CourseNotes.pdf
https://doi.org/10.1111/j.1365-294X.2006.03050.x
https://doi.org/10.1111/j.1365-294X.2006.03050.x
https://doi.org/10.1371/journal.pone.0040413
https://doi.org/10.1093/beheco/arg091
https://doi.org/10.1287/opre.31.6.1109
https://doi.org/10.1093/beheco/arq190
https://doi.org/10.1007/s00265-001-0441-3
https://doi.org/10.1007/s00265-001-0441-3
https://doi.org/10.1111/evo.13071
https://doi.org/10.1016/j.tree.2014.05.013


ƑƖƖƓՊ |Պ ՊՍ VAN BOHEEMEN ET AL.

Behavioral Ecology, 23ķ ƐѶƐŋƐƖƏĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖƒņbehecoņ
arr172

Koenigķ Wĺ Dĺķ WaѴtersķ Eĺ Lĺķ ş Haydockķ Jĺ ŐƑƏƏƖőĺ HeѴpers and egg 
investment in the cooperatively breeding acorn woodpecker: 

Testing the concealed helper effects hypothesis. Behavioral 

Ecology and Sociobiology, 63, 1659�1665. https://doi.org/10.1007/

sƏƏƑѵƔŊƏƏƖŊƏƕƕƒŊy
Kokko, H., & Jennions, M. D. (2012). Sex differences in parental care. The 

Evolution of Parental Care. In N. J. Royle., P. T. Smiseth & M Kölike 

(Eds.), Evolution of parental care (p. 101�116), Oxford, UK: Oxford 

University Press.

Komdeur, J. (1991). Cooperative breeding in the Seychelles warbler, 

Doctor of Philosophy. Cambridge, UK: University of Cambridge.

Komdeurķ Jĺ ŐƐƖƖƓőĺ ExperimentaѴ evidence for heѴping and hindering by 
previous offspring in the cooperative-breeding Seychelles warbler 

Acrocephalus sechellensis. Behavioral Ecology and Sociobiology, 34, 

ƐƕƔŋƐѶѵĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƕņBFƏƏƐѵƕƕƓƑ
Komdeur, J. (1996). Seasonal timing of reproduction in a tropical 

birdķ the SeycheѴѴes warbѴerĹ A fieѴd experiment using transѴo-

cation. Journal of Biological Rhythms, 11ķ ƒƒƒŋƒƓѵĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƕƕņƏƕƓѶƕƒƏƓƖѵƏƐƐƏƏƓƏƕ

Komdeur, J. (2006). Variation in individual investment strate-

gies among social animals. Ethology, 112ķ ƕƑƖŋƕƓƕĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƓƒƖŊƏƒƐƏĺƑƏƏѵĺƏƐƑƓƒĺx

Komdeurķ Jĺķ Burkeķ Tĺķ DugdaѴeķ Hĺ Lĺķ ş Richardsonķ Dĺ Sĺ ŐƑƏƐѵőĺ 
Seychelles warblers: Complexities of the helping paradox. In W. D. 

Koenig ş Jĺ Lĺ Dickinson ŐEdsĺőķ Cooperative breeding in vertebrates. 

Studies of ecology, evolution and behavior (pp. 197�216). Cambridge, 

UK: Cambridge University Press.

Komdeur, J., & Kats, R. K. (1999). Predation risk affects trade-off be-

tween nest guarding and foraging in Seychelles warblers. Behavioral 

Ecology, 10ķ ѵƓѶŋѵƔѶĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖƒņbehecoņƐƏĺѵĺѵƓѶ
Komdeur, J., & Pels, M. D. (2005). Rescue of the Seychelles war-

bler on Cousin Island, Seychelles: The role of habitat restoration. 

Biological Conservation, 124, 15�26. https://doi.org/10.1016/j.

bioconĺƑƏƏƓĺƐƑĺƏƏƖ
Komdeurķ Jĺķ Richardsonķ Dĺ Sĺķ Hammersķ Mĺķ Eikenaarķ Cĺķ Brouwerķ Lĺķ 

ş Kingmaķ Sĺ Aĺ ŐƑƏƐƕőĺ The evoѴution of cooperative breeding in 
vertebrates. Elsķ ƐŋƐƕĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƑņƖƕѶƏƓƕƏƏƐƔƖƏƑĺ
a0021218.pub2

LesseѴѴsķ Cĺķ ş McNamaraķ Jĺ Mĺ ŐƑƏƐƑőĺ SexuaѴ confѴict over parentaѴ 
investment in repeated bouts: Negotiation reduces overall care. 

Proceedings of the Royal Society of London B: Biological Sciences, 279, 

ƐƔƏѵŋƐƔƐƓĺ
LiebѴķ Aĺķ Nomanoķ Fĺķ Browningķ Lĺķ ş RusseѴѴķ Aĺ ŐƑƏƐѵőĺ ExperimentaѴ ev-

idence for fully additive care among male carers in the cooperatively 

breeding chestnut-crowned babbler. Animal Behaviour, 115ķ ƓƕŋƔƒĺ 
httpsĹņņdoiĺorgņƐƏĺƐƏƐѵņjĺanbehavĺƑƏƐѵĺƏƑĺƏƑƓ

MacCoѴѴķ Aĺ Dĺ Cĺķ ş HatchweѴѴķ Bĺ Jĺ ŐƑƏƏƒőĺ Sharing of caringĹ NestѴing 
provisioning behaviour of long-tailed tit, Aegithalos caudatus, parents 

and helpers. Animal Behaviour, 66ķ ƖƔƔŋƖѵƓĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏѵņ
anbeĺƑƏƏƒĺƑƑѵѶ

MacGregorķ Nĺ Aĺķ ş Cockburnķ Aĺ ŐƑƏƏƑőĺ Sex differences in parentaѴ re-

sponse to begging nestlings in superb fairy-wrens. Animal Behaviour, 

63ķ ƖƑƒŋƖƒƑĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏѵņanbeĺƑƏƏƐĺƐƖƖƐ
McDonaѴdķ Pĺ Gĺķ Kazemķ Aĺ Jĺķ ş Wrightķ Jĺ ŐƑƏƏƖőĺ Cooperative provision-

ing dynamics: Fathers and unrelated helpers show similar responses 

to manipulations of begging. Animal Behaviour, 77ķ ƒѵƖŋƒƕѵĺ httpsĹņņ
doi.org/10.1016/j.anbehav.2008.10.009

Meadeķ Jĺķ Namķ Kĺ Bĺķ Beckermanķ Aĺ Pĺķ ş HatchweѴѴķ Bĺ Jĺ ŐƑƏƐƏőĺ 
Consequences of �load-lightening� for future indirect fitness gains by 

helpers in a cooperatively breeding bird. Journal of Animal Ecology, 79, 

ƔƑƖŋƔƒƕĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƒѵƔŊƑѵƔѵĺƑƏƏƖĺƏƐѵƔѵĺx
Neffķ Bĺ Dĺ ŐƑƏƏƒőĺ Decisions about parentaѴ care in response to perceived 

paternity. Nature, 422ķ ƕƐѵĺ httpsĹņņdoiĺorgņƐƏĺƐƏƒѶņnatureƏƐƔƑѶ

R Core Team (2017). R: A language and environment for statistical comput-

ing ŐvƒĺƓĺƒ ŞKiteŊEating TreeŞőĺ Viennaķ AustriaĹ The R Foundation for 
Statistical Computing.

Richardson, D. S., Burke, T., & Komdeur, J. (2002). Direct bene-

fits and the evolution of female-biased cooperative breeding 

in Seychelles warblers. Evolution, 56ķ ƑƒƐƒŋƑƒƑƐĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƏƏƐƓŊƒѶƑƏĺƑƏƏƑĺtbƏƏƐƔƓĺx

Richardson, D. S., Burke, T., & Komdeur, J. (2007). Grandparent help-

ers: The adaptive significance of older, postdominant helpers in 

the Seychelles warbler. Evolution, 61, 2790�2800. https://doi.

orgņƐƏĺƐƐƐƐņjĺƐƔƔѶŊƔѵƓѵĺƑƏƏƕĺƏƏƑƑƑĺx
Richardsonķ Dĺ Sĺķ Juryķ Fĺ Lĺķ BѴaakmeerķ Kĺķ Komdeurķ Jĺķ ş Burkeķ 

T. (2001). Parentage assignment and extra-group paternity in 

a cooperative breeder: The Seychelles warbler (Acrocephalus 

sechellensis). Molecular Ecology, 10ķ ƑƑѵƒŋƑƑƕƒĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƓѵņjĺƏƖѵƑŊƐƏѶƒĺƑƏƏƐĺƏƐƒƔƔĺx

RusseѴѴķ Aĺķ Brothertonķ Pĺķ McIѴrathķ Gĺķ Sharpeķ Lĺķ ş CѴuttonŊBrockķ Tĺ 
ŐƑƏƏƒőĺ Breeding success in cooperative meerkatsĹ Effects of heѴper 
number and maternal state. Behavioral Ecology, 14ķ ƓѶѵŋƓƖƑĺ httpsĹņņ
doiĺorgņƐƏĺƐƏƖƒņbehecoņargƏƑƑ

RusseѴѴķ Aĺķ Langmoreķ Nĺķ Gardnerķ Jĺķ ş KiѴnerķ Rĺ ŐƑƏƏѶő MaternaѴ invest-
ment tactics in superb fairy-wrens. Proceedings of the Royal Society of 

London B: Biological Sciences, 275ķ ƑƖŋƒѵĺ
RusseѴѴķ Aĺķ Youngķ Aĺķ Spongķ Gĺķ Jordanķ Nĺķ ş CѴuttonŊBrockķ Tĺ ŐƑƏƏƕőĺ 

Helpers increase the reproductive potential of offspring in coopera-

tive meerkats. Proceedings of the Royal Society of London B: Biological 

Sciences, 274ķ ƔƐƒŋƔƑƏĺ
RusseѴѴķ Aĺ Fĺķ Langmoreķ Nĺ Eĺķ Gardnerķ Jĺ Lĺķ ş KiѴnerķ Rĺ Mĺ ŐƑƏƏѶőĺ 

Maternal investment tactics in superb fairy-wrens. Proceedings of 

the Royal Society of London. Series B, Biological Sciences, 275ķ ƑƖŋƒѵĺ
Savageķ Jĺ Lĺķ Browningķ Lĺ Eĺķ Manicaķ Aĺķ RusseѴѴķ Aĺ Fĺķ ş Johnstoneķ Rĺ 

Aĺ ŐƑƏƐƕőĺ TurnŊtaking in cooperative offspring careĹ ByŊproduct of 
individual provisioning behavior or active response rule? Behavioral 

Ecology and Sociobiology, 71, 162.

Savageķ Jĺ Lĺķ RusseѴѴķ Aĺ Fĺķ ş Johnstoneķ Rĺ Aĺ ŐƑƏƐƑőĺ MaternaѴ costs in off-
spring production affect investment rules in joint rearing. Behavioral 

Ecology, 24ķ ƕƔƏŋƕƔѶĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖƒņbehecoņarsƑƏƒ
ScantѴeburyķ Mĺķ RusseѴѴķ Aĺķ McIѴrathķ Gĺķ Speakmanķ Jĺķ ş CѴuttonŊBrockķ 

T. (2002). The energetics of lactation in cooperatively breeding 

meerkats Suricata suricatta. Proceedings of the Royal Society of London 

B: Biological Sciences, 269ķ ƑƐƓƕŋƑƐƔƒĺ
Sharpķ Sĺ Pĺķ EngѴishķ Sĺķ ş CѴuttonŊBrockķ Tĺ Hĺ ŐƑƏƐƒőĺ MaternaѴ invest-

ment during pregnancy in wild meerkats. Evolutionary Ecology, 27, 

ƐƏƒƒŋƐƏƓƓĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƕņsƐƏѵѶƑŊƏƐƑŊƖѵƐƔŊx
SoѴomonķ Nĺ Gĺķ ş Frenchķ Jĺ Aĺ ŐƐƖƖƕőĺ Cooperative breeding in mammals. 

Cambridge, UK: Cambridge University Press.

Stacey, P. B., & Koenig, W. D. (1990). Cooperative breeding in birds: Long 

term studies of ecology and behaviour. Cambridge, UK: Cambridge 

University Press.

Stearns, S. C. (1989). Trade-offs in life-history evolution. Functional 

Ecology, 3ķ ƑƔƖŋƑѵѶĺ httpsĹņņdoiĺorgņƐƏĺƑƒƏƕņƑƒѶƖƒѵƓ
Stearns, S. C. (1992). The evolution of life histories. Oxford: Oxford 

University Press.

Tanakaķ Hĺķ Frommenķ Jĺ Gĺķ Engqvistķ Lĺķ ş Kohdaķ Mĺ ŐƑƏƐƕőĺ TaskŊde-

pendent workload adjustment of female breeders in a coopera-

tively breeding fish. Behavioral Ecology, 29, 221�229. https://doi.

orgņƐƏĺƐƏƖƒņbehecoņarxƐƓƖ
Tanaka, H., Kohda, M., & Frommen, J. G. (2018). Helpers increase the 

reproductive success of breeders in the cooperatively breeding cich-

lid Neolamprologus obscurus. Behavioral Ecology and Sociobiology, 72, 

152. https://doi.org/10.1007/s00265-018-2566-7

VaѴenciaķ Jĺķ De La Cruzķ Cĺķ Carranzaķ Jĺķ ş Mateosķ Cĺ ŐƑƏƏѵőĺ Parents 
increase their parental effort when aided by helpers in a coopera-

tively breeding bird. Animal Behaviour, 71, 1021�1028. https://doi.

org/10.1016/j.anbehav.2005.06.021

https://doi.org/10.1093/beheco/arr172
https://doi.org/10.1093/beheco/arr172
https://doi.org/10.1007/s00265-009-0773-y
https://doi.org/10.1007/s00265-009-0773-y
https://doi.org/10.1007/BF00167742
https://doi.org/10.1177/074873049601100407
https://doi.org/10.1177/074873049601100407
https://doi.org/10.1111/j.1439-0310.2006.01243.x
https://doi.org/10.1111/j.1439-0310.2006.01243.x
https://doi.org/10.1093/beheco/10.6.648
https://doi.org/10.1016/j.biocon.2004.12.009
https://doi.org/10.1016/j.biocon.2004.12.009
https://doi.org/10.1002/9780470015902.a0021218
https://doi.org/10.1002/9780470015902.a0021218
https://doi.org/10.1016/j.anbehav.2016.02.024
https://doi.org/10.1006/anbe.2003.2268
https://doi.org/10.1006/anbe.2003.2268
https://doi.org/10.1006/anbe.2001.1991
https://doi.org/10.1016/j.anbehav.2008.10.009
https://doi.org/10.1016/j.anbehav.2008.10.009
https://doi.org/10.1111/j.1365-2656.2009.01656.x
https://doi.org/10.1038/nature01528
https://doi.org/10.1111/j.0014-3820.2002.tb00154.x
https://doi.org/10.1111/j.0014-3820.2002.tb00154.x
https://doi.org/10.1111/j.1558-5646.2007.00222.x
https://doi.org/10.1111/j.1558-5646.2007.00222.x
https://doi.org/10.1046/j.0962-1083.2001.01355.x
https://doi.org/10.1046/j.0962-1083.2001.01355.x
https://doi.org/10.1093/beheco/arg022
https://doi.org/10.1093/beheco/arg022
https://doi.org/10.1093/beheco/ars203
https://doi.org/10.1007/s10682-012-9615-x
https://doi.org/10.2307/2389364
https://doi.org/10.1093/beheco/arx149
https://doi.org/10.1093/beheco/arx149
https://doi.org/10.1007/s00265-018-2566-7
https://doi.org/10.1016/j.anbehav.2005.06.021
https://doi.org/10.1016/j.anbehav.2005.06.021


ՊՍ Պ | ՊƑƖƖƔVAN BOHEEMEN ET AL.

Williams, G. C. (1966). Natural selection, the costs of reproduction, and 

a refinement of Lackŝs principѴeĺ The American Naturalist, 100, 687�

ѵƖƏĺ httpsĹņņdoiĺorgņƐƏĺƐƏѶѵņƑѶƑƓѵƐ
WoxvoѴdķ Iĺ Aĺķ ş Magrathķ Mĺ Jĺ Lĺ ŐƑƏƏƔőĺ HeѴping enhances muѴtipѴe 

components of reproductive success in the cooperatively breeding 

apostlebird. Journal of Animal Ecology, 74ķ ƐƏƒƖŋƐƏƔƏĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƒѵƔŊƑѵƔѵĺƑƏƏƔĺƏƐƏƏƐĺx

Wright, J., & Dingemanse, N. J. (1999). Parents and helpers compen-

sate for experimental changes in the provisioning effort of others 

in the Arabian babbѴerĺ Animal Behaviour, 58ķ ƒƓƔŋƒƔƏĺ httpsĹņņdoiĺ
org/10.1006/anbe.1999.1152

Zक़ttѴķ Mĺķ Fischerķ Sĺķ ş Taborskyķ Mĺ ŐƑƏƐƒőĺ PartiaѴ brood care compen-

sation by female breeders in response to experimental manipulation 

of alloparental care. Animal Behaviour, 85ķ ƐƓƕƐŋƐƓƕѶĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƐѵņjĺanbehavĺƑƏƐƒĺƏƒĺƏƓƔ

SUPPORTING INFORMATION

AdditionaѴ supporting information may be found onѴine in the 
Supporting Information section at the end of the article. 

How to cite this articѴeĹ van Boheemen LAķ Hammers Mķ 
Kingma SAķ et aѴĺ Compensatory and additive heѴper effects in 
the cooperatively breeding Seychelles warbler (Acrocephalus 

sechellensis). Ecol Evol. 2019;9:2986�2995. https://doi.

orgņƐƏĺƐƏƏƑņeceƒĺƓƖѶƑ

https://doi.org/10.1086/282461
https://doi.org/10.1111/j.1365-2656.2005.01001.x
https://doi.org/10.1111/j.1365-2656.2005.01001.x
https://doi.org/10.1006/anbe.1999.1152
https://doi.org/10.1006/anbe.1999.1152
https://doi.org/10.1016/j.anbehav.2013.03.045
https://doi.org/10.1016/j.anbehav.2013.03.045
https://doi.org/10.1002/ece3.4982
https://doi.org/10.1002/ece3.4982

