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abstract: Group living can be beneficial when individuals re-
produce or survive better in the presence of others, but, simulta-
neously, there might be costs due to competition for resources. Pos-
itive and negative effects on various fitness components might thus
counteract each other, so integration is essential to determine their
overall effect. Here, we investigated how an integrated fitness mea-
sure (reproductive values [RVs]) based on six fitness components
variedwith group size among groupmembers in cooperatively breed-
ing red-winged and superb fairy wrens (Malurus elegans and Malu-
rus cyaneus, respectively). Despite life-history differences between the
species, patterns of RVs were similar, suggesting that the same behav-
ioral mechanisms are important. Group living reduced RVs for dom-
inant males, but for other group members, this was true only in large
groups. Decomposition analyses showed that our integrated fitness
proxy was most strongly affected by group size effects on survival
andwas amplified through carryover effects between years. Our study
shows that integrative consideration of fitness components and sub-
sequent decomposition analysis provide much needed insights into
the key behavioralmechanisms shaping the costs and benefits of group
living. Such attribution is crucial if we are to synthesize the relative
importance of the myriad group size costs and benefits currently re-
ported in the literature.
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Introduction

Individuals often derive benefits from living in groups but
may also suffer costs derived from the presence of others.
Individuals may survive or reproduce better in groups, for
example, because living in groups can increase foraging
success (Stander 1992), facilitate thermoregulation (Gil-
bert et al. 2009), and provide protection against predators
(Hamilton 1971; Sorato et al. 2012). Sometimes groupmem-
bers even assist in raising each other’s offspring (Brown
1987; Koenig andDickinson 2016), which can increase cur-
rent reproduction (Emlen and Wrege 1991; Koenig and
Walters 2011) or reduce the workload and thereby increase
subsequent parental survival (Meade et al. 2010; Paquet
et al. 2015). However, group members can also affect fit-
ness negatively, as the presence of additional group mem-
bers can increase intraspecific competition for resources
(Newton 1992), which might result in increased stress
(Markham et al. 2015), reduced mating opportunities (Heg
et al. 2008; Huchard and Cowlishaw 2011), and reduced
survival (Brouwer et al. 2006). Furthermore, fitness may
vary with group size in a nonlinear way, such that smaller
groupsmaybenefit fromadditional groupmembers,whereas
larger groups may suffer a cost (Packer et al. 1988).
A limitation in the literature is that many studies on

group living quantify fitness costs and benefits on only a
single fitness component, particularly reproductive suc-
cess (Stacey and Koenig 1990; Ebensperger et al. 2012;
Koenig and Dickinson 2016). However, those studies that
do consider multiple fitness components suggest that in
many group-living species there is evidence that various
costs and benefits co-occur (e.g., Chapman and Chapman
2000; Majolo et al. 2008), which may not be surprising
given the many mechanisms via which group members
might affect each other during different parts of the life
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202 The American Naturalist
cycle. Effects of group size on one component of fitness
might thus not be representative for the effect that group
size has on overall fitness. Furthermore, some effects might
be more important than others. For example, fitness in
long-lived species is generally muchmore sensitive to vari-
ation in adult survival (determining the number of lifetime
breeding attempts) than to annual reproductive output
(Clutton-Brock 1988; Newton 1989). In such situations,
large positive effects of group size on reproduction can be
easily outweighed by small—statistically hard to detect—
negative effects on the survival of adults. In addition, group
size effects on one fitness component may not be inde-
pendent of those on another fitness component, and the
costs and benefits of group living may thus not be addi-
tive. For example, positive effects of group size on repro-
ductive success may contribute strongly to overall fitness
only if there are no negative effects of group size on off-
spring survival.
To fully understand how overall fitness varies with

group size, we first need to combine multiple fitness com-
ponents for individuals living in various group sizes into
an integrated fitness measure—something that has not
been done before, as far as we are aware. Second, we need
to quantify how the effect of group size on specific fitness
components contributes to how an integrated fitness mea-
sure depends on group size, such that we gain a better un-
derstanding of the most important underlying behavioral
mechanisms shaping the costs and benefits of group living.
Finally, we need to quantify this for different types of group
members, as individuals of different social statuses and
sexes are expected to differ in the costs and benefits of group
living (e.g., Clutton-Brock et al. 2006), such that the fitness
landscape is likely to vary across the entire range of group
sizes for all types of group members.
Here, we combine six separate fitness components into

one aggregate fitness proxy, using the concept of repro-
ductive value (RV; Fisher 1930). RVdescribes the expected
contribution by individuals of a given age or stage class
(here, group size, sex, and social status) to the future long-
term growth of a population. Although RV is not equiva-
lent to fitness in the sense of the change in frequency of an
allele, it can be seen as a useful integrated fitness proxy that
can inform us about optimal life-history strategies (Fisher
1958; Caswell 1982; Goodman 1982; Horn and Ruben-
stein 1984) and the strength of selection that acts on be-
havioral decisions that alter group size (Mumme et al.
1989). RVs are particularly suitable for species with a dis-
tinct age- or stage-structured life cycle, such as cooperative
breeders. The reason is that in such species, the annual con-
tribution of an individual in a given stage class to fitness is
not a simple sum of the number of gene copies contributed
to the next generation (year), because a breeder that sur-
vives to the next year (residual RV) is worth more than a
This content downloaded from 194.171
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surviving offspring that will most likely become a subordi-
nate the next year (current RV).
Another advantage of using this mathematical descrip-

tion of fitness is that it allows us to use standard demo-
graphic modeling tools to perform decomposition analy-
sis. This means that we can quantify for the first time how
the effect of group size on one fitness component contrib-
utes to the effect of group size on a proxy of overall fitness,
and we can do so for different types of group members
(e.g., males, females, dominants, subordinates). Further-
more, by perturbing the effects of group size either on a
single fitness component or on multiple fitness compo-
nents, we can specifically test whether group size effects
on fitness components interact with each other in a non-
additive way to determine overall fitness effects, which is
an unexplored area of research. Our framework is general
and can easily be modified to any group-living species,
even if fitness components are not measured across the
entire lifetime of individuals. Such analysis will ultimately
help to determine what types of behavioral mechanisms—
out of the myriad effects currently reported in the litera-
ture—are most important in shaping the evolution of group
living.
Our model species are group-living and cooperatively

breeding superb fairywrens (SFWs;Malurus cyaneus) and
red-winged fairy wrens (RWFWs;Malurus elegans). These
species are very similar in their ecology and many aspects
of social organization. In both congeneric species, males are
highly philopatric and usually stay in their natal territory
for at least 1 year to assist the dominant pair (Rowley and
Russell 1997). Most males spend their entire life on their
natal territory or disperse to a breeding vacancy nearby
(Russell andRowley 2000; Cockburn et al. 2008).However,
the two species differ in some key aspects of their life histo-
ries. First, whereas female offspring also delay dispersal to
help inRWFWs, there is obligate female dispersal in SFWs,
and, generally, only those that obtain a dominant position
on a foreign territory are able to survive to the next breed-
ing season (Rowley et al. 1988; Cockburn et al. 2003). As a
result, SFWs virtually never have female subordinates, and
their group sizes are1.5 times smaller compared toRWFWs
(where both sexes routinely help; see “Results”). Second,
despite both being long-lived, SFWs have a lower survival
than RWFWs (Cockburn et al. 2008; Lejeune et al. 2016),
resulting in a twofold-lower life expectancy (see “Results”).
Furthermore, RWFWs have a much (s)lower reproductive
rate, as they only rarely rear two broods to independence
in a season, whereas the longer breeding season of SFWs
means that females of this species can raise three broods
to independence (Russell and Rowley 2000; Cockburn et al.
2016).
We predict that RVs vary nonlinearly with group size

because initial benefits of larger group size might be
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Cost and Benefits of Group Living 203
outweighed by increased competition. Furthermore, we pre-
dict that how RVs depend on group size will vary among
different types of group members, because in both species,
dominant males lose reproductive success to subordinates
(fairy wrens are highly promiscuous; Double and Cock-
burn 2003; Brouwer et al. 2011), whereas dominant fe-
males gain survival benefits from having subordinates (at
least in SFWs; Russell et al. 2007). Since a “fast” life history
should result in a greater emphasis on current rather than
future reproduction (Stearns 1983), the long life spans of
both species suggest that effects of group size on survival
will be a major factor determining the overall effect of group
size on RVs. Yet the faster life history of SFWs should re-
sult in group size effects on reproductive success being rel-
atively more important compared to RWFWs. Finally, the
extreme philopatry means that there can be carryover ef-
fects of group size from one year to the next. For example,
individuals in larger groups might reproduce or survive
better and consequently may be more likely to live in large
groupsagain thenextyear andreapadditionalbenefits.Here,
we explicitly model these transition probabilities, allowing
estimation of the carryover effects of group size.
Methods

Data Collection

RWFW data were collected in Smithbrook Nature Reserve
inWesternAustralia (347200S, 1167100E) from2008 to2016.
Themain study area comprised 58–70 territories, in which
199% of the adult birds were individually color banded.
Those territories were checked at least fortnightly for group
composition and survival throughout the breeding season
(October–January), and once a nest was located, this was
monitored biweekly. Nestlings were blood sampled when
at least 2 days old to determine their sex and parentage, us-
ing seven or eight hypervariable microsatellite markers,
as described in Brouwer et al. (2011). We use November 1
(peak breeding season) as the census date to determine the
presence and status of adults in the population. Unsuitable
habitat (farmland) bounds 88%of the border of the reserve,
but three narrow corridors lead away from the reserve,
allowing for dispersal to the surrounding state forests
(Brouwer et al. 2014a). From 2009 onward, in each year,
between 50 and 220 territories in the areas surrounding
themain study area (up to a 2-km radius) were monitored
and checked for dispersers. Long-distance dispersal is ex-
tremely rare (median distance p 150 m), indicating that
our estimates of survival are unlikely to be underestimated
as a result of missed emigration. For more details on field
methods, see Brouwer et al. (2011).
SFW data were collected at the Australian National Bo-

tanic Gardens in Canberra (357160S, 1497060E) from 1993
This content downloaded from 194.171
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to 2014. The study area comprised 55–90 territories, in
which 199% of the adult birds were individually color
banded. During the breeding season (September–March),
the complete nesting history and performance of offspring
weredeterminedbydailycensus.Nestlingswerebloodsam-
pled when 8 days old to determine their sex and parentage,
using seven or eight hypervariable microsatellite markers
(Double et al. 1997). We use November 15 (peak breeding
season, when all young females have either obtained a va-
cancy or died) as the census date to determine the presence
and status of adults in the population. Territories surround-
ing the study area were checked opportunistically for the
presence of dispersers. Note that because of obligate dis-
persal, female fledgling survival in SFWs cannot be esti-
mated accurately and represents local survival (and thus
might be underestimated, as typical for nonclosed popula-
tions). However, we believe that this underestimation will
not be strong; furthermore, we have no evidence that dis-
persalvarieswithgroupsize.Formoredetailsonfieldmeth-
ods, see Cockburn et al. (2003). Data are deposited in the
Data Archiving and Networked Services EASY digital re-
pository https://doi.org/10.17026/dans-2cf-ybgc (Brouwer
et al. 2019) and the Dryad Digital Repository https://doi
.org/10.5061/dryad.92rv6bq (Brouwer et al. 2020).
In both species, starvation of nestlings is negligible, but

nest predation is high (∼70%). Females renest after failure,
and RWFWs can initiate as many as four clutches (with
one to three eggs each; Lejeune et al. 2016), but only in ex-
ceptional cases do they rear two broods to independence
in a season (Russell andRowley 2000). The longer breeding
season of SFWs means that females of this species can ini-
tiate up to eight clutches (with one to five eggs each) per
season and raise three broods to independence (Cockburn
et al. 2016). Note that we compare group size effects in two
populations of two related species and that we discuss any
differences in the context of differences in life history among
these species. However, we note that these life-history dif-
ferences may be due to species differences in evolutionary
history as well as environmental differences among the two
study sites (e.g., rainfall; van de Pol et al. 2013).
Statistical Analysis of Fitness Components

Wedetermined six fitness components: group productivity
(number of fledglings produced per group per breeding
season), within-group parentage (probability of paternity/
maternity within their own group), extragroup paternity
(number of offspring sired by a male in another social
group),offspringsexratio, juvenileandadult survival,prob-
ability of obtaining dominant status, and probability of in-
creasing/decreasing group size in the next year (table A1;
tables A1, A2 are available online). Reproduction was split
into within-group and extragroup parentage components,
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as group members can parasitize the reproductive success
of the dominant breeding pair (Double and Cockburn
2003; Brouwer et al. 2011). Furthermore, group members
canreduceconstraints fordominantmales to gainpaternity
outside of the social group (extragroup paternity; Mulder
et al. 1994; Brouwer et al. 2017).
For each of the fitness components, we fitted a general-

ized linearmixedmodel to thedatabyusing theRstatistical
language (R Development Core Team 2017) and package
lme4 (Bates et al. 2015) to estimatehoweachof thesefitness
components depended on group size. For annual group
productivity and number of extragroup offspring, we used
a Poissonmodel; for all other variables, we used a binomial/
binary regressionmodel.We fitted group size as a fixed cat-
egorical effect to obtain the maximum likelihood estimate
for each level of group size for each sex and social status
while including year as a random intercept to account for
temporal variation. We defined group size as the number
of adult group members at the time of census; group sizes
consisting of six or more individuals were lumped because
only 0.2% (SFWs) and 1.8% (RWFWs) of groups had seven
or more individuals.
A difficulty with statistical associations between group

size and fitness components such as group productivity is
that determining the causality of such correlations is prob-
lematic because high-quality breeders or breeders living in
high-quality territories might also produce high-quality
offspring and be more likely to have larger groups because
of past reproductive success (Cockburn 1998). By studying
the same individuals over multiple seasons with variable
group sizes, we attempt to separate whether effects are due
to a within-group phenotypically plastic response rather
than noncausal among-group correlations due to territory
or group quality. We accounted for any among-group co-
variance between group size and a fitness component by
including a second group size predictor variable as a linear
covariate: the mean group size of the group across all years
(sensu within-subject centering; Snijders and Bosker 1999;
van de Pol andWright 2009). In such a model, the original
group size predictor variable is then assumed to reflect the
within-group effect of group size on the response variable.
RVs as an Integrated Fitness Measure

The aim here is to quantify the effect of the group size that
an individual experiences in a given year on an integrative
measure of fitness. Our fitness measure should be able to
incorporate all abovementioned fitness components that
reflect gene contributions to future generations via off-
spring production as well as one’s own survival (and future
state) into a single metric, such that we can gain under-
standing on how each of these fitness components (and as-
sociated behavioral mechanisms that determine variation
This content downloaded from 194.171
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in these fitness components) contributes to overall effects
of group size on fitness. As individuals do not stay in the
same group size their entire lives, individual lifetime fit-
ness measures (lifetime number of offspring, or lindividual;
McGraw and Caswell 1996) have limited value here. Fur-
thermore, formal fitness measures, such as the rate of in-
crease of alleles (e.g., invasion fitness), are hard to measure
practically. Instead, we focused on the immediate (here,
annual) fitness impacts of being in a group of a specific size
in a given year by determining the contribution of indi-
viduals in a given stage class (e.g., group size) to fitness.
Specifically, we used RVs that quantify the contribution
of individuals of a certain stage class to the long-term pop-
ulation growth rate (Fisher 1930), which can be used to
compare the sensitivity of fitness to events at (or behaviors
affecting) different (st)ages (Goodman1982).As such, RVs
can be used to quantify the strength of selection at each stage
class (and thus function as an integrated fitness proxy at
each stage class) and should inform us whether behaviors
that affect in which group size an individual lives are fa-
vored by evolution (with the usual phenotypic gambit as-
sumptions; Grafen 1984).
However, for species that live in groups with kin, such

as fairy wrens, indirect fitness benefits also play a role
(Hamilton 1964). What the optimal group size is for indi-
viduals in such a situation can be better understood by
considering the question of whether it pays for an individ-
ual to accept an additional groupmember. Specifically, Ham-
ilton’s rule (Hamilton 1964) states that natural selection will
favor a trait or behavior when the direct cost (C) of a behav-
ior to the actor outweighs the indirect benefit (B) of the be-
havior to the recipient, with the benefits being weighted
by the relatedness (r) between actor and recipient (rB 1 C,
the canonical version of Hamilton’s rule that assumes actor
control and fitness additivity; Akçay and van Cleve 2016).
The RVs can be used to estimate the direct fitness costs
and indirect fitness benefits and thereby the net benefits
(rB2 C) of the behavior of “accepting another groupmem-
ber,” and this can be done for all types of actors (dominants,
subordinates, males, females) for different group sizes. For
example, the costs and benefits of accepting an additional
unrelated subordinate male for a dominant male in a group
size of three (D♂3) can be calculated as follows. The costs
will be the difference between a dominant male’s RV in the
current group size and his RV in a group size after accepting
the new subordinate male in the group: CD♂3 p RVD♂32
RVD♂4 . Thus, understandinghowRVsdependongroup size
for a given stage class directly determines the direct costs,C.
Similarly, the indirect benefits for the actor (A) will be

the difference in RVs between group sizes of three and four
of other group members (recipients [R]; e.g., a dominant
[D] and subordinate [S] female also present in the group)
weighted by the relatedness between the actor and the
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Cost and Benefits of Group Living 205
recipients: rBD♂3 p
P

R(rA,RBR)p rD♂D♀
(RVD♀42RVD♀3 )1

rD♂S♀
(RVS♀4 2 RVS♀3 ). Thus, understanding how the RVs

depend on group size for a given stage class also strongly
informs us about the sign (and, to some extent, the strength)
of the indirect benefits (B) for the decision to accept addi-
tional group members. For example, if RVs of other group
members are highest at a group size of three, this implies
that the indirect fitness benefits of accepting additional in-
dividuals in the group will always be negative, and thus, se-
lection will not favor larger groups (assuming C ≥ 0; when
considering the acceptance of a related—instead of unre-
lated—subordinate, the situation is more complex, as the
benefits also depend on the relatedness-weighted benefits
to the joiner).
In conclusion, RVs determine both direct costs and in-

direct benefits, which together shape inclusive fitness. How-
ever, a full analysis of inclusive fitness considerations, which
can only be done for certain behaviors/traits/alleles (e.g.,
accept or reject an additional group member), is not trivial
for both theoretical (Akçay and vanCleve 2016) and practical
(Bourke 2014) reasons. Here we will focus on understand-
ing the patterns and causes of variation in RV with respect
to group size, which will provide the first crucial step toward
understanding the inclusive fitness of group size decisions.
Calculation of RVs

RVs were calculated from population matrices, which were
derived from a life-cycle model. We explain the main ratio-
nale of our calculations here; the exact derivation is de-
scribed in the appendix (available online). We first created
a life-cycle model (fig. 1a) that describes (i) the main life-
history stages of our study systems (dominants [D], sub-
ordinates [S], and offspring [O]) and (ii) the fitness compo-
nents that determine transitions between these stages (the
number of fledglings produced [group productivity] multi-
plied by fledging survival until the next breeding season;
annual adult survival for subordinates and dominants; and
transition rates [conditional on survival] among states, i.e.,
the probability that a fledgling, subordinate, or dominant will
be a dominant the next year; this life-cycle model was ex-
tended to also describe group size structure; fig. 1b), as we
expected that most fitness components depended on group
size, and we could model the transition probability that a
group changes size between breeding seasons, which allows
for including carryover effects of group living between years
into the residual RV. Next, the model was extended to in-
clude two sexes, sex-specific fitness components, and an off-
spring sex ratio parameter (fig. A1, available online). Finally,
we split reproduction into a within-group component and an
extragroup parentage component to account for the fact that
promiscuity levels are group size dependent as well (appen-
dix). We note that in our model, fitness components are lo-
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cally density dependent (i.e., group size effects), but we were
unable to include any global density regulation, as we do not
have a proper understanding yet of how this complex process
acts in these species (see the appendix).
The next step was then to translate our life-cycle graph

into a matrix population model, in which the matrix ele-
ments consist of the six fitness components in which we
are interested. We used the statistical model estimates of
each fitness component derived from the field data as in-
put to the projection matrix, which allows—using stan-
dard matrix algebra (Caswell 2001)—calculating the RVs
of individuals as a function of their status, sex, and group
size (see the appendix).
To quantify the amount of uncertainty in the estimates

of RVs, we performed bootstrap analyses on the uncer-
tainty of the input parameter estimates of each individual
fitness component. We generated 1,000 bootstrap values
based on the regression models used to analyze the asso-
ciation between group size and each fitness component.
The mean and standard deviation of the 1,000 bootstrap
values were set to be equal, respectively, to the maximum
likelihood estimate and the standard error of the parame-
ter on the scale of the link function used in the regression
(for details, see the appendix). For each bootstrap input
parameter set, we calculated the corresponding RVs, and
by repeating this for all bootstrap sets, we derived confi-
dence intervals around the RVs.
It should be noted that we consider group size–driven

variation in fitness components independent of the statis-
tical P value of any group size effect. The reason for this is
that we deem the maximum likelihood estimates for each
fitness component for a given group size class to be the
best estimator we have available and thus the best to be
used in the overall fitness model. Moreover, including or
excluding group size–driven variation in fitness compo-
nents based on an arbitrary threshold P value ignores the
fact that (i) there is a continuous gradient of statistical sup-
port; (ii) we expected nonlinear relationships, which are
hard to fit given the limited range in group size and many
possible nonlinear shapes; and (iii) the statistical power to
detect group size effects will vary across fitness components
(e.g., statistically small effects of group size on survival will
be hard to detect but may have large biological conse-
quences for integrated fitness). Finally, by bootstrapping
from the standard errors of all parameter estimates, we di-
rectly translate all information about parameter impreci-
sion to the RV values.
Decomposing How the Effect of Group Size on Each
Fitness Component Contributes to Effects on RVs

To decompose how group size effects on specific fitness
components contribute to the overall effect of group size
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on RV, we used amodel-based thought experiment. In turn,
each of the six fitness components wasmade independent of
group size by setting the value for that fitness component to
the (weighted) mean value across all group sizes (fig. 2, left
panels). Each time a fitness component was made indepen-
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dent of group size, new RVs were calculated for each type
of individual for each group size, for example, RVD♂s, f i(⋅) p
RVD♂( f i(⋅), f other(s)), with f i(⋅) being the fitness component
of interest that ismade independent of group size and fother(s)
being the other five group size–dependent fitness components
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Figure 1: Simplified versions of the life-cycle graph used to model the effect of group size on the reproductive values of individuals of dif-
ferent sexes and statuses, in different group sizes. a, Arrows indicate the transition probabilities among states (D p dominants; F p
fledglings; S p subordinates) determined by the fitness components: number of fledglings produced (r); probability of surviving until
the next breeding season for fledglings ( jF); annual adult survival for subordinates and dominants ( jS and jD, respectively); transition rates
(conditional on survival) among states (mFD, mSD, and mDS; the probability that a fledgling, subordinate, or dominant will be a dominant the
next year, respectively). b, This life cycle can be extended to model the transition probability to move from a certain group size to another
(gF, gS, and gD; in this example between group sizes of three and four). Note that a and b are simplified versions, as in our final model we
included both sex differences and the range of variation in group size (2, 3, 4, 5, or 61) in one model (see appendix). Contributions to the
next year’s population via different fitness components are shown in different colors (red p reproduction; green p juvenile survival and
recruitment; blue p adult survival and state change).
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Cost and Benefits of Group Living 207
(with group size dependency as quantified in the empirical
data). Subsequently, we calculated the difference between
the group size effect on these perturbed RVs and the group
size effect on the original RV estimates (i.e.,D in fig. 2, right
panels). Specifically, we quantified the contribution D (in
units of RV/additional group member) of the group size
effect of fitness component fi to the group size effect on the
RV of dominant males as DRVD♂ , f i(⋅) p bRVD♂s, f i(⋅)∼S

2bRVD♂s∼S ,
with b being the linear regression slope coefficient of the
given function.
In addition, we also calculated the combined contribu-

tion of all underlying group size effects by making all six
fitness components independent of group size simulta-
neously:DRVD♂ , f 126(⋅) p bRVD♂s, f 126(⋅)∼S

2 bRVD♂s∼S . Bycompar-
ing the combined contribution of all six fitness compo-
nents to the sum of the separate contributions of all six
individual fitness components (

Pip6
ip1DRVD♂, f i(⋅)), we can

determine whether effects of group size on fitness compo-
nents affect RVs in an additive way.
As RVs initially increased from a group size of two to

three and then decreased (roughly linearly) with larger
group sizes (see “Results”), decomposition analyses were
done in two parts to align the application of a linear de-
composition to a nonlinear change with RV. We first cal-
culated contributions for the effect of one additional group
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member when no (other) subordinates were present (i.e.,
pairs vs. a group size of three, except for subordinates that
do not occur in pairs; thus, a group size of three [no other
subordinate] was compared to a group size of four [one
other subordinate]). Second, we calculated contributions
for the effect of additional group members when looking
at groups that were of size three or larger.
Results

Life-History Differences between SFWs and RWFWs

In RWFWs, group sizes were nearly 1.5 times larger than
in SFWs (mean number of male subordinates per group,
RWFWs vs. SFWs: 1.05 vs. 0.57; mean number of female
subordinates per group, RWFWs vs. SFWs: 0.56 vs. 0.002;
fig. 3a, 3b). Further, SFWs have a much faster life history
than RWFWs. SFWs produced, on average, 2.7 times as
many fledglings per group compared to RWFWs (fig. 3c,
3d), and they also showed much lower annual juvenile and
adult survival than RWFWs (fig. 4a, 4b), implying a twofold
difference in adult life expectancy from fledging. In SFWs,
females generally obtained a dominant position within their
first year of life, or they died (fig. 4c). Many male fledgling
SFWs were able to obtain a dominant position within their
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Figure 2: Graphical illustration of the decomposition analyses used to determine how group size effects on each of the six fitness compo-
nents contribute to the overall effect of group size on reproductive value (RV). The left panels show how each of the fitness components
(here, survival and group productivity) are made independent of group size. The right panels show the original (filled symbols) and newly
calculated (open symbols) RVs, with the difference (D) between the two indicating the contribution of the fitness component of interest to
the group size effect on RV. Note that small changes in group size effects on a fitness component (e.g., survival) can have large effects on
RVs.
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first year of life too, whereas this was extremely rare for
fledgling RWFWs of either sex (fig. 4c, 4d). In both species
there was a strong positive relationship between group size
from one year to the next, except for female fledglings in
SFWs, which often end up in a pair after obligatory dispersal
from their natal group (fig. 4e, 4f ). Patterns of genetic parent-
This content downloaded from 194.171
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age were remarkably similar among both species (fig. 4g–
4j); most offspring are sired by extragroup males, followed
by within-group dominant and subordinate males. Partic-
ularly in RWFWs, subordinate females can gain some within-
group maternity through plural breeding, which involves
initiating a second nest on the territory.
Figure 3: Relationship between group size and the frequency distribution of groups (a, b) and reproductive success (c, d) for superb and
red-winged fairy wrens. Means are shown with their standard errors. Numbers above bars in a and b indicate the sample sizes (number of
group years, N).
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Associations between Group Size
and Fitness Components

As explained in “Methods,” we describe the patterns be-
tween each of the fitness components and group size, in-
dependent of their statistical significance (but more than
half of the associations were significant when fitting linear
or quadratic regression; see table A2). Group productivity
increased with group size in SFWs but not in RWFWs
(fig. 3c, 3d). For some other fitness components, a few ad-
ditional group members were beneficial, whereas larger
group sizes reduced the benefits. In SFWs this was true for
survival of all group members except dominant males (fig. 4a)
and the number of extragroup offspring sired by dominant
males (fig. 4i). RWFWs followed a somewhat similar but
more erratic pattern for survival (fig. 4b).
Other fitness components were negatively associated

with group size. In both species, the proportion of within-
group paternity of dominants declined with group size
(fig. 4g, 4h). Dominantmales in larger groups were also less
successful in siring extragroup offspring, particularly in
RWFWs (fig. 4j). In both species, dominant males tended
to have somewhat lower survival in the presence of a single
subordinate than in pairs, whereas survival slightly increased
again for larger groups (except for a group size ofmore than
six in SFWs; however, note the large standard errors that
stem from small sample sizes and further note that none
of these patterns is significant; fig. 4a, 4b). The probability
that subordinates recruit to a dominant position decreased
with increasing group sizes, but it increased again with very
large group sizes in SFWs (fig. 4c, 4d).
Associations between Group Size
and Integrated Fitness Proxy

Aggregating the different fitness components into RVs
showed the predicted nonlinear association with group
size. Also as predicted, RV patterns varied among the type
of individuals. Specifically, in both species, all group mem-
bers except for dominant males had the highest RVs in the
presence of one and, in some cases, two additional group
members (fig. 4k, 4l), while more group members reduced
RVs. However, RVs of dominant males decreased in the
presence of additional group members and suffered sub-
stantially in large groups (fitness reductions of 41% in SFWs
and 28% in RWFWs when comparing males in groups of
more than six with those living in pairs; fig. 4k, 4l).
Figure 4: Relationship between group size andmaximum likelihood
estimates (5SE) of survival (a, b), recruitment to a breeding position
(c, d), group size the next year (e, f ), proportion of within-group par-
entage (g, h), extragroup paternity (no. fledglings; i, j), and reproduc-
tive values (k, l) for superb and red-winged fairy wrens.
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Cost and Benefits of Group Living 211
Relative Importance of Group Size Effects
via Different Fitness Components

For both species, decomposition analyses showed that, as
predicted, the effects of group size on survival and on the
carryover effects of group size from one year to the next
were important determinants of group size effects on RVs
(fig. 5). Only for subordinate male and dominant female
SFWs living in groups without (other) subordinates was
something other than the survival effect more important
(fig. 5f–5h, filled bars). For subordinate males, this was
the group size effect on recruitment, and for dominant fe-
male SFWs this was the effect on reproductive success
(fig. 5f–5h, filled bars). The prediction that group size effects
on reproductive successwould be relativelymore important
for RVs in SFWs, with a faster life history compared to
RWFWs, was supported for dominants, although mainly
for dominant females (fig. 5h). The gain and loss of pater-
nity both within and outside the group were relatively im-
portant for group size effects on RVs of dominant males
(fig. 5j, 5k) but less so for subordinate males (fig. 5f, 5g).
Finally, in both species the combined contribution of

group size effects via all six fitness componentswas typically
different than the sum of the separate contributions of all
six individual fitness components on RV (i.e., the whole is
not the sum of its parts; fig. 5, Comb vs. Sum). This differ-
ence indicates that the group size effect on one fitness com-
ponent is not independent of that on another fitness com-
ponent and thus that costs and benefits of group living on
RVs are nonadditive. In general, if group size negatively af-
fected RVs, the sum of the contributions was more negative
than the combined effect of group size via the different fit-
ness components on RV (fig. 5), suggesting that group size
effects on different fitness components dampen each other.
By contrast, if group size positively affected RVs, the sum
of the contributions tended to be less positive than the com-
bined effects of group size (fig. 5), suggesting that group
size effects on different fitness components intensify each
other.
Discussion

Group living hasmany concurrent costs and benefits. How-
ever, a framework to integrate various fitness components
had not been previously applied to this question, and there-
fore, it has proven difficult to determine how fitness varies
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with group size. Here we integrated six key fitness compo-
nents into RVs and determined how these RVs varied
among group members and sizes in two congeneric species
that have a similar ecology but differ in some key aspects
of life history. As predicted, several fitness components,
as well as RV, varied nonlinearly with group size. The re-
markably similar patterns in how RVs varied with group
size suggest that the same behavioral mechanisms are im-
portant in both species. Furthermore, there was not much
support for our prediction that RVs of the species with a
faster life historywould bemore sensitive to effects of group
size on reproductive success. For both species, the costs of
additional group members on survival were most impor-
tant for RVs, and this was amplified through carryover ef-
fects of group size between years (i.e., large groups suffer
survival costs and are likely to do so the next year as well).
In both species, RVs of most group members were highest
in small groups (of size two or three), and larger group sizes
reduced RVs, whereas RVs of dominantmales were highest
in the absence of subordinates. These results thus suggest
that for most group members there are both direct costs
and negative indirect fitness benefits of accepting additional
unrelated group members. Finally, as predicted, we found
that how group size affects RVs varied among different
types of individuals, suggesting that group members might
have a conflict of interest over the optimal group size.
Cooperation and Competition among Group Members

How several fitness components and RVs varied with group
size was quite similar among both species, despite the fact
that RWFWs had nearly 1.5 times larger group sizes, 2-fold
higher life expectancy, and 2.7-fold lower annual reproduc-
tive success. Our findings thus suggest that in both species,
to a large extent, the same underlying demographic (and,
thereby, likely behavioral) mechanisms are important in de-
termining how our integrated fitness measure varies with
group size and is independent of life history. All groupmem-
bers, except dominant males, had higher RVs in the presence
of one or two additional group members. Both species are
cooperative breeders with subordinates assisting in raising
offspring, and previous work has already shown that this
allows for load lightening in offspring-provisioning behav-
ior (Green et al. 1995; Brouwer et al. 2014b). Living in groups
might also result in thermoregulatory benefits during roosting
(Hatchwell et al. 2009), which could have positive effects
Figure 5: Contribution to the group size effect on reproductive values (i.e., D; fig. 2, right panels) for six fitness components shown for the
effect of an additional group member when no (other) subordinates were present (solid bars) and for a group size of more than three
(hatched bars) for superb and red-winged fairy wrens of different sexes and statuses. The six components are reproductive success (RS),
survival (Surv), recruitment to a breeding position (Recr), within-group parentage (WGP), extragroup paternity (EGP), and carryover effects
of group size (GS). The combined (Comb) and the summed (Sum) effect of the change in RV of the six fitness components are also shown,
with the difference indicating the degree to which the combined effects are not additive.
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on survival, particularly because recent work in RWFWs
suggests that changes in body condition underlie climate-
related mortality (Gardner et al. 2017, 2018).
Interestingly, despite the initial direct benefit of living

with an additional group member, our results showed
that the direct costs overwhelm the direct benefits in larger
groups (RVs declined for larger group sizes; fig. 4). Nega-
tive effects of group size are commonly reported in group-
living species, where larger groups mean larger home
ranges and thus less efficient foraging (Chapman and Chap-
man 2000). In contrast, additional group members in co-
operative breeders usually mean more assistance in raising
offspring, and relatively few empirical studies have shown
that living in a large group can be costly (but see Cockburn
et al. 2003; Allainé and Theuriau 2004; Brouwer et al. 2006;
Sparkman et al. 2011). We found that the costs of living
in larger groups were the result of higher competition for
dominant positions and reduced survival, possibly due to
increased competition for food. These direct costs (and ben-
efits) of group size might vary among years or habitats. For
example, in colony-living cliff swallows (Petrochelidon pyr-
rhonota), larger colonies survived better in cooler, wetter
years (Brown et al. 2016). Future work investigating spatio-
temporal fluctuations in group size effects could shed light
on whether costs and benefits of group living vary with en-
vironmental conditions.
As predicted, how our fitness proxy depends on group

size varied among individuals of different statuses. Nota-
bly, most group members had higher RVs in the presence
of subordinates, while dominant males had lower RVs in
the presence of subordinates. Because of increased com-
petition, dominants lost both within-group and extra-
group paternity success, consistent with the idea that the
presence of subordinates liberates female dominants from
constraints on gaining extragroup paternity (Mulder et al.
1994; Brouwer et al. 2017) and subordinates parasitizing
the reproductive success of dominant males (Double and
Cockburn 2003). This shows the significance of consider-
ing the genetic offspring when calculating costs and bene-
fits of group size. At the same time, this increased compe-
tition might explain why dominant males but not females
tended to have lower survival in the presence of a subor-
dinate compared to males in pairs. Male participation in
sexual competition requires costly elevated testosterone ti-
ters, and dominants have higher testosterone levels for
longer periods of time than subordinates (Peters et al. 2001).
Dominants thus seem to have different interests with re-
spect to raising future group members, which suggests that
there may be intragroup conflict over the optimal group size.
Nevertheless, some of the loss of paternity will be gained by
related subordinates and thus will partly be compensated
via indirect fitness benefits. Future work calculating the in-
clusivefitness for different strategies (e.g., leave or stay in the
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group) will have to shed light on the relative importance of
indirect fitness costs and benefits, and our framework pro-
vides a crucial step in doing so.
Relative Importance of Group Size Effects
on Different Fitness Components

Decomposition analyses allowed us to determine howRVs
changed as a result of group size effects, via underlying ef-
fects on each of the six different fitness components. The
marginal—and, for most types of individuals, statistically
nonsignificant—benefit of an additional group member
on survival was one of the most important determinants
of RVs in both species. Previous studies have emphasized
the expectation that group size effects on survival may be
biologically most important while statistically hardest to
detect (Meade et al. 2010), and our study provides a first
quantitative confirmation of this prediction. This result
gives weight to the idea that the current focus in the liter-
ature on reproductive success may paint a nonrepresenta-
tive picture of the overall fitness patterns and that integrat-
ing group size effects across multiple fitness components
is a research priority.
The consistent importance of the survival pathway con-

tradicts our prediction that effects on survival are more im-
portant in a slow-life-history species and on reproductive
success in a fast life history. However, although SFWs had
a faster life history compared to RWFWs, it can still be
considered relatively slow compared to that of Northern
Hemisphere species, which usually havemuch lower life ex-
pectancies (annual Psurvival ! 50%; Peach et al. 2001). Fur-
thermore, the lack of importance of group size effects on
reproductive success other than for female dominant SFWs
(in RWFWs reproductive success did not vary with group
size)might not be surprising, since subordinates only rarely
sire offspring in their natal group and the high extragroup
paternity rates mean that many dominant males sire off-
spring in other groups, which are thus unaffected by their
own group size.
Strikingly, the carryover effects of group size on RVs

were one of the main determinants of RVs. Although we
hypothesized that such a relationship could be expected
in group-living species, where group size mainly depends
on the number of offspring from the previous season and
on the survival of all group members, we have, for the first
time, quantitatively shown that there are long-term fitness
consequences of being in a group of a certain size. Surpris-
ingly, this aspect has received little attention in studies
of the costs and benefits of group living, whereas for indi-
viduals living in viscous populations, choosing the right
group size will have not only important current but also
future fitness consequences.
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Importantly, we showed that group size effects on dif-
ferent fitness components are not additive. This may not
be surprising given the highly complex nonlinear rela-
tionships between group size and each of the six fitness
components. Furthermore, despite the importance of the
carryover effects of group size, such an effect can be im-
portant only in the presence of another strong cost or ben-
efit, as otherwise there would be nothing to carry over.
Nonadditivity thus provides another reason why fitness
integration is important when considering traits that might
affect many different fitness components simultaneously.
Conclusion

Our study shows that there can be many costs and bene-
fits affecting different fitness components, suggesting
that many different behavioral mechanisms play a role.
These results mirror the wider literature on group living
that has presented many different behavioral mechanisms
(see the introduction). Our consideration of many fitness
components integrated into RVs that are amenable to sub-
sequent decomposition analysis provides much-needed in-
sights into the key behavioral mechanisms shaping the di-
rect costs and benefits of group living in fairy wrens. It
helped us see the forest for the trees, as the role of survival
costs and carryover effects of group size appear to be cru-
cial. Conducting such attribution studies more widely will
be important if we are to synthesize the relative importance
of the myriad group size costs and benefits currently re-
ported in the literature, and our study provides a quantita-
tive analytical framework to do so. Furthermore, our ap-
proach allows for conducting subsequent inclusive fitness
considerations (Hamilton 1964) and thereby provides the
groundwork for future studies that aim to understand what
demographic and behavioral mechanisms favor the evolu-
tion of cooperation or cause intragroup conflict.
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