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abstract: In cooperative breeding systems, inclusive fitness the-
ory predicts that nonbreeding helpers more closely related to the
breeders should be more willing to provide costly alloparental care
and thus have more impact on breeder fitness. In the red-cockaded
woodpecker (Dryobates borealis), most helpers are the breeders’
earlier offspring, but helpers do vary within groups in both relat-
edness to the breeders (some even being unrelated) and sex, and it
can be difficult to parse their separate impacts on breeder fitness.
Moreover, most support for inclusive fitness theory has been pos-
itive associations between relatedness and behavior rather than ac-
tual fitness consequences. We used functional linear models to
evaluate the per capita effects of helpers of different relatedness
on eight breeder fitness components measured for up to 41 years
at three sites. In support of inclusive fitness theory, helpers more
related to the breeding pair made greater contributions to six fit-
ness components. However, male helpers made equal contribu-
tions to increasing prefledging survival regardless of relatedness.
These findings suggest that both inclusive fitness benefits and other
direct benefits may underlie helping behaviors in the red-cockaded
woodpecker. Our results also demonstrate the application of an un-
derused statistical approach to disentangle a complex ecological
phenomenon.

Keywords: red-cockaded woodpecker, Dryobates borealis, kin se-
lection, helpers, demography, functional linear models.

Introduction

In cooperatively breeding bird species, helpers often assist
other individuals to rear their offspring before beginning
to reproduce on their own. Cooperative breeding systems
are often observed in harsh environments (Ridley et al.
2008; Jetz and Rubenstein 2011; Groenewoud et al.
2016; Cornwallis et al. 2017) or situations where high-

quality breeding territories are limited (Emlen 1982;
Walters et al. 1992) and/or dispersal costs are high (Stacey
and Ligon 1991), all circumstances that discourage indi-
viduals from dispersing and breeding independently at
an early age. Where high-quality breeding territories are
limited, the best option is to remain on the natal territory
as a nonbreeding helper and await opportunities to obtain
a high-quality breeding position (why stay sensu Emlen
1982). Several possible mechanisms exist by which indi-
viduals could obtain direct fitness benefits by helping to
rear offspring while remaining on a territory as non-
breeders (Kingma et al. 2011), or they might obtain indi-
rect benefits (i.e., inclusive fitness) by helping to rear off-
spring closely related to them (Emlen et al. 1991; Bourke
2014; why help sensu Emlen 1982). In a number of coop-
erative breeding systems (Lennartz et al. 1987; Walters
1990; Khan and Walters 2002; Russell et al. 2007; Gusset
and Macdonald 2010; Sparkman et al. 2011), helpers are
known to increase breeder survival and reproductive suc-
cess, a necessary condition for both indirect benefits and
most direct benefits of helping to exist.
In reality, helpers often vary in their degree of genetic

relatedness to the breeding pair whose offspring they help
to rear (Dunn et al. 1995; Magrath and Whittingham
1997; Cockburn 1998; Clutton-Brock et al. 2000; Lukas
et al. 2005; Riehl 2013). Moreover, when dispersal of
juveniles from natal territories is sex biased (Greenwood
1980), the degree of relatedness between helpers and
breeders will likely differ according to the sex of the
helpers. For example, our study species, the red-cockaded
woodpecker (Dryobates borealis L.), exhibits sex biases in
both philopatry and dispersal, similar to many coopera-
tively breeding birds (Greenwood 1980). In this species,
male offspring often remain as helpers, whereas female
offspring more often disperse as juveniles. Breeding posi-
tions are inherited through the paternal line, so females
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that remain to help almost never inherit the breeding po-
sition in their natal territory (Walters et al. 1988; Walters
1990). Thus, male helpers typically assist a paternal rela-
tive of varying relatedness (e.g., father, uncle, brother, half
brother) and either their mother or an unrelated female.
Although some males disperse as juveniles and join non-
natal groups as unrelated helpers, this behavior is much
more common among females (Walters and Garcia
2016). Thus, female helpers are often unrelated to either
breeder, although some, similar to male helpers, remain
in their natal territory and assist a male relative and either
their mother or an unrelated female. On average, male
helpers are more related to the breeding pair than are fe-
male helpers in this species.
When helpers differ by sex and relatedness to the

breeders, an important question arises: do all helpers con-
tribute equally to breeder fitness? According to Hamil-
ton’s (1964) law, altruism will be favored when r#
B 1 C, where (in the current context of alloparental care)
B is the fitness benefit received by the offspring or
breeder, C is the fitness cost paid by the helper, and r
is the relatedness of the helper to the breeder or offspring
the helper helps to rear. If the evolution of helping behav-
ior is based on indirect fitness benefits, Hamilton’s law
predicts that helpers who are more closely related to
the breeders should be willing to engage in more costly
behaviors to provide benefits to the offspring they help
to rear. Likewise, less related helpers should provide
fewer, less costly benefits, and unrelated helpers should
provide no benefits. Despite Hamilton proposing the the-
ory of inclusive fitness more than 50 years ago, very few
studies have tested the theory directly by measuring fit-
ness costs and/or benefits (but see, e.g., Hatchwell et al.
2014). Instead, most evidence from natural populations
supporting Hamilton’s idea relies on the positive correla-
tion between helper social behaviors (e.g., feeding fre-
quency) and relatedness (Metcalf and Whitt 1977; Emlen
and Wrege 1989; Hogendoorn and Leys 1993; Gadagkar
2001; Krakauer 2005; Bourke 2014; Green et al. 2016).
However, such a correlation is incomplete support for
Hamilton’s idea, as social behaviors may not necessarily
translate into fitness benefits (e.g., survival of breeders
and offspring).
To quantify how often the relationship between fitness

benefits and helper relatedness has been assessed, we clas-
sified published studies on helping in birds (tables 1, S1;
tables S1–S4 are available online). The majority of studies
quantified helper behaviors only and did not assess fitness
consequences of helping. Those studies that did measure
effects of helpers on breeder fitness either did not consider
helper relatedness at all (comparing fitness in groups with
and without helpers) or (in a few cases) considered only
the average relatedness of helpers (Russell and Rowley

1988; Dickinson et al. 1996; Hatchwell et al. 2004, 2014;
Green and Hatchwell 2018). We did not find any studies
that considered the fitness effects of helpers that differed
continuously in their relatedness to the breeders or off-
spring within the same social group.
When breeding groups include multiple helpers that

differ in relatedness to the breeders (as well as sex), it be-
comes challenging to disentangle their per capita effects.
While one could imagine doing amultiple regression with
the number of helpers in each relatedness and sex category
as potential predictors of fitness, such complex models
often pose a statistical challenge, since with an a level of
.05, one of the 20 covariates is likely to be significant by
chance alone. In ecology, the traditional approach for de-
termining which possible drivers are influential is to either
create a priori assumptions about which few drivers to in-
clude or use data-dredging approaches (Dalgleish et al.
2011; Crone et al. 2019), but these methods are prone to
selecting spurious predictors (for details on model selec-
tion approaches, see Burnham and Anderson [2013] and
James et al. [2013]).

Table 1: Contingency table summarizing ornithological
literature on how articles quantified helper effects in
social groups

Article quantifies
social behaviors
of helpers only

Article quantifies
helper effects on
breeders’ fitness
componentsa

Article does not
quantify helpers’
relatedness to
breeders or
offspring 35 40

Article considers
only average re-
latedness of
helpersb 12 5

Article considers the
consequences of
variation in help-
ers’ relatedness 22 0

Note: Articles were classified according to whether they quantified helper
effects on either social behavior only (first column) or fitness components
(second column). Then, articles were classified according to whether they
did not consider relatedness of helpers (first row), considered average relat-
edness (second row), or considered multiple levels of relatedness of helpers
(third row). Numbers are the total number of articles that fall under each
category (refer to table S1). Relatedness of individuals could be either to the
offspring or to the breeders separately.

a Fitness components may include breeder survival, offspring produc-
tion, etc.

b Average relatedness also includes articles that consider only one class of
related helpers, such as comparison between unrelated vs. related.
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However, recent developments in statistical model-
ing can reduce the chance that spurious predictors are
included in the final model (Teller et al. 2016; Crone
et al. 2019). One such approach is functional linear mod-
els (FLMs), which are a type of linear regression spline
(Ramsay and Silverman 2005; Ramsay et al. 2009) that
can reduce the dimensionality of the problem of multiple
predictors (see Teller et al. 2016; Tenhumberg et al. 2018;
Kerr et al. 2021). FLMs assume that the effect of some
predictor (e.g., number of helpers) on a response (e.g., re-
productive success of breeders) is a smooth function of
some continuous attribute of the predictor (e.g., related-
ness of the helpers). Therefore, FLMs avoid two problems
that one may encounter when using many regression ap-
proaches: (1) the need to average relatedness of all helpers
within groups to estimate their effects on group fitness
(see table 1 for examples) and (2) model overparam-
eterization when including all helpers separated by their
relatedness, leading to potential spurious effects. There-
fore, the advantage of FLMs is that they use fewer pa-
rameters to estimate fitness effects of helpers in relation
to their relatedness and sex and thus reduce the likelihood
of choosing spurious predictors.
Here, we used FLMs to delineate whether male and fe-

male helper effects on eight breeder fitness components
vary according to their relatedness to breeders in the
red-cockaded woodpecker. In doing so, we aim to test
Hamilton’s idea that more closely related helpers may
provide more benefits (and presumably incur greater
costs) to help raise offspring that are not their own. In
the present context of helper behavior, rB is more likely
to exceedC as r increases; thus, one expects the behaviors
that affect fitness components to bemore frequent and the
resulting impact on fitness to be greater as r increases. We
do not quantify helper behavior here but instead focus di-
rectly on effects of helpers on breeder fitness. First, we
evaluated whether helpers bolster breeder fitness based
on their relatedness to the offspring (or, equivalently, to
the two breeders). Second, for the particular case of breeder
survival where relatedness (and thus inclusive fitness ben-
efits) candiffer between the two breeders, we also evaluated
whether helper effects vary according to their relationship
to the male or female breeder rather than both, as, for ex-
ample, conflicts over the breeding position may impact
helper effects on survival of same-sex, but not opposite-
sex, breeders.

Methods

Study Species

Red-cockaded woodpeckers (Drybates borealis) inhabit
mature pine savannahs across the southeastern United
States (Walters 1990; Jackson 2020). The species is legally

protected throughout its range under the US Endangered
Species Act, as its numbers are greatly diminished com-
pared with its historical abundance as a result of conver-
sion of pine savannahs to other uses, timber harvest,
and fire suppression. Throughout the year, family groups
defend territories that contain a set of cavities excavated
in living pines. Helpers participate in territory defense
against conspecifics, cavity excavation, feeding of nest-
lings and fledglings, and nest defense against predators.
In contrast to many other cooperative breeders, helpers
also incubate eggs (Walters et al. 1988), supported by
the development of brood patches (Jackson 2020).

Data Collection

We used long-term demographic monitoring data col-
lected over 28–41 consecutive years at three sites: the
Sandhills region in south-central North Carolina (1980–
2020), Marine Corps Base Camp Lejeune on the central
coast of North Carolina (1986–2020), and Eglin Air Force
Base in the western panhandle of Florida (1993–2020).
Monitoring methods are described in detail by Walters
et al. (1988; for more details onmonitoring, see the supple-
mental PDF, sec. A). See Walters and Garcia (2016) for
how individuals are assigned breeder and helper status.

Relatedness Calculations

We created a pedigree for each helper, extending back as
far as its grandparents, and used it to determine that
helper’s relatedness to the two breeders each year (for
the pedigree procedure, see fig. S1; for examples of com-
mon pedigrees with their associated relatedness values,
see fig. S2). Determining relatedness based on a pedigree
assumes no extrapair matings or intraspecific brood par-
asitism. Previous genetic work found no evidence of ex-
trapair matings in this species (Haig et al. 1994), and
the few enlarged clutches we observed (six to eight eggs,
as opposed to the typical two to five eggs) often occurred
in groups containing cobreeding females that laid to-
gether in the same nest, suggesting that brood parasitism
rarely or never occurs. Cases of cobreeding were rare
(∼0.54% of groups) and excluded from these analyses.
We also summed the relatedness coefficients to the two

breeders. While the literature often refers to relatedness to
the offspring (e.g., Nam et al. 2010; Kramer et al. 2016; Dias
et al. 2017; Vitikainen et al. 2017), a helper’s relatedness to
the offspring is simply one-half the summed relatedness to
the breeders. By calculating relatedness in three different
ways,we could assesswhether helper effects onfitness com-
ponents reflect relatedness to the offspring versus to each
breeder independently. Given the extent of the pedigrees,
relatedness r of helpers to each breeder separately had four
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possible values (i.e., r ∈ (0, 0:125, 0:25, 0:5)) and summed
relatedness R of helpers to both breeders had eight possible
values (i.e., R ∈ (0, 0:125, 0:25, 0:375, 0:5, 0:625, 0:75, 1)).
Although there could be additional inbreeding in the grand-
parental generation, including it would change the related-
ness values only slightly. We included only group#year
combinations in which (1) both breeders were known
and (2) both parents of every helper were known. Conse-
quently, our analysis includes only group#year combina-
tions in which the relatedness of all helpers to both breed-
ers was known (for a further breakdown of sample sizes,
see table S2).

Breeder Fitness Components

We evaluated eight breeder fitness components (and thus
components of the inclusive fitness of related helpers):
the probability of attempting a nest in a year, clutch size,
nest success at the egg stage, nest success at the nestling
stage conditioned on nest success at the egg stage, the
probability of an egg surviving to fledging (hereafter, “pre-
fledging survival”) conditioned on nest success at both
stages, the probability of fledglings surviving to the next
year (hereafter, “juvenile survival”), female breeder sur-
vival, andmale breeder survival. Nest success at either stage
indicates that the brood avoided both nest predation and
abandonment by breeders and helpers (US Fish andWild-
life Service 2003). In contrast, prefledging survival less than
one (but greater than zero) indicates partial brood loss,
which is likely due to nestling starvation and hatch failure
(note that hatching is asynchronous in this species) and
is unlikely to be due to predation (LaBranche and Walters
1994; DeLotelle et al. 2004). We separated nest success be-
tween the two stages, since themechanisms responsible for
helper effects may differ between them. For example, pred-
ators of eggs and nestlings may differ, or a female helper
competing for a breeding position might reduce egg suc-
cess via egg ejection, which has been observed in other bird
species (Moreno 2015).
All reproductive components were estimated using data

from first nests in each year (N p 7,742 group# year
combinations), as subsequent nest attempts are less com-
mon (N p 618 group# year combinations) and much
less successful. Additionally, almost all subsequent nests

are due to failure of the first nest (N p 604 of 618 group#
year combinations).

Functional Linear Models

We used FLMs to quantify the per capita effects of helpers
on breeder fitness components as a smooth function of
helpers’ relatedness to each breeder or the breeding pair
(for simplicity, we show only summed relatedness, R,
here). In simpler terms, FLMs calculate a slope of fitness
versus helper number for each helper relatedness value
and then describe how relatedness may influence these
slopes (i.e., the slope of fitness vs. helper number becomes
a nonlinear function of helper relatedness). The FLM
expresses fitness component Y as

Yi p a0 1
X

s,R

bs Rð ÞXi,s Rð Þ, ð1Þ

whereYi is the fitness component (on a link function scale)
for breeding pair i in a given year, a0 is the intercept plus
potential additional terms not based on relatedness (e.g.,
fixed effects of breeder age, site, etc.), Xi,s(R) is the number
of helpers of sex s (i.e., male or female) and summed relat-
edness R to breeding pair i, bs(R) is the estimated slope
of the fitness component with respect to helpers of sex s
and relatednessR (referred to as the “smooth function” be-
low), and the summation is over sexes and relatedness
values. Formale and female breeder survival, we compared
(using Akaike information criterion [AIC]) models that
evaluated whether helper effects were associated with their
relatedness to the breeding pair (i.e.,R ranging from 0 to 1)
or relatedness to only that breeder (i.e., r ranging from 0 to
0.5; using bbmle::ICtab; Bolker and R Core Team 2016).
The per capita helper effects bs(R) in equation (1) as a

smooth function of relatedness could have a variety of
shapes (fig. 1). Where the function is positive, helpers of
that relatedness increase the breeder fitness component
(fig. 1A), and where it is negative, helpers of that related-
ness decrease breeder fitness (fig. 1B). Differences in per
capita effects based on relatedness to the breeding pair
would result in a smooth function in which the slopes
increase with relatedness (fig. 1A), decrease with related-
ness (fig. 1B), or both over different ranges of relatedness
(fig. 1C). Note that one limitation of FLMs is that the

Figure 1: Hypothetical results from functional linear models. Left, examples of possible smooth functions for per capita helper effects on
breeder fitness components versus relatedness. Right, relationships between breeder fitness and the number of helpers at three particular
values of relatedness (indicated by vertical lines and roman numerals) in the smooth functions on the left. A, Positive relatedness-based
effects. B, Negative relatedness-based effects. C, Mixed relatedness-based effects. Horizontal dashed line represents no relatedness-based
and no per capita effects of helpers (i.e., slope p 0 for all summed relatedness values). Relatedness is measured as the summed relatedness
coefficient to the breeding pair R, whereby a son or daughter of both breeders would have R p 1.
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function describing the covariate’s effect (i.e., helper num-
ber) on the response (i.e., breeder fitness) is constrained to
be a linear relationship; note that the effect of the attribute
(i.e., helper relatedness) on these slopes can be nonlinear
(i.e., smooth function).
We parameterized the smooth functions of the relatedness-

specific slopes using generalized additive models (GAMs;
using mgcv::gam function; Wood 2011) in R (R Core
Team 2020). We used a cubic spline basis as the penalized
smoother for our GAMs that sets the coefficient for a co-
variate with no real effects to zero (for a good introduction
to GAMs and their terms, i.e., details on knots and spline
penalties, see Zuur 2012). We constrained the number of
knots to amaximumof five and rejected any nonunimodal
function. We did this because GAMs are prone to over-
fitting (Wood 2011; Zuur 2012), nonunimodal functions
would not be biologically plausible across the set of R
values (refer toKerr et al. 2021), and the number of discrete
R values would not supportmodels withmany knots. Note
that the mgcv package provides the effective degrees of
freedom (edf), which indicates the magnitude of nonline-
arity of the spline (e.g., edfp 0 suggests no effect of relat-
edness, edfp 1 suggests linearity, edf 1 2 suggests nonlin-
earity; Wood 2006; Zuur 2012; Hunsicker et al. 2016). We
used a quasi-Poisson family for clutch size to account for
underdispersed count data (clutch size ranging from one
to six) and a binomial family for the remaining fitness
components, all of which represented probabilities.
To account for known demographic and geographical

effects independent of per capita helper relatedness (Wal-
ters 1990; DeMay and Walters 2019; Kappes et al. 2021),
we included several covariates in the GAMs. Specifically,
we included fixed parametric terms (incorporated into a0

in eq. [1]) of study site, linear and quadratic effects of
breeder age (age of both breeders for reproductive compo-
nents and only breeder age of the respective sex for breeder
survival), and sex (for juvenile survival)where appropriate.
The majority of helpers remain on their natal territory as
adults, but a small number of individuals disperse and join
a nonnatal group as an unrelated helper. Both choosing to
remain on the natal territory and choosing which group to
join as an unrelated helper could be influenced by territory
quality. Therefore, we also included random effects of year
and territory to account for temporal variation in climate
and spatial variation in habitat quality that often make it
challenging to detect helper effects (Brouwer et al. 2020;
Downing et al. 2020). Because habitat quality could also
change over time in a particular territory cluster (e.g., be-
cause of better conservation management in some periods
than others), we also comparedmodels with random terms
constructed by separating territories by management pe-
riod (for details, see the supplemental PDF, sec. A). Since
high-quality breeders or territories may produce helpers

that remain in the group, resulting in higher relatedness
to the breeding pair, we further investigated whether re-
latedness effects were confounded with either breeder
quality or territory quality (see the supplemental PDF,
sec. B). Note that these analyses specifically and results
for covariates generally are not discussed further in the
article but are presented in sections B and D of the supple-
mental PDF, respectively. Note also that we were unable to
assess breeder quality because of low sample size for each
unique breeder.
We used backward elimination to identify significant

parametric terms (James et al. 2013), and the significance
of smooth terms was evaluated using Wald-like tests (us-
ing stats::anova; R Core Team 2020) that compute the
likelihood that the splines constituting the smooth func-
tions are jointly zero. We used an effective P value thresh-
old of .01, since P values for GAMs are only approximate
(for details on effective P values for smooth compo-
nents, see Wood 2013). We used generalized linear mod-
els (GLMs) to further explore fitness effects of helpers of
certain relatedness values that the FLMs indicated had
nonzero effects on fitness components (see the supple-
mental PDF, sec. C; tables S3, S4), since FLMs test the
significance only of the overall spline. For example, this
would be analogous to a post hoc test for an ANOVA to
assess which group means differ, as statistical signif-
icance of the term indicates only that group means do
differ but not which groups. Therefore, these GLMs were
performed to determine whether helpers of different sex
or summed relatedness values that had similar nonzero
trends (i.e., all positive or all negative slope coefficients)
had similar or dissimilar effects (e.g., did all of the helpers
with positive effects have a similar magnitude of their
effect?).

Results

Across 41 years and three sites, breeding pairs were more
likely to have male helpers (45.1% of breeding pairs,
N p 4,293 of 9,522 group#year combinations) than fe-
male helpers (7% of breeding pairs, N p 666 of 9,522
group#year combinations), including cases of unknown
relatedness of helpers. Helper effects on breeder survival
were better explained by helper relatedness to the
breeding pair rather than to the respective breeder
(DAICbreeder‐pair p 2:4 and 7.4 for female andmale breeder
survival, respectively), indicating that these effects are not
specific to the breeder in the pair more related to the
helpers. Hence, we describe the results of the models con-
sidering summed relatedness to the breeding pair for all
fitness components.We point out cases where relatedness
may be confounded with territory quality. Additional
helper effects on juvenile survival emerged when we
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considered only high-quality territories; however, these
are not discussed further (see the supplemental PDF,
sec. D).

Reproductive Components

The average per capita effect of both male and female
helpers on the probability of attempting a nest increased
with their relatedness to the breeding pair (Wald test com-
paring models with and without smooth term; male: x2 p
32, edf p 1:9, P ! :001; female: x2 p 5:7, edf p 1, P p
:008). Male helpers moderately or highly related to one
or both breeders (R ≥ 0:5) had a positive per capita effect,
with less related male helpers having no effect (fig. 2A).
Similarly, only female helpers that are the daughters of
the breeding pair (R p 1) had a positive per capita effect,
with all other female helpers that are less related (R ! 1)
having no effect (fig. 2B). However, the number of highly
related female helpers was confoundedwith territory qual-
ity (supplemental PDF, sec. B) and should be interpreted
with caution.
The average per capita effect of male helpers on clutch

size increased with their relatedness to the breeding pair
(Wald test; F p 10:7, edf p 2:7, P ! :001). Male helpers
related to one or both breeders at a level of R ≥ 0:5 had a
positive per capita effect on clutch size, with male helpers
less related having no effect (fig. 2C). Female helpers had
no effect on clutch size regardless of their relatedness to the
breeding pair (Wald test; F p 1:4E24, edf p 8E24,
P p :477; fig. 2D).
The average per capita effects of male and female

helpers on nest success at the egg stage increased with
their relatedness to the breeding pair (Wald test; male:
x2 p 52:5, edf p 1:6, P ! :001; female: x2 p 12:3,
edf p 1:6, P ! :001), with less related male helpers
(R ! 0:5) and female helpers (R ! 0:75) having no effect
(fig. 2E, 2F). The average per capita effect of male helpers
on nest success at the nestling stage increased with their
relatedness to the breeding pair (Wald test; x2 p 19:8,
edf p 1:7, P ! :001), with only unrelated male helpers
(R p 0) having no effect (fig. 2G). However, the number
of highly related male helpers was confounded with terri-
tory quality (supplemental PDF, sec. B), suggesting that
this effect should be interpreted with caution. Female
helpers had no effect on nest success at the nestling stage,
regardless of their relatedness to the breeding pair (Wald
test; x2 p 0:5, edf p 0:4, P p :232; fig. 2H).
The positive per capita effect of male helpers on

prefledging survival remained constant with their related-
ness to the breeding pair (Wald test; x2 p 132, edf p 2:4,
P ! :001; fig. 2I). Female helpers of any relatedness to the
breeding pair had no effect on prefledging survival (Wald
test; x2 p 2:8, edf p 1:7, P p :178; fig. 2J).

Survival Components

Neither male helpers nor female helpers, regardless of
their relatedness to the breeding pair, had an effect on
juvenile survival (Wald test; male: x2 p 5:5E24,
edf p 2E23, P p :567; female: x2 p 4:2, edf p 2:6,
P p :192; fig. 3A, 3B). Male helpers of any relatedness
had no per capita effect on female breeder survival
(Wald test; x2 p 0:8, edf p 0:4, P p :181). However,
the average per capita effect of female helpers on female
breeder survival slightly increased with their relatedness
to the breeding pair (Wald test; x2 p 4:9, edf p 1:2,
P p :023). More specifically, only female helpers that
are the daughters of the breeding pair (R p 1) had a
slight positive per capita effect, with female helpers less
related having no effect (fig. 3D).
The average per capita effect of male helpers on male

breeder survival increased with their relatedness to the
breeding pair (Wald test; x2 p 26:9, edf p 2:9, P !

:001), with highly related male helpers (R ≥ 0:75) having
positive effects and unrelated male helpers (R p 0) hav-
ing a negative effect (fig. 3E; for GLM results, see the sup-
plemental PDF, sec. C). Female helpers, regardless of
their relatedness to the breeding pair, had no effect on
male breeder survival (Wald test; x2 p 2:8E25, edf p
2E23, P p :955; fig. 3F).

Discussion

Helpers had positive effects on seven of the eight breeder
fitness components we analyzed, and male helpers had
more positive effects (six components) than female help-
ers (three components). Our results are consistent with
Hamilton’s rule, in that the magnitude of these helper ef-
fects increased with the relatedness of the helpers to the
breeders, with only one exception. Although the shape of
the relationship between the magnitude of the helper ef-
fect and relatedness varied (figs. 2, 3), the general pattern
was that the helper effect increased with relatedness, with
less related (male and female effects on probability of nest-
ing, male effect on clutch size, male and female effects on
nest success at the egg stage, female effect on female breeder
survival) or unrelated (male effect on nest success at the
nestling stage) helpers having no significant effect or a neg-
ative effect (male effect on male breeder survival) on breeder
fitness. In two of these cases (female effect on probability
of nesting, male effect on nest success as the nestling stage),
helper effects are potentially confounded with effects of ter-
ritory quality. See section B of the supplemental PDF for
details.
Inclusive fitness theory predicts that more related

helpers should be more willing to provide benefits (even
costly ones), since their gains in inclusive fitness would
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Figure 2: Relatedness-specific slopes from the functional linear models of five reproductive components of breeder fitness versus the num-
ber of male (left) and female (right) helpers. The five reproductive components are probability of attempting a nest (A, B), clutch size (C, D),
nest success at the egg stage (E, F), nest success at the nestling stage (G, H), and prefledging survival (I, J). The shaded bands represent the
best estimate5standard error. Any value above the dashed line at zero has a positive per capita effect, whereas any value below the line has
a negative per capita effect (refer to fig. 1). The plus sign indicates a potential spurious effect due to confounding with territory quality,
whereas the sim symbol indicates weak evidence for spurious effects (for more details, see the supplemental PDF, sec. D). See figures S3
and S4 for histograms of sample sizes.



be greater (Hamilton 1964). Where costs and benefits of
a particular beneficial act are fairly constant, one would
expect a threshold effect, whereby only helpers above a
particular relatedness gain indirect benefits from the act.
Where costs and benefits of a particular act vary, one would
expect circumstances where a helper gains indirect fitness
benefits from the act to increase in frequency with related-
ness. Most of the relationships between helper effects and
relatedness we observed resemble the latter case, although
a few (figs. 2C, 3E) resemble the former. Regardless, our prin-
cipal contribution is to show that helper effects on breeder
fitness scale with relatedness in the manner predicted by
inclusive fitness theory.
Of course, a definitive test of Hamilton’s rule would re-

quire identifying the acts involved and measuring costs
and benefits. Hatchwell et al. (2014) and Emlen andWrege
(1989) provide the only such tests for cooperatively breed-
ing birds that we are aware of (see also Bourke 2014). We
did not measure any potentially relevant behavior or
otherwise investigate what the mechanisms responsible

for the helper effects we observedmight be, but we can offer
some insights based on what is known of helper behavior
and the biology of the red-cockaded woodpecker to guide
such research.
We have found no previous studies outlining a behav-

ioral mechanism by which helpers could increase the
probability of nesting or clutch size. Therefore, we suspect
that these positive associations could be a result of changes
in breeder behavior when in the presence of helpers rather
than a result of helper behavior affecting these compo-
nents. That is, in the presence of highly related helpers
that will later have positive effects on nest success and
prefledgling survival, breeding femalesmay bemore likely
to nest and to lay larger clutches. Observed effects on nest
success and prefledgling survival, on the other hand, could
arise from helper behavior. Nest predation is a major
cause of nest failure for red-cockaded woodpeckers (US
Fish and Wildlife Service 2003). Hence, nest defense by
helpers is a potential mechanism by which helpers could
affect nest success and a behavior that one can imagine
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Figure 3: Relatedness-specific slopes from the functional linear models of three survival components of breeder fitness versus the number of
male (left) and female (right) helpers: juvenile survival (A, B), female breeder survival (C, D), and male breeder survival (E, F). The shaded
bands represent the best estimate5 the standard error. Any value above the dashed line at zero has a positive per capita effect, whereas any
value below the line has a negative per capita effect (refer to fig. 1).



varies considerably in its potential benefit (i.e., chance of
successful defense) and cost (i.e., mortality risk to the
helper). In several cooperatively breeding species, individ-
uals were more willing to engage in risky defense behav-
iors in social groups with kin than in those without kin
(Hesse et al. 2015; Teunissen et al. 2021), which may be
linked to increases in inclusive fitness. Helpers have been
reported to reduce nest predation rates in several species
of cooperatively breeding birds (Woolfenden and Fitz-
patrick 1984; Mumme 1992; Schaub et al. 1992; Innes
and Johnston 1996; Williams and Hale 2006), but none
of these studies evaluate how relatedness of helpers may
affect nest defense.
In the red-cockaded woodpecker, most partial brood

loss occurs fromeggs failing to hatch and nestlings starving
in the first few days after hatching (DeLotelle and Epting
1992; LaBranche and Walters 1994) resulting in brood re-
duction (and not complete loss). Hence, incubation and
feeding nestlings are two behaviors that could be respon-
sible for helper effects on prefledgling survival. Red-
cockaded woodpeckers are highly unusual among cooper-
ative breeders in that helpers fully participate in incubation
(Khan and Walters 2002). In contrast, provisioning of
nestlings by helpers is almost universal among coopera-
tively breeding birds, and provisioning rates have been
shown to be higher for helpers more closely related to off-
spring in several species (Reyer 1984; Curry 1988; Dunn
et al. 1995; Magrath and Whittingham 1997; Nam et al.
2010; Wright et al. 2010; Doutrelant et al. 2011; Hatchwell
et al. 2014; Green et al. 2016). This is the behavior Hatch-
well et al. (2014) found to be consistent with Hamilton’s
rule in the long-tailed tit (Aegithalos caudatus). However,
in our analyses, prefledgling survival was the sole excep-
tional case in which the positive effect of helpers (males,
in this case) did not scale with their relatedness to the
breeding pair. This is also the only case for which we have
behavioral data, and it is consistent with this finding: pre-
liminary evidence suggests that relatedness does not affect
the frequency with which helpers feed young (or incubate
eggs; M. Z. Khan and J. R. Walters, unpublished data).
Thus, indirect fitness benefits cannot account for incuba-
tion and nestling provisioning behavior in red-cockaded
woodpeckers.
Several direct benefits of helping behavior have been

proposed (see summaries in Kingma et al. [2011] and
the supplemental PDF, sec. E). Most of these hypotheses
have very little empirical support generally and have been
ruled out for the red-cockaded woodpecker specifically,
with two exceptions: “pay to stay” (helpers must provide
fitness benefits to the breeders to avoid being evicted from
the group) and “passive group augmentation” (increasing
group size through helping behavior results in survival
benefits for helpers; supplemental PDF, sec. E). Neither

hypothesis predicts that the effect of helpers on breeder
fitness will scale with helper relatedness, and thus neither
is competitive with indirect benefits as an explanation of
most of the helper effects on breeder fitness we observed.
The exception is helper effects on prefledging survival,
which indirect benefits cannot account for. In this case,
our results are consistent with Kingma’s (2017) finding
that in species in which territory inheritance is frequent
(such as the red-cockadedwoodpecker), helpers donot dis-
criminate according to kinship when provisioning young,
which he suggested might be explained by the direct
benefits of pay to stay or passive group augmentation. Pas-
sive group augmentation is a particularly promising ex-
planation in this case, as the presence of not only helpers
but also fledglings has been shown to improve survival of
breeders in the red-cockaded woodpeckers (Khan and
Walters 2002), suggesting that survival rates increase with
group size. However, it remains to be shown that an in-
crease in group size improves helper survival specifically.
Helper effects on breeder survival are interesting in that

they are sex specific and differ between related helpers and
unrelated helpers. Breeder survival was positively related
to the presence of related helpers, but only male helpers
were associated with a positive effect on male breeder
survival, and only female helpers were associated with a
positive effect on female breeder survival. Previous work
found that in many cooperative breeders, including the
red-cockaded woodpecker (Khan and Walters 2002),
breeders have higher survival in the presence of helpers
(Hammers et al. 2019; Downing et al. 2021). Because the
effects are sex specific, it seems unlikely that they would
be driven by load lightening, that is, that compensatory
feeding by helpers enables breeders to reduce their feeding
effort, thereby enhancing their survival (Crick 1992; Hatch-
well 1999). Alternatively, sex specificity could stem from
sex- and status-specific differences in foraging locations.
Males foragemuchmore often on twigs and branches than
females, whereas females forage much more often than
males on the lower trunk below the limbs (Conner et al.
2001). The greater proximity of helpers to breeders of the
same sex may promote interactions that somehow affect
breederfitness, for example,warning themof, or “shielding”
them from, attacking predators.
In contrast, the presence of male helpers unrelated to

either breeder (R p 0) was associated with decreased
male breeder survival. This was the only negative effect
of helpers on breeder fitness that we detected. Antagonis-
tic effects of helpers on male breeder survival have been
noted for the sociable weaver, Philetairus socius (Paquet
et al. 2015), but whether this was based on relatedness
was not examined. For unrelated helpers, reducing sur-
vival of breeders of the same sex results in no loss of in-
direct fitness benefits and likely increases their direct
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fitness, specifically their ability to acquire the breeding po-
sition. Therefore, unrelated helpers may behave in ways
that are harmful to the breeders and that are not exhib-
ited by related helpers, resulting in contrasting effects on
breeder survival. The pay-to-stay hypothesis may explain
why unrelated male helpers are tolerated by male breeders
despite costs to their own survival. The only possible form
of “payment”—that is, significant effect of unrelated help-
ers on breeder fitness—we detected was a positive effect on
prefledgling survival.
The only fitness component that was unaffected by

helpers was juvenile survival. It is interesting that although
helpers have been known to affect juvenile (i.e., post-
fledging) survival in some species (Covas et al. 2011; Van
de Loock et al. 2017), Woolfenden and Fitzpatrick (1984)
found no such effect in Florida scrub jays (Aphelocoma
coerulescens), a species with a social system extremely sim-
ilar to that of the red-cockaded woodpecker.
That male helpers have more effects on breeder fitness

than female helpers may relate to differences in their life
history. As in many cooperatively breeding birds (Green-
wood 1980), females are the dispersing sex in the red-
cockaded woodpecker, and as a result, female helpers
are often less related to group members (for red-cockaded
woodpecker, see fig. S5; see also Barati et al. 2018). They
likely are also more focused on seeking breeding positions
elsewhere and less focused on assisting with brood rearing
than male helpers. Indeed, female helpers foray to nearby
territories frequently during the breeding season (Kesler
et al. 2010), and they have amuch higher annual probability
of dispersal than male helpers (Walters and Garcia 2016),
such that natal female helpers older than 3 years are rare,
whereas male helpers up to age 7–8 years and beyond are
common. Such a sex difference in helping is not surprising:
in cooperatively breeding birds generally, the inclusive fit-
ness benefits of helping are the same for both sexes given
the same relatedness, yet the philopatric sex is more likely
to help (Downing et al. 2018). Collectively, these findings
suggest that for females, there may be opportunity costs
of helping that do not apply to males that, in accordance
with Hamilton’s rule, make helping behavior less likely to
evolve in females.
Through the use of FLMs we disentangled a complex

phenomenon to evaluate how sex and relatedness of help-
ers in mixed breeding groups affected breeder fitness com-
ponents in a cooperatively breeding bird and thus the
helpers’ inclusive fitness. Nevertheless, FLMs are still a cor-
relative technique, and our results should be interpreted
as such. Overall, FLMs are a good complement to other
approaches (such as manipulative studies) that further as-
sist with identifying the effects of complex drivers. Here,
we were able to use this approach to provide one of the
few tests of kin selection theory in a cooperatively breed-

ing bird to date and show that helper effects on breeder fit-
ness depended on relatedness of helpers to breeders in ac-
cordance with Hamilton’s rule. For most breeder fitness
components, indirect fitness benefits to helpers emerged
as the best explanation of helping, and the direct benefit
of passive group augmentation was the best explanation
of the sole exception (Kingma 2017). Although kin selec-
tion has fallen out of favor as an explanation of helping
behavior in cooperatively breeding birds (Nowak et al.
2010; Riehl 2013), we suggest that it remains the best ex-
planation of helping in the majority of species.
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“The number of digits is probably five as there are two bones articulating with the distal carpal on the inner side of the wrist which Marsh
(’82, p. 254) interprets as the metacarpal and first phalanx of the first digit. The phalanx, which he calls the ‘pteroid bone,’ formed part of the
support for the prepatagium, being directed inward toward the shoulder. Others have interpreted this bone as an ossified tendon. If Marsh is
correct the number of digits would be five, the fifth being the wing finger.” Figured: “Pteranodon sp. Modified from Eaton.” From “Volant
Adaptation in Vertebrates” by Richard S. Lull (The American Naturalist, 1906, 40:537–566).
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