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ABSTRACT

Competition among individuals over shared resources reveals asymmetries in quality
resulting in the formation of dominance hierarchies. These hierarchies act as a mechanism for
social selection by partitioning resources among group-living animals. The following chapters
describe my dissertation research which investigates the factors contributing to competitive
asymmetries among broodmates as well as the short- and long-term consequences of the early
social environment for the cooperatively breeding red-cockaded woodpecker (Picoides borealis).
My research revealed that fledgling red-cockaded woodpeckers form male-biased, linear
dominance hierarchies. Among fledgling males,, high relative nestling condition strongly
predicted fledgling dominance, and this condition–rank relationship persisted through
independence. Male nestlings are slightly larger and heavier than females; however, the sexual
size dimorphism in mass is only present in mixed-sex broods, suggesting that the subtle
structural size advantage gives males a competitive advantage over their sisters. Conflict rates
among siblings increased with decreasing targeted feeding rates, and dominant fledglings were
able to secure more food from provisioning adults through scramble competition. First-year
survival favored males over females and dominant males over subordinates. Females were more
dispersive overall than males, and subordinate males were more likely to disperse than

dominants. The social environment prior to fledging influenced male dispersal decisions and
subordinates delayed dispersal in the spring in situations where all dominants died over the
winter. The probability of delayed dispersal in females was higher for females raised without
brood-mates in one of two populations included in a long-term demographic data analysis. The
availability of breeding vacancies may explain the differences in female dispersal behavior
according to social environment between these populations. This research contributes to a greater
understanding of the relative contribution of intrinsic benefits versus extrinsic constraints as an
influence on delayed dispersal decisions in red-cockaded woodpeckers. Inter- and intra-sexual
social rank is correlated with individual access to natal food resources and the probability of
first-year survival. The intrabrood variation in dispersal strategies driven by social rank is
sufficient to regularly produce both dispersal strategies among males and provides additional
support that delaying natal dispersal is the preferred strategy for males in this system.
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CHAPTER I. AN INTRODUCTION TO SOCIAL DOMINANCE AND THE REDCOCKADED WOODPECKER

Erin L. Hewett Ragheb

BACKGROUND

Group living and social dominance hierarchies

Social interactions among individuals of the same species often occur in situations where
shared resources are limited or when direct benefits for survival or reproduction are available
through group living. Social groups are often organized by the formation of social dominance
hierarchies that are the result of the outcomes of aggressive interactions. Consequently, dominant
individuals have preferential, and sometimes unchallenged access to resources such as food,
shelter or mates (Wilson 1975). In blue tits (Parus caeruleus), high ranking individuals take
fewer risks after predator sightings and emerge from hiding later than subordinate individuals
because they have guaranteed access to food resources during safer periods (Hegner 1985).
Despite their low rank, subordinate individuals may profit from the general benefits of groupassociations such as increased detection of food and predators (Sridhar et al. 2009) or benefits
associated with nepotism (Ekman et al. 2000). Also, opportunities for subordinates to attain
higher rank may occur due to aging, or through the death of more dominant individuals (Wilson
1975). Once a dominance hierarchy is established, there is often a significant reduction in the
number of costly aggressive interactions between group members.
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Dominance hierarchies can be either linear (unidirectional) or bidirectional. In linear
hierarchies, a single individual is superiorly dominant to all other individuals in the group. Linear
hierarchies are transitive; if animal A dominates B, and B dominates C, then A will also
dominate C. This “pecking order” is a commonly observed behavior in domestic fowl (Gallus
gallus), and once the hierarchy is established it can remain stable for a long period (Guhl 1968).
If group composition changes frequently, stability will decrease, aggressive interactions will
increase and the overall condition of individuals will decrease (Guhl 1968). Linear hierarchies
rely on advanced memory and an ability to recognize individuals, even in large flocks (Guhl and
Ortman 1953). In bidirectional hierarchies, social dominance is obtained as a result of conflict
frequency and continual shifts in social rank among individuals causes such hierarchies to be less
stable than linear hierarchies.

Asymmetries leading to hierarchy formation

There are many ways social status is determined, and often dominance is awarded to the
winner of a physical aggressive encounter between two individuals. Dyadic encounters of this
type are repeated until a hierarchy is formed. The probability of winning a contest may depend
on physical asymmetries in individual resource holding potential (RHP, Parker 1974). These
asymmetries are intrinsic attributes and may include age, sex, body size, overall physical
condition, strength, or aggressiveness. In birds, dominance is often predicted by age and sex,
with males generally dominating females, and older individuals dominating juveniles
(Woolfenden and Fitzpatrick 1977; Carlisle and Zahavi 1986; Ligon and Ligon 1990; Gill 2003).
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In some cases, the outcome of aggressive interactions is determined not only by an
individual‟s RHP but also by extrinsic social experiences or relative energetic investment in the
contested resource. Whether or not an individual achieves high social rank may be an artifact of
the outcome of their own previous conflicts (reviewed in Chase et al. 1994; Van Doorn et al.
2003), or their observation of aggressive interactions among others (Oliveira et al. 1998). These
winner, loser, and bystander effects may be independent of body size, or other intrinsic measures
of RHP and reinforce the theory that in naturally occurring situations, RHP alone may not be
enough to support stable social hierarchies (Chase et al. 2002). The pay-off theory assumes that
individuals with more to gain from winning the contest will be more likely to escalate a fight in
order to maintain their rank and their control of the contested resource (Parker 1974; Maynard
Smith and Parker 1976; Cant et al. 2006).

Dominance within broods

Often the influence of resource holding potential, status signaling and social experience
on dominance are confounded and difficult to separate, especially if measured in adult animals
that each have unique genetic, environmental and social backgrounds. Some of these
complications can be reduced by looking at dominance hierarchies within sibling groups
(Stanback 1994). Siblings from the same brood are expected to have very similar or exactly the
same ages, genetic quality, natal territory quality and level of previous social experience
(Stanback 1994).
If the benefits of achieving high rank at a young age are great, it is assumed that
hierarchy formation will commence as soon as the young are physically capable of domination
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(Drummond 2006). For birds, this may be while the young are still in the nest, or soon after
fledging (Drummond 2006). This especially applies in situations where the young rely on parents
for food, the cost of subordination is high, and the young are confined within a nest or cavity
(Drummond 2006).
Asymmetries in competitive ability among brood-mates may be caused by a number of
factors. One asymmetry in young birds leading to hierarchy formation is differences in body size,
often caused by asynchronous hatching (Stanback 1994; Ellsworth and Belthoff 1999). In
extreme cases of hatching asynchrony, the older dominant chicks frequently act violently
towards their younger siblings, which often results in starvation or even siblicide (Legge 2000;
Drummond 2006). Differences in body size may also be driven by sex-specific factors such as
sexual size dimorphism (SSD). For many species, genetically driven SSD after hatching leads
quickly to competitive asymmetry (Bortolotti 1986). Additional sex-specific factors contributing
to competitive asymmetries among brood-mates include laying order (Bortolotti 1986), the speed
of embryonic development (Blanco et al. 2003; Cook and Monaghan 2004), hormones associated
with aggression or begging (Sasvari et al. 1999; Goodship and Buchanan 2006), or immune
response to parasites (Potti and Merino 1996).
Achieving within-brood dominance has many immediate benefits to nestlings and
fledglings. The ability to overpower nest mates allows for greater access to resources provided
by parents. Once fledged, dominant individuals may have primary access to food brought by
adults or to preferred feeding and roosting sites. In red-winged blackbirds (Agelaius phoeniceus),
older, more dominant individuals have priority of roost sites, (Weatherhead and Hoysak 1984)
and this may also be the case with recently fledged birds, especially when roost sites are limited.
Birds that establish dominance at a very young age may also breed earlier than their subordinate
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siblings, and therefore might have increased lifetime reproductive success (Rabenold 1990). If
the presence of same-sex siblings decreases an individual‟s future reproductive success through
increased competition for mates or nest sites, then young birds may seek to dominate, or even
kill their siblings at an early age to reduce competition at that level (Drummond 2006).

Cooperatively breeding birds and the evolution of delayed dispersal

Cooperatively breeding species are defined as species where individuals in addition to the
breeding pair assist in rearing offspring. Often these „helpers-at-the-nest‟ are retained offspring
from previous broods that have delayed their own reproduction, and remained on their natal
territory. The evolution of delayed dispersal behavior as the first step toward cooperative
breeding has been the subject of numerous theoretical models and demographic studies across a
variety of taxa (see review in Koenig et al. 1992). The historically predominant theory explaining
why individuals choose to remain on their natal territory rather than disperse is the presence of
constraints in the environment that prohibit independent reproduction (Emlen 1982). These
constraints could come in the form of a shortage of mates, highly variable environments or
habitat saturation (Emlen 1978; Stacey 1979). Many long-term studies strongly support this idea
(see review in Hatchwell and Komdeur 2000), and the presence of some ecological constraint is
nearly always acknowledged in current explanations for the evolution of delayed dispersal.
However, since juveniles from non-cooperatively breeding species often also face similar
ecological constraints to independent reproduction, yet they do not delay natal dispersal,
additional explanations are required to fully explain why cooperatively breeding birds remain
philopatric (Stacey and Ligon 1991).
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One explanation is that individuals that delay dispersal benefit directly from living on the
natal territory and these benefits outweigh the benefits associated with early dispersal. Intrinsic
benefits associated with family associations on the natal territories may play an important role in
the retention of juveniles in cooperatively breeding species (Koenig et al. 1992). Possible
intrinsic benefits include the relative safety of familiar surroundings, assistance with locating
food, nepotism, increased predator detection, access to critical resource (e.g. roost sites) or
indirect fitness gained from raising related young. The relative roles of the benefits of philopatry
and ecological constraints on the evolution of delayed dispersal is a current area of interest for
research on cooperative breeding species.

Intrabrood dominance and cooperative breeding

In many cooperatively breeding bird species, aggressive interactions within recently
fledged sibling groups are more common than conflicts among adults. It may be particularly
important to establish hierarchies early for these perpetually social species and thereby reduce
the cost of constant conflict, which might negate the individual benefits associated with group
living (Ligon and Ligon 1990). Frequent aggressive conflicts among fledglings are seen in green
woodhoopoes (Phoeniculus purpureus, Ligon and Ligon 1990), Arabian babblers (Turdoides
squamiceps, Carlisle and Zahavi 1986), Campylorhynchus wrens (Rabenold 1990), pinyon Jays
(Gymnorhinus cyanocephalus, Balda and Balda 1978) and red-cockaded woodpeckers (Picoides
borealis; Hewett Ragheb and Walters 2011).
Establishing dominance at a young age may have a critical influence on long term life
history patterns such as natal dispersal strategy (Christian 1970; Gauthreaux 1978). This may be
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especially pertinent for cooperatively breeding species since juveniles often select among
discrete life history pathways (delay dispersal as a natal helper, disperse and attempt independent
reproduction, or float). For some cooperatively breeding species like the red-cockaded
woodpecker, dispersal behavior is presumed to be risky and there are extrinsic constraints to
early dispersal, such that the lifetime reproductive success of individuals that delay dispersal can
equal or exceed that of those attempting to breed earlier (Walters et al. 1992b; Ekman et al.
1999). In gray jays (Perisoreus canadensis), a species with delayed dispersal but no helping
behavior, dominant juveniles force their subordinate siblings off the natal territory (Strickland
1991). In other species, like the non-cooperative Western screech owl (Otus kennicottii), it is
more beneficial to leave the natal territory earlier because this increases the chance of finding an
available breeding territory, and birds disperse as soon as physiologically ready. In this case, it is
the most dominant, highest condition fledgling that is the first to disperse (Ellsworth and
Belthoff 1999). In cooperatively breeding Florida scrub-jays (Aphelocoma coerulescens)
dominant helpers gain breeding opportunities earlier than subordinate helpers, but the breeding
opportunity can be obtained through either dispersal or inheritance of the natal territory
(Woolfenden and Fitzpatrick 1977). Studying the social factors contributing to natal dispersal
decisions in cooperative breeding species will help us to better understand the balance between
the benefits associated with philopatry and the costs of natal dispersal, and thus the evolution of
this unusual social system (Stacey and Ligon 1991).

STUDY SPECIES: THE RED-COCKADED WOODPECKER
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“Wilson called the Cockaded Woodpeckers, Picus querulus, and this seems, at first
glance, to be a most appropriate name, for, of all of the family, these are not only the most noisy,
but their notes are given in a decidedly fretful tone as if the birds were constantly in an irritable
state of mind.”
–Arthur Cleveland Bent (1939)

“They are exceedingly quarrelsome, particularly during the breeding season,…[yet] after
the lapse of a very little time, birds that have been scolding one another most extensively again
alight on the same pine tree and go about their respective businesses in perfect amity.”
-Arthur Cleveland Bent (1939)

Description

The red-cockaded woodpecker is a federally listed endangered species dependent on the
mature pine forests of the Southeastern United States. They are relatively small in size (body
length approximately 22cm, mass 40-55g) and adult red-cockaded woodpeckers exhibit small to
moderate SSD in some linear measures and mass, where males are typically larger and heavier
than females (Jackson 1994). Measurements from 40 male and 26 female adults from the North
Carolina Sandhills population revealed that males were larger than females in tarsus (2.06 mm
greater, and bill length (1.63 mm greater), but tail length was longer for females by 3.20 mm
(Pizzoni-Ardemani 1990). Adult males (49.6g, n=61) were 4.1% heavier than females (47.6g,
n=36) (Pizzoni-Ardemani 1990). The morphological differences between sexes in this species
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are small when compared to other Picoides species, like Hairy Woodpeckers and Arizona
Woodpeckers (Ligon 1968; Peters and Grubb 1983; Morrison and With 1987).
Individuals of this species are easily identified by their white cheek patches and black and
white barred back (Winkler et al. 1995). Adult males have a tiny cockade consisting of a few red
feathers near the nape, however, these feathers are normally covered by black crown feathers and
not easily observed in the field. Adult females are similar in appearance to males except they
lack the red cockade. Juveniles are duller overall when compared to adults, and juvenile males
have a dull red crown patch which varies in size among individuals and is replaced by black
crown feathers during the first prebasic molt. The crown patch appears between day 12-15 in
male nestlings and is absent in females (Jackson 1994). This sexually dimorphic trait unique to
the juvenile plumage has been described as an ancestral characteristic and is presumed to have
no role in defining social hierarchies (Ligon 1970). However, variation in crown patch size
among juvenile males and its function as it relates to dominance has never been directly studied.

Breeding Behavior

Red-cockaded woodpeckers are a cooperatively breeding species that defend large
permanent territories consisting of foraging area and a cluster of cavities trees used for roosting
and nesting. The number of cavity trees in the cluster varies among groups and sites, and is
strongly constrained by the availability of suitable mature living pines in the territory (Carrie et
al. 1998). The cavities, excavated only in living pines (a habit unique to this species), are
conspicuous because of numerous resin wells maintained around the cavity entrance which
produce a thick build-up of pine resin. Cavities can take years, or even decades to complete
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(Harding and Walters 2002) because living heartwood is difficult to excavate and work must stop
intermittently to allow the sticky pine resin to harden (Walters 1991). Because natural cavities
are often constructed at a lower rate than the rate of cavity loss through habitat loss,
abandonment after midstory growth, or interspecific competition, cavity availability is a key
component of red-cockaded woodpecker population dynamics and may act as an extrinsic
ecological constraint to early dispersal and reproduction (Walters 1991; Carrie et al. 1998;
Harding and Walters 2002).
Breeding pairs are socially and genetically monogamous (Haig et al. 1994). Eggs are laid
starting in late April and ending in early June. Incubation begins prior to clutch completion
(Ligon 1970), possibly starting with the laying of the penultimate egg (Jackson 1994). Nestlings
hatch after an incubation period of 10-13 days and fledge about 26-28 days after hatching
(Winkler et al. 1995). Brood reduction occurs frequently, and in a North Carolina population, a
mean clutch size of 3.3 eggs was found to only produce 1.9 fledglings, with most nestling losses
occurring before day six (LaBranche and Walters 1994). This is thought to be caused by hatching
asynchrony where even a couple of hours variation in hatching time among nestlings can
produce large nestling mass differences resulting in the starvation of the latest hatched young
(Ligon 1970). Once fledged, young continue to beg and be fed by adults in the group for as long
as five months post fledging. This species is usually single brooded although renesting often
occurs after nest failure (Jackson 1994). Double-brooding is very rare, and only occurs in some
years in some populations (Phillips Jr. et al. 1998).

Social behavior
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Frequently, some male fledglings remain on the natal territory and act as nonbreeding
helpers while other male and almost all female fledglings disperse in search of breeding
opportunities elsewhere (Walters et al. 1988). The cost of dispersal is presumed to be higher than
remaining with the natal group, and philopatry is an advantageous strategy for young males
because territories are often inherited upon the death of the breeder male (Walters et al. 1992b).
Female helpers are rare, and females may disperse either during the fall of their first year or over
winter with their family and disperse the following spring (Kesler et al. 2010). Male fledglings
with lower body mass relative to brood-mates are more likely to disperse, suggesting that social
dominance is an important factor in movement behavior (Pasinelli and Walters 2002). Dominant
individuals also may compete for and gain access to cavity roost sites earlier than their
subordinate siblings. Little work has been done in this species to identify the specific factors
influencing sibling dominance.
Aggressive encounters are commonly observed among recently fledged young and less
frequently observed among adults (J.R. Walters, pers. comm.). After placing a caged juvenile in
the center of a foreign cluster, Ligon (1970) observed strong aggression towards the caged bird
by the juvenile of that cluster but relatively no aggression by adults from the group. Aggressive
interactions include perch displacements, pecking and chasing. Adult males are dominant over
females and within sexes, older birds are dominant over younger birds (Jackson 1994).

RESEARCH SUMMARY

Not all individuals have the same likelihood of survival or reproduction. Competition
among individuals for these opportunities reveals asymmetries in quality resulting in the
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formation of dominance hierarchies. These hierarchies act as a form of social selection
bypartitioning resources among group-living animals. Relative placement within a dominance
hierarchy has the potential to strongly influence life history decisions, as the path with the
highest fitness benefit may vary for individuals according to their social rank. My dissertation
research investigates the factors contributing to competitive asymmetries among brood-mates as
well as the short- and long-term consequences of intrabrood social rank. My study species is the
cooperatively breeding red-cockaded woodpecker (Picoides borealis), a species where juveniles
segregate into discrete life history pathways. Our long-term demographic dataset from an
individually marked population provides an exciting opportunity to track individuals through
time.
Here, I present my study questions and research results as three independent data
chapters, each prepared as manuscripts designed for publication. In Chapter 2, I first provide a
thorough description of the agonistic behaviors observed among fledgling brood-mates and their
adult caregivers. I also investigate the proximate mechanism driving competitive asymmetries
among nest-mates leading to social rank assignment. I then examine how intrabrood social rank
influences provisioning during the post-fledging dependent period to determine if adults show
favoritism towards individuals of a particular social rank. Chapter 2 has already been peerreviewed and published in the journal Animal Behaviour. In Chapter 3, I explore the fitness
consequences of intrabrood social rank for male fledglings by using multistate mark-recapture
methods to calculate first-year survival and dispersal probabilities for dominant and subordinate
brothers. I then compare first-year survival and dispersal probabilities between male and female
juveniles using relative nestling mass as a surrogate for social rank to determine if females
follow similar patterns of rank-biased dispersal as males. In Chapter 4, I focus on the role of the

12

nestling social environment in shaping life history strategy. By comparing individuals from
broods of different sizes and sexual composition I am able to refine our understanding of the
social factors that maintain individual variation in natal dispersal strategies. The three data
chapters are followed by a conclusion chapter in which I discuss the broader impacts of this work
on our understanding of the role of intrabrood social environment on the evolution of cooperative
breeding in birds.
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CHAPTER II. FAVOURITISM OR INTRABROOD COMPETITION? ACCESS TO
FOOD AND THE BENEFITS OF PHILOPATRY FOR RED-COCKADED
WOODPECKERS

Erin L. Hewett Ragheb and Jeffrey Walters

*This chapter has been published under the same title in the journal Animal Behaviour, August
2011, Vol 82, Issue 2, Pages 329-338, and published with permission from Elsevier
Limited.http://www.sciencedirect.com/science/article/pii/S0003347211001928. Formatting and
spelling reflects that required for the journal.

ABSTRACT
In species showing delayed natal dispersal, broodmates vary in natal dispersal timing and
strategy, where some choose to disperse early while others delay. In the cooperatively breeding
red-cockaded woodpecker, Picoides borealis, typically only one juvenile male per brood delays
dispersal despite the lifetime fitness benefits associated with delayed dispersal. We sought to
determine whether adult favouritism or intrabrood competition over the distribution of natal food
resources provides a mechanism for the persistence of individual variation in natal dispersal
strategies. We show that fledgling red-cockaded woodpeckers form male-biased, linear
dominance hierarchies as a result of frequent aggressive conflicts. For males, high nestling
condition relative to male broodmates was a strong predictor of future dominance, and this
condition–rank relationship persisted after individuals reached nutritional independence. Adults
were never observed interfering with broodmate conflicts, and were only rarely aggressive
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towards fledglings. Adults showed no overt favouritism towards offspring when targeting
individual fledglings during provisioning early in the postfledging period. However, conflict
rates increased with decreasing targeted feeding rates, suggesting that access to resources is an
important function of dominance hierarchies. After fledglings were developmentally able to
compete for positions near foraging adults, first- and second-ranking males were fed more often
than subordinate females. Of the juvenile males surviving to spring, subordinates were more
likely to disperse during their first year than were their dominant broodmates. Together, our
findings suggest that for young red-cockaded woodpeckers, intrabrood social rank provides a
mechanism for prioritized access to natal resources and variation in natal dispersal strategy.
Keywords: benefits of philopatry, delayed dispersal, feeding rates, food allocation, intrafamilial
conflict, juvenile aggression, life history strategy, linear dominance hierarchy, Picoides borealis,
sibling rivalry

INTRODUCTION
The social environment within family groups is an important but often overlooked factor
in the evolution and maintenance of dispersal strategies (Ekman et al. 2002). Tolerance of
current offspring by parents and retained offspring from previous broods is a critical step for the
development of delayed dispersal behaviour (Ekman and Griesser 2002). Nepotistic behaviour
directed towards offspring may create a natal safe haven for birds waiting for reproductive
opportunities (Kokko and Ekman 2002; Griesser and Ekman 2004; Griesser and Ekman 2005;
Eikenaar et al. 2007). Theory predicts that parents should allocate resources evenly among their
brood (Fisher 1930), but extended parental care may provide an opportunity for weaker
individuals to gain access to resources if at least one parent directs increased feeding effort
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towards late-hatched, or otherwise competitively disadvantaged, young (Gottlander 1987; Ploger
and Medeiros 2004). Parents may directly benefit from extended parental care if the offspring
they tolerate are better able to attain higher-quality breeding territories or have higher first-year
survival (Ekman et al. 1999; Griesser et al. 2006). Alternatively, social interactions with adults
on the natal territory may lower the relative benefits of philopatry. In times of food shortage,
adults could limit access to resources to all offspring or to a selected subset of offspring, and
thereby indirectly encourage early dispersal behaviour (Ekman and Griesser 2002). In situations
where increased group size is costly to future reproduction, resident adults would benefit from
evicting surplus offspring (Eikenaar et al. 2007).
Social interactions with broodmates may also influence dispersal strategies. Allocation of
resources on the natal territory may be determined in part by nestling competition (Mock and
Parker 1997). Direct physical aggression (interference competition) or scramble competition for
food brought by adults or preferred positions within the nest can result in a biased distribution of
resources in both siblicidal (see review in Drummond 2006) and nonsiblicidal species
(Gottlander 1987; McRae et al. 1993; Ostreiher 1997; Tanner et al. 2008). In grey jays,
Perisoreus canadensis, socially dominant siblings expel subordinates and thereby gain full
access to stored food on the natal territory and increased winter survival (Strickland 1991).
The cooperatively breeding red-cockaded woodpecker, Picoides borealis, presents an
unique case where typically only one juvenile male per brood delays dispersal and remains home
as a helper, while all other male and female juveniles disperse to search for independent breeding
opportunities by their first spring (J. R. Walters, personal observation). Female helpers are
uncommon, but their frequency differs between populations (Koenig and Walters 1999). As
estimated by a demographic model, young males adopting the delayed dispersal strategy have
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equal or slightly higher first-year survival than males that disperse within their first year (Walters
et al. 1992b). The probability that early dispersers will obtain a breeding vacancy and become a
breeder is very low, and young breeders have poor reproductive success (Walters et al. 1992b).
These combined factors lead to greater lifetime reproductive success for young males choosing
to delay dispersal and remain on the natal territory during their first year, and thus explain the
occurrence of this tactic in this system (Walters et al. 1992b). Since delayed dispersal has
beneficial fitness consequences for juvenile males, and only one sibling per brood remains home
as a helper, there is the opportunity for competition among broodmates over dispersal strategy.
Natal dispersal strategy has been linked to nestling size at banding (age 5–10 days), where male
nestlings with lower body mass relative to their brothers are more likely to disperse during their
first year (LaBranche 1992; Pasinelli and Walters 2002). Also, males from broods with more
male fledglings are more likely to disperse early, suggesting the importance of intrabrood social
interactions on dispersal behaviour (Pasinelli and Walters 2002). However, the mechanisms
explaining how size differences between broodmates during the nestling and fledgling stages can
influence individual dispersal choices remains unknown. The combined roles of adult allocation
of resources and intrabrood competition have yet to be applied as possible mechanisms
regulating first-year natal dispersal in this system.

Aims and Predictions

In the present study, we sought to explore how social interactions with resident adults and
broodmates, particularly during resource allocation, may provide a causal mechanism for
individual variation in first-year natal dispersal strategies among broodmates. We present our
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research in four parts. In Part 1, we formally describe social conflicts experienced by redcockaded woodpecker fledglings during the postfledging dependent period. We predicted that,
within broods, fledglings would form male-biased dominance hierarchies, given that social
dominance of males over females is a species-wide pattern in adults (Jackson 1994). We also
predicted that intrabrood conflict would increase with decreasing social distance, since closely
matched individuals would have to dispute more frequently to establish and maintain rank. As
such, fledgling males should engage in aggressive conflicts more frequently with closely ranked
broodmates than with distantly ranked broodmates and adults. These basic behavioural
descriptions have not been previously published, yet they are a critical first step in our
understanding of how intrabrood social dynamics shape individual life history strategies.
In Part 2, we first explore the link between fledgling social rank during the postfledging
dependent period with relative competitive ability as a nestling. We predicted that, within sexes,
nestling condition relative to that of broodmates (resource holding power; Parker 1974), would
be positively associated with intrabrood social dominance as a fledgling. Second, we assess the
permanence of this size–rank relationship by comparing the sizes of male broodmates with
known social rank after they were nutritionally independent but still remained with their family
on the natal territory.
In Part 3, we address the main question of interest for this paper: how intragroup social
interactions contribute to the allocation of food resources among broodmates during the
postfledging dependent period. To do this, we examine three nonmutually exclusive hypotheses.
First, broodmates control the allocation of food as fledglings through intrabrood competition.
Support for this hypothesis includes frequent conflict among broodmates and little or no conflict
between adults and fledglings. If broodmates, rather than adults, control allocation of food, then
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parents should distribute food evenly among fledglings regardless of social rank or sex early in
the postfledging period, when adults control food distribution by targeting sedentary young.
However, fledgling food allocation should shift, favouring socially dominant individuals later in
the postfledging period after fledglings become developmentally capable of scramble
competition near foraging adults. If broodmates use competition to gain access to limited
resources, then intrabrood aggression should increase as food availability decreases. The second
hypothesis is that adults control distribution of natal resources, favouring low-ranking fledglings
as a compensating form of extended parental care. Here, we expect frequent aggression by adults
towards fledglings directed primarily at high-condition fledglings, and we expect infrequent
aggression among broodmates. If parents favour low-condition young during provisioning, then
we expect feeding rates for the lowest-ranking fledglings to be higher than that of their dominant
broodmates regardless of the degree of fledgling mobility. Third, adults control the distribution
of natal resources postfledging, favouring high-ranking fledglings over their low-ranking
broodmates. Under this hypothesis, adult–fledgling aggression would be common and targeted
towards subordinate young, and intrabrood conflicts would be rare. Parents would favour
dominant fledglings when making feeding decisions and this bias would persist regardless of the
degree of fledgling mobility.
Lastly, in Part 4, we extend the three hypotheses introduced in Part 3 by considering how
postfledging survival and natal dispersal patterns of fledglings differ according to intrabrood
social rank. Here we focus on juvenile males primarily, since only males regularly adopt both the
„stay and help‟ and the „depart and search‟ strategies. In line with our first hypothesis that
intrabrood competition controls access to resources on the natal territory, we predicted that
socially dominant fledglings would be more likely to survive through their first winter. Surviving
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dominant fledglings would then choose to remain on the natal territory as helpers during their
first spring, since this is the life history strategy with greater lifetime fitness benefit in this
species. Alternatively, subordinates would be less likely to survive the winter and more likely to
disperse by their first spring. Under our second hypothesis that parents control resources and
favour subordinate fledglings, we predicted that subordinates would not show reduced
overwinter survival as a result of the benefits provided through extended parental care. Also,
subordinates surviving the winter should be just as likely, or more likely to remain on the natal
territory as their dominant broodmates. The predictions for postfledging survival and dispersal
under our third hypothesis match the first; if parents control access to resources and favour
dominant fledglings, then we would expect overwinter survival of dominants to be higher than
that of subordinates, and subordinates would be more dispersive than dominants.

GENERAL METHODS

Study Population and Species Biology

The study population consists of over 220 individually banded family groups located in
the Sandhills region of southcentral North Carolina, U.S.A. The study area covers 110 000 ha
and includes the western portion of U.S. Army Fort Bragg, NC, the North Carolina Sandhills
Game Lands, Hoffman, NC, and a number of smaller publicly owned sites. This population has
been part of a long-term demographic study since 1980, and over 95% of the individuals are
banded. Dispersal and survival fates are known for most individuals through annual demographic
monitoring and censuses conducted by the Sandhills Ecological Institute (SEI). For a thorough
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description of the study area and monitoring techniques see Walters et al. (1988).
Red-cockaded woodpeckers form cooperative family groups consisting of a genetically
monogamous breeding pair (Haig et al. 1994) and from zero to four helpers (typically retained
male offspring; Ligon 1970; Lennartz et al. 1987; Walters et al. 1988; Walters 1990). Helpers
assist with incubation, brooding and fledgling provisioning (Jackson 1994). Adults form malebiased dominance hierarchies, and within sexes, older birds are dominant over younger birds
(Jackson 1994). Family groups defend permanent territories surrounding a cluster of cavity trees
used for nesting and roosting (Walters 1990; Jackson 1994). Cavity excavation is done
exclusively in mature living pine trees (primarily longleaf pine, Pinus palustris) and typically
takes several years to complete (Harding and Walters 2004). Colonization of areas without
existing cavity trees is rare (Walters 2004), suggesting that the limited availability of cavity trees
may be a key component driving population dynamics (Walters 1991; Carrie et al. 1998; Harding
and Walters 2002), as well as a possible ecological constraint supporting the evolution of
delayed dispersal in this species (Emlen 1982; Walters et al. 1992a).
Eggs are laid from late April to early June (Ligon 1970). The incubation period is only
10–13 days and begins with the laying of the second or the penultimate egg, resulting in
moderate hatching asynchrony (Ligon 1970; Jackson 1994). Brood reduction occurs frequently,
with most nestling loss occurring before day 6 (LaBranche and Walters 1994). If late-hatched
nestlings survive, their smaller size relative to their broodmates might negatively influence their
ability to compete for resources. Nestlings fledge after 26–29 days (Ligon 1970; Winkler et al.
1995), but continue to beg and be fed by adults for approximately 3 months postfledging (E. L.
Hewett Ragheb, personal observation). Nondispersing individuals remain with their families
even after reaching nutritional independence. Juveniles choosing to disperse in their first year
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vary in the timing of dispersal. Juveniles as young as 1 month postfledging have been located as
dispersers during routine monitoring (J. R. Walters, personal observation), while other juveniles
are known to overwinter on the natal territory and disperse in early spring before the start of their
first breeding season (Kesler et al. 2010).

Field Methods

During 2007–2009, we banded all red-cockaded woodpecker nestlings with both
aluminium U.S. Fish and Wildlife Service bands and a unique combination of plastic coloured
leg bands when the nestlings were 4–10 days old (aged according to Ligon 1970). Nestlings were
returned to the nest immediately after banding to reduce handling stress. We sexed chicks in the
nest at age 20 days based on the presence (male) or absence (female) of the red crown patch
(Jackson 1994). To assign intrabrood social rank and measure conflict and feeding rates for
dependent fledglings, we selected broods containing more than one male fledgling and
conducted 30 min focal observations on every fledgling from those broods (Altmann 1974). We
sampled every individual once, and all broodmates were sampled on the same day (with the
exception of seven broods where focal observations were split across 2–3 days, and one brood
with an 11-day span between focal observations). Sampling ages ranged from 30 to 62 days
(median = 38 days, all cohorts pooled). All focal observations were started between 0600 and
1030 hours and conducted during periods without rain by a single observer (E.L.H.R.). In 2007,
we sampled fledglings in the order of detection, but in 2008–2009, we preselected fledglings
randomly to avoid any rank-specific sampling order bias. Only minutes where the focal
individual was in sight were counted towards the 30 min sampling time. We excluded periods
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when the focal fledgling was separated beyond earshot of other group members and periods of
silence and immobilization by all group members after a predator alarm call. The Virginia Tech
Institutional Animal Care and Use Committee (10-138-BIOL), the Department of the Interior
U.S. Fish and Wildlife Service (TE070846-1, TE070846-2) and the North Carolina Wildlife
Resources Commission Division of Wildlife Management (NC-2007ES88, NC-2008ES88, NC2009ES88, NC-2010ES88) served as the governmental authorities approving ethical treatment of
animals for this research.

PART 1: AGONISTIC BEHAVIOUR IN FLEDGLINGS

Methods

During every focal observation, we recorded the type of all dyadic conflicts experienced
by the focal individual as well as the identity of the opponent. Winner status was assigned to
birds chasing, pecking or perch-displacing their opponent, and loser status was assigned to birds
retreating from these attacks. Brood-level numeric ranks were assigned to each fledgling after
considering the outcomes of all dyadic conflicts observed for that group. Sixty-seven per cent of
all rank assignments were based on the outcome of two or more conflicts, and 66% of all group
hierarchies were created by observing conflicts among all possible broodmate dyads. In the event
that no conflicts occurred between a particular broodmate dyad during any of the focal sessions,
we extended observation time „off the clock‟ and conducted ad libitum sampling (Altmann 1974)
until the critical dyadic conflict was observed (7 groups), or we assumed either hierarchy
transitivity (14 groups) or female subordination (2 groups). Hierarchy transitivity was supported
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by all groups where at least one conflict was observed between all dyads (65 groups; see Part 1,
Results, for supporting rational for female subordination). For 18 groups, we could not complete
focal observations for all broodmates and we assigned rank based on conflicts observed ad
libitum by E.L.H.R. or by SEI staff during fledging checks. These broods were included in
analyses requiring brood-level numeric rank, but were excluded from analyses requiring conflict
or feeding rates. We also recorded all conflicts between the focal individuals and adults, but
these interactions were not considered when assigning intrabrood social rank.
To determine whether conflict increases with decreasing social distance, we compared
the conflict rates for „closely ranked‟ and „distantly ranked‟ dyad pairs. To limit the number of
dyad categories, we selected the subset of broods containing only three fledglings. Analyses
were run separately for broods containing either all-male fledglings (MMM), or two male and
one female fledgling (MMF). We used the GLIMMIX procedure in SAS 9.2 (SAS Institute, Inc.,
Cary, NC, U.S.A.) to create two generalized linear models (for MMM and MMF broods) fitted to
the data using a negative binomial distribution. The dependent variable „conflict rate‟ was
calculated by summarizing the number of conflicts observed during all focal watches for a
particular brood and assigning each conflict to the appropriate dyad. The categorical independent
variable „dyad‟ represented social distance where first-ranking (dominant) males paired with
second-ranking males (M1 versus M2), or second-ranking males paired with third-ranking males
(M2 versus M3) or females (M2 versus F3) were considered „closely ranked,‟ while first-ranking
males paired with third-ranking males (M1 versus M3) or females (M1 versus F3) were
„distantly ranked‟. The categorical covariate „family‟ was also added to both models to control
for the lack of independence among broodmates.
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Results

Red-cockaded woodpecker broodmates frequently engaged in aggressive conflicts during
the postfledging dependency period (on average 2.79 conflicts per individual per 30 min, for 212
focal observations during 2007–2009). The youngest birds observed engaging in aggressive
conflict out of the nest via ad libitum sampling were 28 days of age (approximately 2 days
postfledging). Intense conflicts among broodmates waned gradually 3–4 months postfledging
(E.L.H.R, personal observation). Conflicts during the postfledging dependency period often
consisted of a series of aggressive behaviours in quick succession. In these cases, we categorized
the conflict by the behaviour at the conclusion of the agonistic interaction. The following
agonistic behaviours were observed during fledgling focal observations (presented with their
relative frequency): (1) crest lift (<1%), when the aggressor directs its head towards the recipient
while lifting crown feathers; often the bill is open and a unique vocalization is produced; 2) trunk
chase (40%), rapid movement towards the recipient by the aggressor where physical contact is
avoided because the recipient retreats; (3) pecking (3%), when the aggressor makes physical
contact with the recipient with its bill; often feathers on the back or toes are pinched; (4) perch
displacement (54%), rapid movement by the aggressor in flight or by crawling towards the
recipient, resulting in a flight retreat by the recipient and an exchange of perch space; (5) aerial
chase (2%), an aggressive pursuit where both aggressor and recipient are in flight; (6) tumble
fight (1%), a physical attack by the aggressor where both members of the pair fall from their
perches and grapple while falling towards the ground; the pair typically unlocks before hitting
the ground. Juveniles were never observed using the open-wing display (Ligon 1970) during
conflicts with each other, although it was displayed frequently in the presence of intruders and
during territorial conflicts with neighbours.
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Intrabrood fledgling ranks were assigned to 259 fledglings from 99 multiple male broods
(38 broods containing at least one female). Social rank assignments typically remained constant
throughout our postfledgling sampling period, suggesting that rank reversal is rare. Thirty-three
dyads were observed fighting ad libitum on additional days either before or after the day of their
focal observation. Of these, social rankings of members in 31 dyads (94%) were consistent with
those assigned during the focal observation and only two dyads showed evidence of rank
reversal. Hierarchies were strongly male biased. Only one of the 30 females that were observed
conflicting with a male broodmate was dominant. However, females were observed initiating
fights with other females in two female-only broods (not included in this study) as well as in five
broods containing more than one female fledgling, and the outcome of these fights resulted in
linear dominance hierarchies similar to those observed among males.
We found evidence for increasing intrabrood conflict rate with decreasing social distance
for broods containing two males and one female (MMF), but not for all-male broods (MMM).
After controlling for family (generalized linear model: F23, 46=1.24, N=72, P=0.26), first- and
second-ranking males from MMF broods conflicted more frequently with closely ranked
subordinate males (M1 versus M2) and female siblings (M2 versus F3), while first-ranking males
were less likely to fight with their distantly ranked subordinate sisters (M1 versus F3;
generalized linear model: F2, 46=8.21, N= 72, P=0.001; Fig. 1a). However, after controlling for
family (generalized linear model: F10, 20=2.68, N=33 dyads, P=0.029), first- and second-ranking
males from MMM broods were equally likely to initiate fights with closely ranked (M1 versus
M2 and M2 versus M3) and distantly ranked (M1 versus M3) broodmates (generalized linear
model: F2,20=1.25, N=33, P=0.309; Fig. 1b).
It was rare for resident adults to show aggression towards juveniles during the sampling
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period. There were only 26 attacks towards juveniles by adult family members (as compared to
591 intrabrood conflicts). The majority (21 of 26, 81%) of attacks towards juveniles occurred
when adults „punished‟ offspring that begged too aggressively, by pecking them in the head, and
the remaining attacks were trunk chases or perch displacements. Attacks by adults were
distributed across all fledgling sexes and ranks (11 dominant males, 10 subordinate males, 4
subordinate females, 1 unidentified fledgling) and initiated by all adults (5 breeder males, 6
breeder females, 5 helper males, 10 unidentified adult family members).

PART 2: SIZE AND SOCIAL RANK

Methods

At banding (see General Methods, Field Methods), we measured nestling mass and leg
length. The length of the right leg (rather than tarsus length) was measured and defined as the
space between the distal edge of the last complete scale before the toes and the end of the
intertarsal joint including the thick heel callus found on nestling red-cockaded woodpeckers. For
the 2008 cohort, we also collected mass and linear measures from pairs of male broodmates with
known social rank 3–6 months postfledging (after they had reached nutritional independence).
We captured each juvenile male by quietly placing a net over the entrance to its roost cavity
before dawn. During capture we collected mass, tarsus (standard adult measure) and culmen
length. Tarsus and culmen measures were collected twice on the same side of the body and the
average value was used in analysis. Broodmate pairs were captured within 3 days of each other,
with two exceptions: members of one pair were captured 5 days apart and those of another pair
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were captured 17 days apart.
To test our prediction that nestling condition is positively associated with the probability
of becoming socially dominant, we created a nominal logistic regression with „social rank‟ as the
dependent variable and „condition score‟ as the independent variable, using the program JMP 8.0
(SAS Institute, Inc.). „Social rank‟ was binary (dominant or subordinate); individuals classified
as dominant were socially dominant over all siblings, and individuals classified as subordinate
were socially submissive to at least one sibling. Condition was calculated as nestling mass (g)
divided by the length of the right leg (mm) measured at banding. Since we were interested only
in an individual‟s condition relative to that of its broodmates, we calculated relative nestling
condition as an individual‟s residual from the mean condition for all male broodmates.
As a measure of the persistence of a size–rank relationship, we determined whether male
broodmate pairs had morphological size differences according to their fledgling social rank even
after reaching nutritional independence. We used three separate analysis of variance tests to
identify the relationship of dependent variables relative „mass score,‟ relative „tarsus score‟and
relative „culmen score‟ with the independent variable „social rank‟ (JMP). Relative linear
measure scores were calculated as an individual‟s residual value from the pair mean. To
determine whether dominant and subordinate brothers varied in relative condition after
nutritional independence, we used ANOVA to identify the relationship of the dependent variable
„condition score‟ and the independent variable „social rank‟. We calculated condition in two
ways: first by dividing the mass by tarsus, then by dividing mass by culmen. Relative condition
scores were calculated as the individual‟s residual value from the pair mean. All means are
presented with their standard error (alpha level=0.05).
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Results

Among male broodmates, the probability that a nestling would become the socially
dominant brood member as a fledgling was positively associated with relative condition at
banding (logistic regression: χ21=21.56, N=196, P<0.001; Fig. 2). The predicted probability that
a male nestling with above-average nestling condition would become dominant as a fledgling
ranged from 47 to 86%, while males with below-average condition had only a 3–46% probability
of becoming the dominant brother.
The morphological measurements of eight juvenile male broodmate pairs captured after
nutritional independence (15 August–5 December) also revealed differences in size according to
fledgling social rank. Dominant individuals had heavier mass scores (1.41±0.50 g versus 1.41±0.50 g; ANOVA: F1,14=15.97, N=16, P=0.001) and marginally longer tarsus scores
(0.21±0.15 mm versus -0.21±0.15 mm; ANOVA: F1,14=3.68, N=16, P=0.076) than their
subordinate broodmate. There was no difference between broodmate pairs in culmen length
score (dominant: -0.10±0.20 mm; subordinate: 0.10±0.20 mm; ANOVA: F1,14=0.48, N=16,
P=0.500). Condition scores were higher for dominant brothers when calculated as mass divided
by culmen (0.082±0.04 g/mm versus -0.082±0.04 g/mm; ANOVA: F1,14=10.79, N=16, P=0.005;
Fig. 3). When condition was calculated as mass divided by tarsus, dominant brothers had only
marginally higher condition scores (0.046±0.03 g/mm versus -0.046±0.03 g/mm; ANOVA:
F1,14=3.70, N=16, P=0.075; Fig.3).

PART 3: ALLOCATION OF FOOD
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Methods

To assess the allocation of food given to fledglings by adults during the postfledging
dependent period, we recorded the number and type of all feeding events during each focal
observation (see General Methods, Field Methods). We categorized each feeding event as either
targeted feeding, where a provisioning adult gathers food items and then flies to locate and feed a
stationary fledgling, or approach feeding, where a foraging adult feeds the nearest begging
fledgling following closely on the same branch. We identified the timing of the developmental
shift between targeted feeding and approach feeding by plotting the proportion of targeted
feedings per focal against postfledging age at the time of observation. We found a substantial
drop in the mean proportion of targeted feedings after 8–9 days postfledging (Fig. 4).
To determine whether adults feed fledglings equally across sexes and ranks, we created a
generalized linear mixed model fitted to the data using a Poisson error distribution (SAS) with
the dependent variable „targeted feedings‟ and the independent fixed variable „sex–rank‟ and
random variable „family‟. Only the subset of broods sampled at 4–9 days postfledging were
included since this is the developmental period when target feeding is predominant (Fig. 4). The
number of target feedings was calculated as the total number of target feedings received by the
focal individual during its 30 min focal observation. The „sex–rank‟ variable consisted of the
following four categories: (1) first-ranking males, (2) second-ranking males, (3) third- and
fourth-ranking males and (4) third- and fourth-ranking females. The categorical covariate
„family‟ was added as a random effect to control for unexplained variation among broods.
Using the same age subset of broods as above, we then tested our prediction that conflict
rates should increase with decreasing feeding rates. We created a generalized linear model fitted
to the data using a Poisson error distribution (SAS) with the dependent variable „alpha–beta
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conflict number‟ and the independent variable „mean target feedings‟. We defined „alpha–beta
conflict number‟ as the total number of conflicts observed between the two highest-ranking
males in each brood during the sum of both focal observations (1 h), and „mean target feedings‟
as the number of target feedings per individual per focal observation averaged across all
fledglings in the group (including females).
To test our prediction that intrabrood dominance hierarchies result in prioritized access to
resources for dominant individuals later in the postfledging period, we compared the number of
approach feedings for individuals with different sex–ranks from broods that were at least 10 days
postfledging. We used a generalized linear mixed model fitted to the data using a Poisson error
distribution (SAS) with the dependent variable „approach feedings‟ and the independent fixed
variable „sex–rank‟ and random variable „family.‟ Definitions for feeding rates, sex–rank
categories and family covariates were the same as the targeted feeding analysis above.

Results
After controlling for variation among families, adults showed no strong favouritism
towards particular fledglings when target feeding (generalized linear mixed model: F3, 39=1.47,
N=66, P=0.2383; Fig. 5a). The frequency of aggressive conflicts between first- and secondranking male broodmates increased with decreasing mean targeted feeding rate (generalized
linear model: F1, 22=17.18, N=24, P<0.001). The beta coefficient (slope) for the effect of feeding
rate (per 30 min) on alpha–beta conflict rate (per hour) was -0.2657 (confidence interval: 0.3986, -0.1327). After controlling for family variation, there was a positive association between
approach feeding rate and intrabrood sex–rank (generalized linear mixed model: F3, 84=16.64,
N=143, P<0.001; Fig. 5b). First- and second-ranking males obtained more food than did females
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(Tukey-Kramer post hoc test; P < 0.001).Third-/fourth-ranking males had approach feeding rates
that were marginally lower than first-ranking males (Tukey-Kramer post hoc test; P=0.0525)but
overlapped those of other males and females (Tukey–Kramer post hoc test; Fig. 5b).

PART 4: SOCIAL RANK AND DISPERSAL

Methods
We recorded the presence and location of focal individuals with known rank during the
annual population-wide breeding season census conducted by SEI staff. Every red-cockaded
woodpecker family group within the study area was visited between April and August and all
associated group members were recorded. Juveniles were designated as (1) missing, (2) natal
helper or (3) dispersed, following Walters (1990). Missing birds were not located with any group
within the study area and were probably dead. This assumption comes from the low probability
of dispersal off the study area estimated at 6% by Walters et al. (1988). Natal helpers were
observed with their family on the natal territory during the breeding season and not observed
associating with another group. Dispersers were located on non-natal territories as either new
territory holders (oldest or only male on territory) or nonterritory holders (subordinate male on
new territory or nonassociated floater).
First, to determine whether intrabrood sex and social rank as a fledgling influences
postfledging survival, we used a likelihood ratio test (JMP) on each cohort to compare the status
of individuals at the breeding season census according to their social rank as fledglings.
Individual status was either „alive‟ (natal helpers and dispersers pooled) or „dead‟ (missing).
Sex–ranks were split into three levels: dominant male (highest-ranking brood member),
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subordinate male (second through fourth ranking) and subordinate female (third and fourth
ranking). Subordinates were lumped within sexes to meet the cell count requirements for
likelihood ratio tests. Second, to determine whether intrabrood social rank as a fledgling
influences the probability of dispersal by first spring, we used a likelihood ratio test (JMP) to
compare the proportion of dominant and subordinate brothers from all cohorts that were either
found alive on their natal territory or found alive and dispersed.

Results

For the 2007 and 2008 cohorts, dominant males, subordinate males and females were
equally likely to survive to the breeding season census (likelihood ratio test: 2007: χ21=3.3,
N=79, P=0.183; 2008: χ21=2.0, N=88, P=0.370; Fig. 6). For the 2009 cohort, however, dominant
males had higher first-year survival than subordinate males and females (likelihood ratio test:
χ21=10.3, N=93, P=0.006; Fig. 6). When considering natal dispersal patterns during the first year,
all juvenile females that were alive by the spring census had dispersed from their natal territory.
Of the juvenile males surviving their first year, subordinate males were more likely to be found
dispersed than were their dominant brothers (all cohorts pooled, likelihood ratio test: χ21=9.6,
N=80, P=0.002; Fig. 7). Only four of 45 (9%) dominant males surviving to their first spring were
observed off their natal territory, while 13 of 35 (37%) of subordinates were found dispersed. In
both of the above analyses only one brood had more than one subordinate male survive to the
breeding season census; therefore, no corrections were necessary to account for the
nonindependence of broodmates within the lumped subordinate category.
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DISCUSSION

Our results suggest that intrabrood competition, rather than adult favouritism towards
low-quality young or high-quality young, provides a mechanism to account for variation in natal
dispersal strategies for red-cockaded woodpeckers. Only a few other studies have looked at
intrabrood social status and dispersal behaviour in species where delayed dispersal is the
preferred strategy (Strickland 1991; Ekman et al. 2002). Our study is the first to add the
influence of social rank on the acquisition of natal resources as a possible explanation for
dispersal of subordinate young.
The results of our focal observations support the intrabrood competition hypothesis by
revealing frequent aggressive interactions among broodmates during the postfledging dependent
period. These conflicts resulted in intrabrood dominance hierarchies that were male biased
according to our prediction and similar to intrabrood dominance hierarchies in other
nonsiblicidal species (e.g. Arcese and Smith 1985; Carlisle and Zahavi 1986). In the case of
mixed-sex broods, dyad-level conflict frequency increased with decreasing social distance.
Social dominance for male fledglings was predicted by high nestling condition relative to that of
other male broodmates, supporting our prediction that physical competitive ability corresponds
with hierarchy formation in this species. We suspect that dominance hierarchies are established
before fledging because postfledging rank reversals were rarely observed during focal watches,
fighting among siblings was occasionally observed within the cavity, and some nestlings fledged
with patches of crown feathers missing (E.L.H.R., personal observation). Subordinate males
remained smaller and in lower condition than their dominant broodmates even after reaching
nutritional independence, suggesting that the relationship between size and social rank is more
than a temporary effect. This is the first study to specifically describe the agonistic behaviours
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and social structure among juvenile red-cockaded woodpecker broods.
Interestingly, parents and adult siblings from previous broods (helpers) rarely showed
aggression towards subordinate juveniles. The existence of a strict age-based hierarchy among
males from different broods creates a situation where the only uncertainty in rank requiring
resolution is that among broodmates. Although adult aggression towards juveniles is rare during
the postfledging dependent period, another opportunity for agonistic behaviour between adults
and young may occur the following spring before the egg-laying period, when the majority of
subordinate juveniles disperse. Occasional aggression by the breeding male towards retained
juvenile males has been observed at this time, but it is unclear whether this aggression facilitates
eviction of retained juveniles, or is used as a form of mate guarding or social reinforcement of
nonbreeding helper status (E.L.H.R., personal observation). Previous research revealed that the
number of adult male helpers does not influence the probability of natal dispersal for juvenile
males (Pasinelli and Walters 2002), again supporting the idea that the within-brood social
environment, rather than the entire social environment, is critical in determining dispersal
strategy in this system.
Additional evidence supporting the hypothesis of intrabrood competition over natal
resources comes from the observed shift in food distribution in favour of dominant fledglings
with increasing fledgling mobility. Parents distributed food evenly when target feeding, but after
8–9 days postfledging, broodmates used scramble competition to gain access to favoured perches
near foraging adults, and as a result, dominant males had higher feeding rates than subordinate
females. The argument that social rank is linked to access to resources in this system is further
strengthened by the relationship between food availability and aggression. The number of
aggressive conflicts between the two highest-ranking males is higher in groups with low
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targeted-feeding rates, suggesting that aggressive behaviours between brothers is initially driven
by reduced food availability even though access to provisioned food is not controlled by social
rank until later in the fledging period.
Patterns of natal dispersal for dominant and subordinate fledglings also follow our
predictions under the intrabrood competition hypothesis, where subordinate males are more
likely to disperse by spring than are their dominant male broodmates. If enough natal resources
are denied to subordinates, dispersal may actually be favoured as the strategy with the most
potential for success. Natal dispersal behaviour in goshawks, Accipiter gentilis, was delayed for
individuals given food supplementation compared to those without (Kenward et al. 1993); a
similar link may exist between access to natal food and the likelihood of dispersal in young redcockaded woodpeckers. However, it may be that physical condition drives dispersal of
subordinate young in this system rather than limited access to food per se. Subordinates continue
to have lower condition as juveniles, but this may be due to carryover effects from their reduced
condition as a nestling, or a result of persistent social aggression by dominants, not just limited
access to food brought by parents. An additional explanation for the dispersal of subordinates
beyond reduced access to food might simply be the avoidance of aggressive siblings. Because of
repeated acts of physical aggression by broodmates, it may be adaptive for subordinates to
disperse, rather than continually challenge a superior sibling and incur the associated costs
(Strickland 1991; Ekman et al. 2002; Kilner and Drummond 2007).
Evidence for hierarchy functions beyond access to food may lie in rates of conflict
between all-male and mixed-sex broods. We found that social distance within the brood
hierarchy lessened the number of conflicts with the dominant bird only if the distant sibling was
female. Conflict rates among dyads in all-male broods showed no difference according to social
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distance. If aggression among dyads functions only in competition for food, dominant males
should perceive distantly ranked males and females similarly since both are competitors for
shared food. Additionally, if access to food were the only driver of natal dispersal, then we might
predict that subordinate dispersal would occur primarily during the postfledging dependent
period, since this is when access to food is denied. Instead, dispersal timing varies and many
juveniles wait until spring to disperse (Kesler et al. 2010), implying that the social hierarchy may
also function as a mechanism for competition over helper positions on the natal territory.
The costs associated with subordination mentioned above lend this system to comparison
with research from siblicidal species. In red-cockaded woodpeckers, subordinate juveniles get
fed at reduced rates and have lower condition as independents, resulting in reduced natal survival
in some years. In addition, more subordinates choose the apparently inferior tactic of dispersing
in their first year rather than remaining on their natal territory as a helper (Walters et al. 1992b).
Despite the potential costs of subordination, subordinate red-cockaded woodpecker juveniles
were never observed initiating a conflict, let alone fighting back vigorously. The severity of
sibling aggression is thought to be a result of the size and structure of the nursery (nest, pond
etc.; Mock and Parker 1997), and the relative mobility of postfledging young and their ability to
escape the area of conflict may explain the lower incidence of resistance in red-cockaded
woodpeckers compared to siblicidal species.
Our second hypothesis of extended parental care favouring subordinate young was
partially supported in 2007 and 2008, when postfledging survival was equivalent for juveniles
regardless of sex–rank. Remaining on the natal territory over the winter may protect subordinate
offspring from fatal consequences associated with reduced feeding rates during the dependent
period. However, in one year (2009), dominant individuals experienced enhanced survival. The
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mean target-feeding rates per individual per focal (± SE) were 2.77±0.64, 3.28±0.59 and
4.30±0.49 for 2007, 2008 and 2009, respectively. Although the means did not vary statistically
across years (ANOVA: F2,63=2.01, N=66, P=0.1423), target-feeding rates tended to be higher in
2009. This is interesting, because it suggests that only dominant individuals experience the
additional benefits of a plentiful food year, potentially because of their ability to monopolize
foraging adults later in the postfledging period when approach feeding is predominant feeding
type.
In our third hypothesis, we proposed that adults may favour high-ranking fledglings, and
while we did not observe any overt parental favouritism in this direction, adults may actually
contribute to intrabrood competition as conspirators by setting up situations favourable for
sibling competition (Forbes and Thornton 1997; Forbes and Mock 2000). Much about this
system supports the idea of parental concurrence with intrabrood competition. First, adults
probably control the degree of hatching asynchrony and therefore impose a physical competitive
disadvantage to later-hatched young. In this way, parents may produce a set of „core‟ offspring
and then overproduce a set of „marginal‟ young in order to optimize their annual fitness in the
face of environmental uncertainty (Mock and Forbes 1995). Parents may benefit from the
production of marginal offspring in years where reproductive conditions are unexpectedly
favourable (resource tracking hypothesis: Temme and Charnov 1987) or when one or more core
offspring become injured or die (insurance hypothesis: Doward 1962; Cash and Evans 1986).
Second, at no observable stage did adults appear to dramatically correct for hatching asynchrony
by favouring the lower-condition, subordinate offspring when making feeding decisions.
Immediately after fledging, adults have the opportunity to openly choose among young when
making feeding decisions, yet they did not strongly favour any particular sex or rank. Once

38

approach feeding became the dominant feeding type, adults fed the nearest fledgling, rather than
seeking another less competitive offspring, again reinforcing the hierarchy rather than acting
counter to it. The biased distribution of food resources to particular offspring, as determined by
their placement in the dominance hierarchy, may serve as an indirect method of downward
adjustment of brood size in times when food resources are low (Mock and Forbes 1995). By
letting broodmates compete over perching locations and by rewarding the victors, adults let the
fledglings become self-selected survivors and therefore they „kill by proxy‟ rather than directly
adjusting brood size (e.g. infanticide, neglect; Mock and Forbes 1995). Third, adults in our study
were never observed interfering with sibling conflicts and they only rarely punished overtly
aggressive begging young. The above findings suggest that in years with limited resources,
adults may use sibling competition to optimize their investment.
Parents may also support intrabrood competition that results in more frequent early
dispersal of subordinate broodmates even when this strategy results in reduced fledgling fitness.
Although breeding pairs with helpers are more likely to produce young (Reed and Walters 1996)
and have reduced incubation and feeding workloads (Khan and Walters 2002), these benefits
may wane if group size becomes too large. If competition over local resources causes
diminishing returns on offspring retention, then adults may favour a mixture of dispersal
strategies among their young such that not all offspring delay dispersal. It may be that the
benefits of offspring retention vary with relative offspring quality and that the social hierarchy
increases the probability that breeders will retain as helpers only the highest-quality male
offspring from each brood.
Juvenile dominance hierarchies in red-cockaded woodpeckers may initially be
established as a framework to distribute immediate food resources and to sort amongst young in
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times of reduced food availability. The same hierarchy may then function to determine dispersal
roles within broods. Early social environment and the balance of natal resources among
broodmates may be as important to natal dispersal decisions as environmental conditions and
nearby breeding vacancies and should therefore be considered in future efforts to understand the
evolution of dispersal behaviour.
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FIGURE CAPTIONS

Figure 1. Conflict rates among dyads with differing social distances from (a) mixed-sex broods
of three (N=24 broods) and (b) all-male broods of three (N=11 broods). Least squares mean ± SE
conflicts per hour calculated from generalized linear model controlling for family. Dyad
members and their relative social distance (close or distant) are presented on the X axis. Different
letters above bars represent statistically significant differences as determined by a Tukey–
Kramer post hoc test.

Figure 2. Predicted cumulative probability of becoming the socially dominant fledgling for male
broodmates according to relative nestling condition score (grey shaded portion; N=196
fledglings). Probability estimates taken from binary logistic regression of social rank (dominant,
subordinate) versus relative condition score (g/mm).

Figure 3. Two measures of relative condition for juvenile male broodmate pairs after nutritional
independence according to fledgling social rank. Black bars: dominant males; open bars:
subordinates. Nestling condition was calculated as mass divided by leg length; independent
juvenile condition was calculated as mass divided by culmen and as mass divided by tarsus.
Relative condition scores were calculated as an individual‟s residual condition from the pair
mean. Values are means + SE.

Figure 4. Shift in feeding type with increasing postfledging development for fledgling male and
female red-cockaded woodpeckers. Mean proportion of targeted feedings per individual focal
observation + SE is plotted against postfledgling age. Age categories are in 2-day bins. Numbers
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above or below each mean value represent the number of individual focal observations
completed during that age category (N=191).

Figure 5. Influence of sex–rank on (a) targeted-feeding and (b) approach-feeding rates for
fledglings 4–9 days postfledging and >10 days postfledging, respectively. Least squares means +
SE are presented from generalized linear models of feeding rates per 30 min with „sex–rank‟ and
„family‟ covariates. Sex–rank categories are presented on the X axis. Different letters above bars
represent statistically significant differences as determined by Tukey–Kramer post hoc test.

Figure 6. Postfledging survival of juvenile red-cockaded woodpeckers split by sex and social
rank as a fledgling. Black bars: dominant males; grey bars: subordinate males; white bars:
subordinate females. Numbers above bars represent the total number of individuals in each
category at the time of fledgling rank assignment. Significance values represent differences in
proportion surviving according to sex–rank within cohorts.

Figure 7. Breeding season settlement locations of juvenile male red-cockaded woodpeckers
surviving to their first spring by intrabrood social rank as fledglings. Black shaded area denotes
the proportion of birds located on new territories during breeding season census (dispersed:
dominant, N=4; subordinate, N=13). Grey shaded area denotes the proportion of birds found
remaining on natal territory during breeding season census (natal helper: dominant, N=41;
subordinate, N=22).
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Figure 2. 1 Conflict rates among dyads with differing social distances
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Figure 2. 2 Predicted cumulative probability of becoming the socially dominant fledgling.
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Figure 2. 3 Two measures of relative condition for independent juvenile males.
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Figure 2. 4 Shift in feeding type with increasing postfledging development
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Figure 2. 5 Targeted- (a) and approach-feeding (b) rates.
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Figure 2. 6 Postfledging juvenile survival
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Figure 2. 7 Breeding season settlement locations of juvenile males.
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CHAPTER III. THE ROLE OF INTRABROOD SOCIAL ENVIRONMENT ON POSTFLEDGING SURVIVAL AND NATAL DISPERSAL IN RED-COCKADED
WOODPECKERS: A MULTISTATE MARK-RECAPTURE STUDY

Erin L. Hewett Ragheb and Jeffrey R. Walters

ABSTRACT
Despite the benefits of philopatry for some cooperatively breeding birds, many juveniles
still disperse during their first year. To determine how this individual variation is influenced by
intrabrood social environment, we studied first-year survival and natal dispersal in the redcockaded woodpecker (Picoides borealis), a cooperatively breeding species that establishes
male-biased fledgling dominance hierarchies. We generated behavioral predictions for
individuals according to their intrabrood rank under hypotheses regarding the adaptive
consequences of dispersal timing. First, delaying dispersal is favored because of high direct
benefits of philopatry gained during the first year postfledgling. Second, early dispersal is
favored in order to secure breeding vacancies. Third, delaying dispersal is favored because of
lifetime fitness benefits obtained beyond the first year. Our results reveal that natal survival
favored males, and within juvenile males, dominant brood-mates had higher first-year survival.
Both sexes dispersed more in the spring than fall, and females were more dispersive than males.
Within male brood-mates, subordinates were more likely to disperse than dominants, but
subordinates delayed dispersal in situations where all dominants died over the winter. Together,
these results suggest that overwintering on the natal territory is the preferred strategy for both
sexes supporting our first hypothesis. However, overwinter survival estimates within sexes were
similar for natal residents and established fall dispersers. Also, dispersal timing within the first
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year had no influence on the probability of obtaining a breeding position by the first breeding
season for either sex, suggesting that delayed dispersal may result from increased lifetime fitness
benefits generated beyond the first year following the predictions of our third hypothesis. Key
words: benefits of philopatry, condition, delayed dispersal, intrafamilial conflict, juvenile
aggression, life history strategy, linear dominance hierarchy, multistate mark-recapture, Picoides
borealis, sibling rivalry.

INTRODUCTION
In species where ecological constraints limit independent reproduction on high quality
habitats, young birds may choose to disperse and become non-territorial floaters, join flocks of
other young non-breeding individuals, or wait on the natal territory for available breeding
vacancies in the neighborhood. Remaining on the natal territory is a common strategy for the
approximately 3% of bird species known to live in extended family groups (Emlen 1982). For
cooperatively breeding species, many of these retained offspring become helpers at the nest by
contributing to the care of related young (Emlen 1982). Within species that exhibit delayed natal
dispersal, many offspring still choose to disperse early, yet this individual variation is only
recognized in a few models attempting to explain the evolution of delayed dispersal (Kokko and
Johnstone 1999; Ekman et al. 2002). Much of this individual variation may be caused by sex
specific differences in dispersal strategy (Alonso et al. 1998; Green and Cockburn 2001),
especially when the costs and benefits associated with delayed dispersal differ between the sexes
(Daniels and Walters 2000a; Hawn et al. 2007).
In addition, variation in dispersal timing may be explained by differences in competitive
ability. If immediate dispersal is the preferred strategy because it leads to an increased
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probability of territory acquisition (Drent 1984; Ellsworth and Belthoff 1999), then individuals
should attempt dispersal as early as physiologically ready and dominant, high condition
individuals may be the first to disperse within their brood (Ellsworth and Belthoff 1999).Early
dispersers may also be more aggressive relative to unrelated juveniles within their cohort
(Duckworth and Badyaev 2007), or more independent foragers (Middleton and Green 2008).
Here, competitive superiority is related to increased access to breeding vacancies, and
competitively inferior individuals may need to make the best-of-a-bad-situation by remaining on
the natal territory in order to reach the necessary conditional threshold (Alonso et al. 1998). This
was observed in brood-mate pairs of male acorn woodpeckers (Melanerpes formicivorus), where
the smaller, subordinate male was more likely to become a helper in situations where one
delayed dispersal and the other dispersed (Koenig et al. 2011). Alternatively, if remaining on the
natal territory is the preferred strategy, resulting in greater access to breeding vacancies, or
increased lifetime reproductive success, then delayed dispersal may be the strategy adopted by
competitively superior individuals (Strickland 1991; Ekman et al. 2002). In either of these cases,
delayed dispersal would only be favored if the benefits of remaining home outweigh the benefits
of early dispersal for that particular class of individual (Stacey and Ligon 1991; Koenig et al.
1992).
Red-cockaded woodpeckers (Picoides borealis) are a cooperatively breeding species in
which breeding opportunities are limited by the number of available nest cavities in the
environment (Walters et al. 1992a). Since individuals must acquire a breeding position at a
territory with an established cavity tree, only a fraction of juveniles surviving to the following
breeding season become breeders. Surviving juveniles demonstrate a variety of life history
strategies by their first breeding season. Some male fledglings remain at the natal territory as
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non-breeding helpers while other male and almost all female fledglings disperse, becoming
breeders or unrelated helpers on non-natal territories or floaters (Walters et al. 1988). As
estimated by a demographic model, young males adopting the delayed dispersal strategy have
higher first-year survival than birds dispersing within their first year (Walters et al. 1992b). This
is likely a result of increased mortality risks associated with dispersal, although this assumption
is difficult to test because it is difficult to differentiate between early dispersal resulting in
mortality and mortality on the natal territory. Also, the probability that early dispersers will
obtain a breeding vacancy and become a breeder is very low, and first year males that attempt to
breed often have poor reproductive success (Walters et al. 1992b). As a result, young males that
delay dispersal can have equal or even slightly higher lifetime fitness than individuals that
disperse within their first year, providing an explanation for how delayed dispersal could persist
in this system (Walters et al. 1992b).
In addition to the variation among juvenile males in the probability of first-year dispersal,
juveniles of either sex choosing to disperse vary in the timing of dispersal within that first year.
Juveniles as young as 1 month post-fledging have been located as dispersers during routine
monitoring (J. R. Walters, personal observation), while others are known to overwinter on the
natal territory and disperse in early spring immediately before the start of their first breeding
season (Kesler et al. 2010).

Aims and predictions
In this study we explore the role of intrabrood social environment on post-fledging
survival and natal dispersal behavior by generating predictions under three hypotheses for the
adaptive significance of delayed dispersal behavior (Table 1). Our first hypothesis is that
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delaying dispersal and overwintering on the natal territory during the first year of life is adaptive
because conditions on the natal territory are more favorable for survival than conditions off the
natal territory (Stacey and Ligon 1991). For birds choosing to remain on the natal territory
through their first winter, juveniles with greater competitive ability and/or social rank will have
higher post-fledging natal survival than their brood-mates, since access to some natal resources
varies according to intrabrood social rank (Hewett Ragheb and Walters 2011). If competitively
inferior individuals within the brood are denied access to the benefits of philopatry, then they
will be more likely to disperse within their first year than their superior brood-mates (Hewett
Ragheb and Walters, 2011; Pasinelli and Walters 2002). Likewise, the propensity for dispersal in
subordinates should be flexible, based on current access to natal resources.Subordinates should
be more likely to delay natal dispersal if their superior brood-mate died or dispersed from the
natal territory. We also predict that first-year survival will be lower for early dispersing juveniles
than those overwintering on the natal territory. Lastly, if we assume that individuals that
overwinter on their natal territory benefit physically from their extended period of philopatry, we
predict that spring dispersers will be more likely to out-compete fall dispersers for access to
breeding vacancies during their first breeding season..
Our second hypothesis proposes that leaving the natal territory early within the first year
is adaptive because securing high quality breeding vacancies early is critical (Ellsworth and
Belthoff 1999; Raihani et al. 2008).This hypothesis follows the „best-of-a-bad-job‟ strategy for
delayed dispersal as suggested for acorn woodpeckers (Koenig et al. 2011). Similar to the
prediction under the first hypothesis, access to resources on the natal territory will vary with
intrabrood social rank and competitively superior individuals will be in higher condition (Hewett
Ragheb and Walters 2011) and therefore have higher natal survival than their inferior brood-
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mates. Here, we predict that the survival cost associated with dispersal to be low, since birds will
disperse as early as they are physiologically ready, rather than being forced to leave. Lastly, we
predict that competitively superior individuals will disperse earlier than their subordinate broodmates and early dispersers will be more likely to fill breeding vacancies than individuals that
overwinter on the natal territory.
Alternatively, our third hypothesis proposes that delaying natal dispersal is adaptive, not
because of any direct benefits of philopatry gained during the first year (access to resources or
protection from predators), but rather through increased lifetime fitness effects (indirect fitness
benefits of helping, increased probability of obtaining high quality breeding territory in
neighborhood or through inheritance (Walters et al. 1992b)). Competition may still occur among
brood-mates over access to natal food resources, but the ultimate benefit associated with high
intrabrood social rank is the ability to remain on the natal territory as a helper. Whether or not
natal survival varies among brood-mates according to intrabrood social rank is not a specific
prediction under this hypothesis. However, the probability and timing of natal dispersal will vary
according to social rank, and competitively superior individuals will be more likely to delay
dispersal than their inferior brood-mates. Under this hypothesis, the dispersal costs for
individuals that become helpers for at least one year before dispersing may be equal to or lower
than for individuals that disperse within their first year. Dispersal risk could be reduced for
delayed dispersers if they are more likely to eventually find breeding vacancies in their natal
neighborhood, and there is a relationship between dispersal distance and familiarity of habitat
with the probability of disperser survival. However, this is not a necessary component of this
hypothesis. We would predict that the dispersal costs for individuals dispersing within their first
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year to be the same, regardless of dispersal timing. Under this hypothesis, first-year dispersers
will rarely fill reproductive roles regardless of the timing of first-year dispersal.
In Part 1 of this paper we compare models representing our predictions for the effect of
competitive ability (relative condition) and intrabrood social rank on post-fledging survival and
natal dispersal strategy in males using a multistate mark-recapture analysis. Then, again using
only males, we examine the flexibility of individual dispersal strategies based on the intrabrood
social environment before spring dispersal. In Part 2, we use both male and female juveniles to
address our remaining predictions concerning the influence of sex and competitive ability
(relative mass) on dispersal strategy, the timing of natal dispersal within the first year, and the
reproductive roles of first-year dispersers.

MATERIALS AND METHODS

Biology of study species
Red-cockaded woodpeckers form cooperative family groups consisting of a breeding pair
and zero to four helpers (typically retained male offspring; Ligon 1970; Lennartz et al. 1987;
Walters et al. 1988; Walters 1990). Dominance hierarchies within groups of adults are formed
where males are dominant over females, and within sexes, older birds are dominant over younger
birds (Jackson 1994). Breeding pairs are socially and genetically monogamous (Haig et al.
1994). Family groups defend permanent territories surrounding a cluster of cavity trees used for
nesting (Walters 1990; Jackson 1994) and roosting (Jackson 1994). Cavity excavation is done
exclusively in mature living pine trees (primarily longleaf pine, Pinus palustris) and usually
takes several years to complete (Conner and Rudolph 1995; Harding and Walters 2002, 2004).
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Colonization of areas without existing cavity trees is rare (Walters 2004), suggesting that the
limited availability of cavity trees may be a key component driving population dynamics
(Walters 1991; Carrie et al. 1998; Harding and Walters 2002) as well as a possible ecological
constraint supporting the evolution of delayed dispersal (Emlen 1982; Walters et al. 1992a).
Clutches of 3-4 eggs are laid starting mid-April, incubation lasts only 10-13 days and nestlings
fledge after 26-29 days (Ligon 1970; Winkler et al. 1995). Once fledged, young continue to beg
and are fed by adults in the group for as long as five months post fledging (Ligon 1970), but
intense begging behavior stops by mid-late September when the young are presumed to forage
independently (E.L.H.R. personal observation).

Study populations

Our primary study area covers 110,000 hectares in the Sandhills region of south-central
North Carolina including the western portion of U.S. Army Fort Bragg (FB), U.S. Army
Training Facility Camp Mackall (MACK), and the North Carolina Sandhills Game Lands in
Hoffman (SGL) as well as a number of smaller publicly and privately owned sites (SOPI and
MINOR). The study population contains over 220 family groups included in a long-term
demographic study since 1980, and annually more than 95% of the individuals are banded with
unique color band combinations. The Sandhills Ecological Institute (SEI) currently collects basic
reproductive data, and dispersal and survival fates are known for most individuals through an
annual breeding season census. For a thorough description of the study area and monitoring
techniques see Walters et al. (1988).
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Several cohort samples from within the Sandhills population were selected for use in this
study. The first three cohort samples (CS1-CS3 from 2007-2009, respectively) consisted of a
subset of juveniles with known intrabrood social ranks from broods containing at least two males
in the FB, MACK and SGL study areas. These juveniles were specifically chosen and sampled as
part of a three year study on social dominance and natal dispersal (Hewett Ragheb and Walters
2011). The fourth (CS4) and fifth (CS5) cohort samples consisted of all juveniles from the FB
1984 and 1985 cohorts, respectively. The sixth (CS6) and seventh (CS7) cohort samples
consisted of all juveniles from the SOPI 1984 and 1985 cohorts, respectively. CS4 through CS7
were part of a population-wide winter census study, where all family groups were monitored in
December-January and the locations of juveniles recorded.
The second study area covers over 34,000 hectares of coastal plain habitat along the
southeastern coast of North Carolina on Marine Corps Base Camp Lejeune (CL). This population
of more than 70 family groups has been part of an annual monitoring program since 1986, and
annually more than 95% of the population is individually marked with unique color band
combinations. For a more detailed description of the study area and population see Zwicker and
Walters (1999). A single cohort sample was used from this population (CS8), and it consisted of
all fledglings from the 2007 cohort. In addition to the standard breeding season census, CS8 was
included in a population-wide winter (January) census where every known family group was
visited and the location of all individuals, including dispersed fledglings, recorded.

General methods
Red-cockaded woodpecker groups were monitored for nesting during the breeding season
on 7-10 day cycles starting the third week of April. Additional visits were scheduled such that all
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nestlings could be banded between ages 5-10 days. All nestlings were banded with both
aluminum USFWS bands and a unique combination of plastic colored leg bands. In addition to
standard mass measurements, the length of the right leg was measured (CS1-CS3 only, Hewett
Ragheb and Walters 2011). Nests were visited again when nestlings were age 20 days and the
sexes of all nestlings were identified based on the presence (male) or absence (female) of a red
crown patch (CS1- CS3 only). Fledging confirmation observations were conducted within the
first two weeks of fledging, and, for CS4-CS8, fledgling sex was also determined at this time.
Groups were visited a second time if the number of observed fledglings differed from the
number expected based on the previous nest check. See Walters et al. (1988) for further details.

PART 1: Intrabrood social environment (males only)

Social rank assignment

For CS1-CS3, groups containing more than one male fledgling were selected from the
population and 30-minute focal observations (Altmann 1974) were conducted on every fledgling
from those broods. All focal observations were conducted between 0600 and 1030 by a single
observer (E.L.H.R.) during periods without rain. All conflicts during the focal observation were
recorded, and the winner and loser of each conflict were assigned. Numeric ranks (where 1
represents the most dominant individual) were assigned to individuals based on the outcome of
conflicts with siblings using information gathered during all focal observations for siblings in
that group. More complicated indices of dominance were not required, since rank reversals were
exceptionally rare and sibling groups were never larger than four individuals, making rank
assignments simple (See Hewett Ragheb and Walters 2011 for full methodology).
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Live re-sighting

Encounter histories were created for every juvenile male with known intrabrood social
rank from CS1-CS3. Individuals entered the study (“initial capture”) at the date of intrabrood
social rank assignment. We returned to all of the original natal focal groups in July, December
and May and recorded the presence or absence of focal juveniles. We visited active territories
during routine monitoring work in June and July and recorded any focal juveniles located off
their natal territories. We may have missed focal birds during visits to their natal cluster because
they were foraying (Kesler et al. 2010). We made no effort to locate individuals off the natal
territory in December. In the spring, we located dispersed individuals during the population-wide
breeding season census (May-August). Dispersal off the study area is relatively infrequent and
estimated at 6% annually by Walters et al. (1988).
For every sampling occasion, focal birds were categorized into one of two states. Any
bird observed foraging and associating with its natal family group was considered a natal
resident. Birds found alone or associating with a group on a territory that was not their original
natal territory were considered dispersed. The success of such dispersal events from a
reproductive standpoint (i.e., whether or not dispersers bred the following year) was not
considered when making this classification. No individuals in the CS1-CS3 samples that were
observed off the natal territory were ever seen on their natal territory again; therefore we assume
that permanent dispersal events were not confused with temporary forays (Kesler et al. 2010).

Multistate mark-recapture model
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To estimate apparent survival (Φ) and recapture probability (p) for natal territory
residents and dispersers, we used a multistate mark-recapture analysis in Program MARK
(MARK; White and Burnham 1999; White et al. 2006), where recapture refers to live re-sighting
events occurring during sampling occasions. The multistate approach also allowed us to estimate
the probability that an individual will transition from natal resident (N) to disperser (D) (Ψ ND) or
from disperser to natal resident (ΨDN) states. This procedure assumes a first-order Markov chain
process where mortality is modeled as taking place before movement, all movement between
states occurs at the same point in the sampling interval and detection occurs instantaneously
within a sampling occasion (Brownie et al. 1993).
In order to generate a biologically relevant candidate model set based on a priori
knowledge of the system (Anderson 2008), we used a 4-stage model selection procedure in
which we first established the basic structure of the general model by incorporating three likely
covariates (cohort, fledging date and condition relative to the population) based on our
understanding of post-fledging natal survival (Stage 1) and dispersal probability (Stage 2). For
the remaining stages, we used the best supported model(s) generated after stages 1 and 2 to
construct models representing some of our predictions for natal survival (Stage 3) and dispersal
probability (Stage 4). Where there was ambiguity regarding selection of a single best model, all
models where ΔQAICc < 2 were retained for use in future stages (Anderson 2008).
For all models, the probability of recapture for the two states was considered equal and
constant across seasons (pN=D(.)), where p is the probability of recapture, N=D represents no
difference between natal resident and disperser states, and (.) represents constancy over seasons.
The exception was the December sampling occasion where the probability of recapture was fixed
to zero in the disperser state because no effort was made to locate dispersed individuals. Since
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we were interested in estimating survival separately for birds in the natal resident and disperser
states, we included a state effect on apparent survival. Apparent survival for natal residents was
modeled as variable across seasons (ΦN(t)), where t equals variation among sampling occasions,
and apparent survival for birds in the disperser state as constant across season (Φ D(.)). While
seasonal variation in disperser survival (Φ D(t)) may be likely, small sample sizes of dispersers
during some sampling occasions prevented reliable estimation of season-specific apparent
survival. The transition rate from natal resident to disperser for all models varied with season
(ΨND(t)). Since no birds in our study were ever observed to return to the natal territory once
dispersed, the probability of transition from disperser to natal resident was modeled as constant
and fixed to zero (ΨDN(0)). To summarize, the structure of the starting model was:
ΦN(t) ΦD(.)pN=D(.)ΨND(t) ΨDN(0).
To generate the model set for Stage 1, all possible additive combinations of three general
covariates were added to the natal survival term (Φ N(t)): „cohort‟ (2007, 2008, and 2009)
representing annual variation, „flg‟ representing fledging date within a season, and „conpop‟
representing condition relative to the population mean. We estimated date of fledging as date of
banding + (26 days-estimated age at banding) (Ligon 1970). Condition scores represent the focal
individual‟s residual from the linear regression of nestling mass against nestling leg length at
banding using the expanded sample of all nestlings banded from 2007 to 2009 (n=932). For focal
individuals missing leg length measurements (and „conpop‟ scores; N=21), we assigned the
mean value of condition relative to the population (-0.0186 g/mm). To generate the model set for
Stage 2, all possible additive combinations of the general covariates „cohort,‟ „flg,‟ and „conpop‟
were added to the dispersal probability term (ΨND(t)) in the best supported model(s) from Stage
1.

62

Stage 3 of model selection involved comparing models representing predictions about the
role of relative competitive ability or intrabrood social rank on natal survival by adding
covariates to the natal survival term in the best supported model(s) from Stage 2. Since we know
that condition relative to brood-mates at banding is correlated with dominance among male
brood-mates (Chapter II), the role of relative condition and social rank were assessed by
comparing separate models. To explore our prediction that individuals in high physical condition
relative to their brood-mates at banding will have higher apparent natal survival as fledglings, we
created models containing a continuous covariate for nestling condition relative to male broodmates („conbro‟) on the apparent natal survival term. Condition was calculated as mass divided
by leg length. Relative condition was calculated as the focal individual‟s difference from the
mean nestling condition of all male brood-mates. For focal individuals missing leg length
measurements (and „conbro‟ scores; N=21), we assigned the mean value of condition relative to
male brood-mates (0 g/mm). Then, to examine our prediction that males with high social rank
relative to their brothers will have higher natal survival, we created models containing a
categorical covariate for social rank („rank‟) on the apparent natal survival term. The rank
covariate was created by splitting all focal males into two groups (dominant or subordinate),
where dominant individuals were socially superior to all siblings (numeric rank 1) and
subordinates were subordinate to at least one sibling (numeric ranks 2-4). Models containing
„conbro‟ or „rank‟ in the natal survival term (Φ N) were compared using QAICc scores and only
the most supported model(s) from Stage 3 were retained for use in Stage 4.
For Stage 4, we used the best supported model(s) from Stage 3 to create models
representing predictions about the role of relative competitive ability on natal dispersal
probabilities. To determine whether dispersal probability varies with condition relative to brood-
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mates, we created models where „conbro‟ was added to the dispersal probability term. Then,
models representing the prediction that subordinate individuals will be more likely to disperse
than their dominant brothers were created by adding the covariate „rank‟ to the dispersal
probability term. Models containing „conbro‟ or „rank‟ in the probability of dispersal term (Ψ ND)
were then compared using QAIC c scores. Model likelihoods and model weights (wi) were
calculated to further interpret the relative support for various models in the set.
Models were compared within stages based Akaike‟s Information Criterion (AIC c)
corrected for small sample size (Anderson 2008). To account for possible overdispersion of the
data, we tested the goodness of fit of the starting model using the median ĉ test in MARK. In
cases when ĉ ≈ 1, overdispersion is absent and no correction is required; in cases when ĉ > 1, we
calculated the quasi AICc (QAICc) by manually adjusting the value of ĉ (Cooch and White
2010). Lower AICc or QAICc scores are assigned to models with stronger support relative to the
other models in the set (Anderson 2008).
The effect of general covariates, „cohort‟, „flg‟, „conpop,‟ and „conbro‟ on apparent natal
survival (Part 1) and natal dispersal (Part 2) probabilities were evaluated based on whether or not
they improved model fit (models with ΔQAICc < 2 are considered equivalent) as well as the
direction and strength of their beta coefficient estimates (slope and 95% confidence intervals
from the final highest ranking model). We calculated model-averaged estimates and
unconditional 95% confidence intervals for parameters Φ N, ΦD, p and ΨND (Buckland et al.
1997). Mean values for general covariates were used when generating model-averaged parameter
estimates. Parameter estimates were interpreted based on model-averaged point estimates and
unconditional 95% confidence intervals. Although a large number of models were created, only
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the best fitting models or those required for comparison of predictions are presented in the results
section (but see online Supplementary Data Table S1 for list of all models in candidate set).

Role of current social environment on dispersal strategy

In order to assess the role of sibling presence on dispersal behavior, we compared the
natal social environment for subordinate males that were recorded as either dispersed or delaying
dispersal in the population-wide breeding season census following their hatch year using a
likelihood ratio chi-square test (JMP, Version 8. SAS Institute Inc., Cary, NC). For this analysis,
detection rates were assumed to be 100% for both dispersers and natal residents. Natal social
environment was split into two possible categories; cases where subordinate males came from
natal territories where at least one socially superior brother remained on the natal territory in the
spring, and cases where all socially superior siblings were absent (either dead or dispersed) in the
spring. Birds surviving to the breeding season census were pooled across cohorts (2007-2009).

PART 2: Intrabrood social environment (both sexes)

Live re-sighting

To assess the role of sex on juvenile survival and the approximate timing of natal
dispersal, we compared the locations of juveniles during two population-wide census periods
which serve as snapshots of bird movement in the population. Male and female juveniles from
CS4-CS8 were first sampled during the routine fledging check for their family (see General
methods).The entire population was then censused in winter (December-January) and again
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during the subsequent breeding season census (BS1: Apr-August). For each sampling occasion
after fledging, individuals were recorded as belonging to one of three states: dead (missing from
population during sampling occasion and never observed alive at a later sampling occasion),
dispersed (discovered roosting or foraging with members of a non-natal group and never again
observed at the natal territory), or natal (observed roosting or foraging with natal family group).
Dispersal paths were assigned to individuals based on the timing of transition between
these states. „Fall dispersers‟ were missing from their natal territory during the winter census and
discovered on a non-natal territory at least once during either the winter or breeding season
censuses. „Spring dispersers‟ were seen on their natal territory during the winter census and
found on a non-natal territory during the breeding season census. „Natal residents‟ were still on
their natal territory during the breeding season census. We included only individuals with known
paths. Here, we did not use formal mark-recapture methods that account for detection probability
since there were only two sampling intervals and the sampling occasions post-fledging were
population-wide (resulting in a very high probability of detecting birds if they were alive). For
statistical analysis, we used SAS 9.2 software (SAS Institute Inc, Cary, NC, U.S.A.).

Estimates of survival and dispersal probability

Survival probability was estimated for three juvenile subgroups. In the first subgroup,
survival was estimated from the end of the fledge check period to the winter census (July-Dec)
and included all individuals known to have fledged from CS4-CS8. In the second subgroup,
survival was estimated from the end of the winter census to the breeding season census (JanMay) and included only juveniles known to be alive as dispersers. In the third subgroup, survival
was also estimated from Jan-May, but only included juveniles known to be alive on their natal
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territory during the winter census. To determine how survival probability differs between these
subgroups and sexes, we created nine binary logistic regression models (Proc GLIMMIX; SAS)
where the binary probability of survival was the dependent variable and sex, subgroup, cohort
sample (CS4-CS8), and a sex*subgroup interaction term were the independent covariates.
Natal dispersal probability was estimated for the July-Dec interval for all juveniles
known to have fledged from CS4-CS8 and the Jan-May interval for all juveniles known to be
alive on their natal territory during the winter census. To determine how natal dispersal
probability differs between sexes and among time interval-location subgroups, we created four
binary logistic regression models (Proc GLIMMIX; SAS) where the binary probability of
dispersal (natal vs. dispersed) was the dependent variable and sex, subgroup (July-Dec vs. JanMay), and a sex*subgroup interaction term were the independent covariates. Variation among
cohort samples could not be assessed for the probability of natal dispersal because models
containing the cohort covariate contained too many parameters and would not converge.
For both survival and dispersal, all possible additive combinations of independent
covariates were used to create the candidate model sets. We tested the goodness-of-fit of the
most parameterized model by calculating the deviance statistic ĉ (Pearson X 2/df) as a measure of
overdispersion. Model selection was based on relative AICc or QAICc model ranks as described
in the methods for the mark-recapture analysis (Part 1). Estimated probabilities were converted
from interval rates to monthly rates for presentation where:

monthly probability = interval probability1/# months in the interval
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Role of relative nestling mass on dispersal strategy
To determine if intrabrood nestling mass differences can be used as a predictor for
eventual dispersal strategy and how this may differ between the sexes, we compared the relative
sizes of nestlings at banding for juveniles surviving to the breeding season census according to
their adopted dispersal path. We created nine multinomial logistic regression models (Proc
GLIMMIX; SAS) where dispersal path (fall disperser, spring disperser or natal resident) was the
categorical dependent variable and sex, relative mass, cohort sample (CS4-CS8), and a sex*
relative mass interaction term were the independent covariates. Relative mass scores were
calculated as a nestling‟s residual from the mean mass of all siblings of either sex known to have
fledged. Relative mass has been used as a surrogate for intrabrood social rank in similar studies
on other species (Stanback 1994; Koenig et al. 2011), and in red-cockaded woodpeckers, there is
a relationship between relative condition at banding and fledgling intrabrood social rank among
male brood-mates (Chapter II). All possible additive combinations of these terms were used to
create the candidate model set and models were compared using the same information theoretic
approach as described in Part 2: Estimates of survival and dispersal probability.

Dispersal strategy and first-year reproductive role

We used CS4-CS8 again to assess how sex and dispersal path (fall disperser, spring
disperser and natal resident) influences first-year reproductive roles. We assigned birds surviving
to the breeding season census into four categories based on their reproductive role in the
population: (1) breeders, (2) solitary individuals, (3) helpers, or (4) floaters. Breeders were
individuals who were either the oldest or the only adult holding an active territory with a mate.
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We only considered social position when making this classification, not actual nesting effort or
success. Breeders obtain this social position through territory inheritance (if natal resident) or by
dispersing and replacing the previous breeder. Solitary individuals were birds holding an active
territory lacking other group members. Helpers were individuals residing on an active territory
held by a pair of breeders. The helper social position is obtained by remaining on the natal
territory, often with related individuals, or by dispersing and becoming an unrelated helper in
another group. Only within-group social position, not participation in helping behavior was
considered when making this classification. Floaters were dispersed individuals that were not
accepted as members by any existing family groups and held no territory. See Walters et al.
(1988) for expanded description of reproductive roles.

RESULTS

PART 1: Intrabrood social environment (males only)

Estimates of survival and dispersal probability

Two-hundred and fourteen juvenile males from 98 broods were assigned social ranks and
entered into the mark-recapture study (Table 2). The starting model (model 1; Table 3) fit the
data with minimal overdispersion (median ĉ value=1.25 ± 0.12 sampling SE). We evaluated 64
nested models (Stage 1: Models 1-8, Stage 2: Models 9-36, Stage 3: Models 37-50, Stage 4:
Models 51-64; online Supplemental Data, Table S1). The model-averaged parameter estimates
and unconditional 95% confidence intervals (CI) for the monthly probability of recapture
(constant across state and sampling interval) was 0.966 (CI: 0.914-0.987); the monthly
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probability of apparent survival for dispersers (constant across sampling interval) was 0.936 (CI:
0.786-0.983).
Natal survival was higher for birds that fledged earlier in the season than those fledging
late. This is indicated by Stage 1 and Stage 2 of model selection, where all models containing the
fledge date („flg‟) covariate in the natal survival term were a better fit than those without (Model
5 vs. 2, ΔQAICc=3.8125; Table 3), and there was a negative relationship between fledge date and
apparent natal survival (Model 51, slope = -3.2691 (CI: -5.7014,-0.8369)). Natal survival varied
by cohort and our estimates for natal survival were improved slightly by the addition of „cohort‟
to models in Stage 1 (Model 5 vs. 3, ΔQAICc=0.9729; Table 3). Natal survival was reduced in
2007 compared with 2009 (Model 51, slope = -0.6189 (CI: -1.1700, -0.0677)), but there was no
difference between 2008 and 2009 (Model 51, slope = -0.3634 (CI: -0.8840, 0.1575)). Natal
survival did not appear to vary with nestling condition relative to the population, as the addition
of the „conpop‟ covariate to the natal survival term did not improve the fit of models in Stage 1
(Model 8 vs. 5, ΔQAICc= -1.2178; Table 3). The probability of dispersal did not vary with
cohort, fledging date or condition relative to the population as none of three general covariates
improved model fit when added to the dispersal probability term in Stage 2 („flg‟: Model 5 vs.
10, ΔQAICc= -1.9510; „cohort‟: Model 5 vs. 9, ΔQAIC c= -1.9510; conpop‟: Model 5 vs. 11,
ΔQAICc= -1.6940; Table 3).
Stage 3 revealed evidence that first-year natal survival is better predicted by fledgling
social rank than condition relative to brood-mates. Adding condition relative to brothers
(„conbro‟) to the best fitting models from Stage 2 did not improve model fit (e.g. Model 5 vs. 44,
ΔQAICc= -1.719; Table 3), while adding social rank („rank‟) did (e.g. Model 5 vs. 37,
ΔQAICc=3.107; Table 3). Stage 4 revealed strong evidence that social rank better predicts the
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probability of dispersal than condition relative to brood-mates. Adding condition relative to
brothers („conbro‟) to the best fitting models from Stage 3 did not improve model fit (e.g. Model
37 vs. 58, ΔQAICc= -2.1182; Table 3), while adding social rank („rank‟) did (e.g. Model 37 vs.
51, ΔQAICc=6.740; Table 3).
Apparent monthly natal survival (ΦN) was lowest for both dominant and subordinate
juveniles during the June-July interval and increased during the Aug-Dec and Jan-May intervals
(Figure 2). Apparent survival remained constant between the Aug-Dec and Jan-May intervals.
For all intervals, subordinate males had lower estimated natal survival probability estimates than
their dominant brothers but with considerable overlap in unconditional 95% confidence intervals
(Figure 2).The probability of natal dispersal (Ψ ND) varied with sampling interval and was higher
during the January-May interval than the June-July or August-December intervals (Figure 3).
Across all intervals, subordinate males had higher dispersal estimates than their dominant
brothers, but this difference is most striking across the Jan-May interval when subordinate males
are 3.75 times more likely to disperse than their dominant brothers (Figure 3). Again, there was
considerable overlap in unconditional 95% confidence intervals likely due to the relatively small
number of dispersing individuals.

Role of current social environment on dispersal strategy

Of the 36 subordinate males that survived to their first spring, those that dispersed were
more likely to have a socially superior male brood-mate remaining on the natal territory during
the breeding season census than those that delayed dispersal (Likelihood ratio test: Χ21=10.5,
N=36, P=0.001). Ten of 14 (71%) dispersing subordinate males had socially superior male
brood-mates remaining on the natal territory, and the remaining four (29%) individuals dispersed
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even though their dominant brother was missing from the natal territory by the first breeding
season census. Eighteen of 22 (82%) subordinate males that delayed dispersal had socially
superior brothers that were dead, while only four (18%) cohabitated the natal territory with a
socially superior brother.

PART 2: Intrabrood social environment (both sexes)

Estimates of survival and dispersal probability

Of 242 male and 216 female fledglings from CS4-CS8, 228 male and 201 female
fledglings with known dispersal paths were included in analyses (Figure 1). Cohort samples
varied in the proportion of fledglings with known paths. Paths were known for 86% of males and
79% of females in CS4, 97% of males and 100% of females in CS6, 100% of males and females
in CS5 and CS7, and 96% of males and 98% of females in CS8.
The best supported model for post-fledging survival probability included both sex and
subgroup terms but not the interaction between sex and subgroup (AIC c weight=0.475; Table 4).
The second ranking model was close (ΔAICc=1.91) and contained only the subgroup term (AIC c
weight=0.183). Estimates generated from the best fitting model reveal slightly higher monthly
survival probabilities for males than for females in each subgroup but with considerable overlap
in 95% confidence intervals (Figure 4). Monthly survival estimates were nearly equivalent across
the three subgroups (Jun-Dec, all fledglings; Jan-May, overwinter dispersers; and Jan-May
overwinter natal residents). Overwinter dispersers in Jan-May had slightly lower monthly
survival rates compared with the other two subgroups, but with considerable overlap in 95%
confidence intervals.
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The best supported model for natal dispersal probability contained sex, subgroup and the
interaction between sex and subgroup. This model was strongly supported relative to the other
models (AICc weight=1.000; Table 5). According to estimates generated from the best fitting
model, females were more likely to disperse than males in both intervals (Figure 5). This
difference is most striking during Jan-May when the monthly dispersal probability for females
was 9.5 times higher than for males.

Role of relative nestling mass on dispersal strategy

One hundred twenty-one male and 96 female juveniles with relative nestling mass scores
survived to the breeding season census (Figure 1). The best-supported model for dispersal
probability indicated that dispersal path was influenced by nestling sex, relative mass and the
interaction between sex and relative mass (AICc weight=0.862; Table 6) The strength of these
slope coefficients varied according to pair wise comparisons of dispersal paths (Table 7). Males
with low relativemass and all females were more likely to disperse in the fall than remain home
(Table 7, Figure 6). Birds dispersing in the spring differed from natal residents by sex only,
where females were again more likely than males to disperse, but relative mass did not influence
dispersal path (Table 7, Figure 6). For dispersing individuals, the timing of dispersal (fall vs.
spring) was predicted by relative mass for males only, where low-mass males were more likely
to disperse in the fall than spring, but female dispersal timing was uncorrelated with relative
nestling mass (Table 7, Figure 6). For females, the most common dispersal path was spring
dispersal, followed by fall dispersal and then becoming a natal resident (Figure 6). For males,
becoming a natal resident was the most common dispersal path, followed by fall dispersal for
low-mass males and then spring dispersal (Figure 6).
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Dispersal path and first-year reproductive role

Of the 429 total fledglings from CS4-CS8, 118 males and 82 females survived to the
breeding season census. There was no statistical difference in the distribution of breeding roles
between fall and spring dispersing males (Likelihood ratio chi-square: X21=0.03, N=27,
P=0.8632). Of the males that dispersed in the fall and survived to the breeding season census
(n=13), 54% became breeders, 23% solitary, 15% helpers and 8% floaters. Of the similar number
of males that survived their first year and waited until the spring to disperse (n=14), 57% became
breeders, 14% solitary, 21% helpers and 7% floaters. The majority of surviving males remained
on the natal territory through the breeding season census (n=91), and, of these, 92% were natal
helpers, 7% inherited the natal territory as breeders and 1% remained on the natal territory as
solitary individuals (Figure 1a). Of the females that dispersed in the fall and survived to the
breeding season census (n=22), 73% became breeders, while the remaining 27% became floaters.
Over twice as many females waited until the spring to disperse (n=51), and, of these, 84%
became breeders, 2% helpers and 14% floaters. There is no statistical difference in the
distribution of status classes between fall and spring dispersers (Likelihood ratio chi-square:
X21=0.84, N=72, P=0.3593).Very few females chose to delay dispersal and remain on the natal
territory through the breeding season census (n=9), and 100% of these females became helpers at
their natal group (Figure 1b).

DISCUSSION
Our results provide partial support for the first and third hypothesis for the adaptive role
of delayed dispersal behavior. Overwintering on the natal territory is the preferred strategy for
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both male and female juvenile red-cockaded woodpeckers, and the probability of fall dispersal as
well as the decision to remain on the natal territory as a helper the following spring is strongly
influenced by intrabrood social rank between and within sexes following our predictions under
our first hypothesis. However, first year survival and the probability of filling a breeder vacancy
by the first breeding season does not vary between individuals dispersing in fall and spring,
suggesting that delayed dispersal behavior may also result from increased lifetime fitness
benefits generated by remaining on the natal territory beyond the first year, in addition to the
immediate benefits gained during the first year as suggested in our third hypothesis. Here we
discuss the predictions generated under our three hypotheses for the adaptive significance of
natal dispersal strategy.

Intrabrood social rank and natal survival
As predicted by our first and second hypotheses, intrabrood social rank between sexes
and within males is an important predictor of monthly natal survival. Natal survival for juvenile
males is slightly higher across all intervals than for females. This difference in survival has been
explained in other species as a consequence of sexual dimorphism favoring larger male nestlings
(Green and Cockburn 2001; Koenig et al. 2001a), where larger offspring should incur a survival
cost due to higher energy requirements associated with maintaining their size (Fisher 1958). This
exception may also be the case in red-cockaded woodpeckers since intrabrood dominance
hierarchies are male-biased, but additional descriptive work is required to determine the degree
of sexual dimorphism in the nestling stage and its consequences for post-fledging survival.
Within males, natal survival is slightly lower for subordinate males compared to their dominant
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brothers. This is similar to the findings for pairs of acorn woodpecker juveniles, where dominant
males had much higher overwinter survival than their subordinate brothers (Koenig et al. 2011).
Although nestling condition relative to brothers and fledgling social dominance are
positively correlated for juvenile male red-cockaded woodpeckers (Hewett Ragheb and Walters
2011), it is rank that appears to best explain these survival patterns. Intrabrood social rank
corresponds to access to food during the post-fledging dependent period where subordinate
females are fed less than dominant males, and subordinate males are fed at intermediate rates
(Hewett Ragheb and Walters 2011). If socially mediated access to food (both between and within
sexes) drives post-fledging survival, then it is not surprising that social rank is a better
explanatory variable than relative mass or condition since it is a more direct measure of
competitive ability in a family-specific context. This is an important addition to our current
understanding of the predictors of post-fledging survival since many previous studies examine
only mass or condition differences between young (Green and Cockburn 2001; Koenig et al.
2001a; Koenig et al. 2011). Stanback (1994) found that in acorn woodpeckers intrabrood social
rank has no effect on post-fledging survival, and both sexes are equally likely to be dominant.
However, a study using a larger dataset with relative nestling size as a surrogate for social
dominance revealed higher post-fledging survival rates for larger brood-mates (Stanback 1991).
An alternative explanation for reduced natal survival of females and subordinate males may be
their increased dispersal behavior, if the transient phase of dispersal turns out to have a
significant mortality cost (see Costs of dispersal below). A second alternative is that reduced
survival with inferior social rank may stem from the direct consequences of frequent physical
attacks, rather than decreased access to food. Although the rate of aggressive conflict among
brood-mates gradually decreases by 3-4 months post-fledging (E.L.H.R., personal observation),
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it is possible that even occasional aggressive interactions or the threat of attack is enough to
increase stress hormone levels or mortality rates for subordinates.

Natal dispersal
Our estimates for first year natal dispersal probability reveal large variation between and
within the sexes, where socially and competitively inferior individuals are more likely to disperse
within their first year than their superior brood-mates. This finding supports the predictions from
our first hypotheses where individuals with low intrabrood social placement shift from natal
philopatry to dispersal as a result of decreased access to direct benefits of the natal territory. It
also supports our third hypothesis where individuals compete to remain on the natal territory in
order to obtain the future lifetime fitness benefits associated with this strategy (Walters et al.
1992b).
Females are more likely to disperse than males during both the fall and spring intervals
corresponding to the strongly female-biased dispersal patterns found previously in this (Walters
1990) and most other bird species (reviewed in Greenwood 1980). The near-obligate first year
dispersal observed in female red-cockaded woodpeckers may be driven by intersexual
differences in the long term benefits of philopatry (Moore and Ali 1984; Daniels and Walters
2000a). Males that delay dispersal have increased lifetime fitness (Walters et al. 1992b) and an
opportunity to inherit the natal territory. On the other hand, it is not clear that delayed dispersal
leads to increased lifetime fitness in females. Females rarely delay dispersal long enough to
inherit, and even then, their ability to inherit is restricted by inbreeding avoidance. Since females
will only breed with an unrelated male, a young helper female would only be able to inherit her
natal territory upon the death or departure of the breeding female and all related males. While
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this may set up a situation where early dispersal is preferred by females (following our second
hypothesis) in order to compete for breeding vacancies, the majority of females overwinter on
the natal territory and then disperse in the spring. This implies that overwintering on the natal
territory is the preferred strategy for both sexes.
The timing of female natal dispersal does not show a strong relationship with relative
nestling mass. What causes the variation in dispersal strategies between fall and spring
dispersing females is not clear. Observations of female-only broods and broods containing
multiple females reveal social hierarchy formation and frequent physical aggression similar to
that seen with males (E.L.H.R. personal observation). It is possible that intrabrood social rank
drives dispersal in females, but unlike males, relative nestling mass does not serve as an adequate
proxy for rank.
Relatively few studies have looked specifically at the role of intrabrood female
aggression and its impact on natal dispersal. Cooperatively breeding pied babbler (Turdoides
bicolor) females are more aggressive than males, and within females, aggressive individuals
disperse early (Raihani et al. 2008), unlike the dispersal patterns observed in red-cockaded
woodpecker females. In Siberian jays (Perisoreus infaustus) and Western screech-owls (Otus
kennicottii), socially dominant siblings were more likely to remain on the natal territory
regardless of sex (Ellsworth and Belthoff 1999; Ekman et al. 2002). In acorn woodpeckers
(Melanerpes formicivorus), there is no sex bias in intrabrood social dominance, and both sexes
frequently become philopatric helpers (Stanback 1994). In red-cockaded woodpeckers there is a
strong sex bias in social dominance, and the effect of social rank on dispersal may apply first
between sexes then within sexes. If this is the case, we would predict that the rare instances when
females remain as helpers occur in female-only broods since this is the only situation where a
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female can be the highest ranking brood-member. Support for this prediction is observed in redcockaded woodpeckers from the Sandhills population where females raised in broods of one are
the most likely to delay natal dispersal (Chapter IV). This scenario was proposed for gray jays
(Perisoreus canadensis), but the proportion of philopatric females in the population does not
support this idea (Strickland 1991).
Within juvenile males, natal dispersal probability varies with intrabrood social rank,
where subordinate males were more likely to disperse over all intervals than their dominant
brother. Intrabrood social rank is a better predictor of dispersal strategy than relative condition,
confirming earlier assumptions regarding the social mechanism behind individual variation in
dispersal (Pasinelli and Walters 2002). Furthermore, subordinate males shift their dispersal
strategy contingent on the presence of their dominant brother, which provides additional support
to the idea that dispersal strategies are flexible rather than fixed based on physical traits as a
nestling (relative mass or hatch order etc.).

Costs of dispersal
Monthly survival for dispersed juvenile males (94%; ranks and sampling intervals
pooled) was equivalent to monthly natal survival for dominant males (94%) and slightly higher
than monthly natal survival for subordinate males (90-91%) after the initial month post-fledging.
Similarly, monthly survival for male and female dispersers was not reduced compared to natal
residents. This is contrary to our first hypothesis that suggests the direct benefits of philopatry
increase the probability of surviving the winter and provide a proximate mechanism for the
evolution of delayed dispersal behavior. This is also contrary to the assumption that natal
dispersal has a substantial mortality cost (Johnson and Gaines 1990; Walters et al. 1992b;
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Stamps 2001). Reduced survival during dispersal movement is seen in mammals as a result of
human activity (Devillard and Bray 2009) or predation (VanVuren and Armitage 1994).
Also,mortality associated with dispersal of breedingfemale red-cockaded woodpeckers was
more than double that of non-dispersing breeding females (Daniels and Walters 2000b).
The equivalent survival probabilities for natal residents and dispersers observed after
settlement on established territories suggests that any survival costs associated with natal
dispersal are borne during the transient phase, and not subsequent to movement. Equivalent
overwinter survival was also found between philopatric and settled dispersing yellow-bellied
marmots (Marmota flaventris; VanVuren and Armitage 1994) and red-bellied woodpeckers (Cox
and Kesler 2010). However, there is growing evidence that natal dispersal does not necessarily
have a substantial mortality cost even during the transient phase. Early foray activity by juvenile
red-bellied woodpeckers (Cox and Kesler 2010) and transient dispersal activity in juvenile ruffed
grouse (Bonasa umbellus; Small et al. 1993) did not result in increased mortality. In the former
case most juvenile mortality occurred on the natal territory in the first few weeks after fledging,
and thus was not linked to foray behavior or whether juveniles moved early or stayed longer on
the natal territory. The same may be true of red-cockaded woodpeckers, which also exhibit
juvenile forays before permanent natal dispersal (Kesler et al. 2010). Lower survival of
subordinates may be due to competition with brood-mates on the natal territory rather than their
greater predilection to disperse.
Alternatively, it may be that we underestimated dispersal mortality due to our inability to
find individuals during the transient stage prior to establishment at a new territory. Dispersing
juveniles that die before detection are included in natal mortality under the assumptions of
multistate mark-recapture models (Brownie et al. 1993) resulting in elevated estimates of natal
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mortality. Increased population-wide censuses or studies using radio telemetry during the first
few months post-fledging are needed to distinguish these possibilities. When scaled for
comparison, our multistate mark-recapture natal survival estimates for juvenile red-cockaded
woodpecker males are nearly identical to weekly post-fledging natal survival estimates from a
unique radio telemetry study on fledgling red-bellied woodpeckers (Melanerpes erythrocephalus
(Cox and Kesler 2010). This similarity with a radio telemetry study provides support for the
accuracy of our estimates of dispersal probability verses natal mortality.
Our natal survival estimates for juvenile male red-cockaded woodpeckers are lowest
during the first month post-fledging then increased and stabilized during the remainder of the
year, a temporal pattern commonly observed in studies of post-fledging survival (Green and
Cockburn 2001; Yackel Adams et al. 2006). We detected only a negligible increase in monthly
natal survival with age in Part 2, but this temporal pattern was diluted when spread across our
five month sampling interval (June-Dec) instead of 1 month (June-July; Part 1). The difference
between monthly and whole-season survival highlight the importance of evaluating both the
early and late fledging period when calculating post-fledging survival in woodpeckers. Sampling
only during the early weeks would result in underestimation of survival estimates and important
life history patterns may be missed when estimating across larger sampling intervals.
Low natal survival immediately after fledging may be a result of increased vulnerability
to predators (Cox and Kesler 2010). Fledgling red-cockaded woodpeckers are noticeably less
agile in flight and foraging locomotion than adults (E.L. H.R. personal observation). They also
frequently emit predatory alarm calls when near any fast flying bird (including non-predators
such as mourning doves (Zenaida macroura); E.L.H.R. personal observation), suggesting that,

81

while they exhibit heightened caution, their ability to accurately identify predators may be
limited during the first weeks after fledging (see also Rajala et al. 2003).

First-year reproductive roles
Remaining as a helper on the natal territory is the most common strategy for male first
year survivors. However, for males that do disperse and survive to the breeding season census,
dispersal timing (fall versus spring) does not appear to impact the probability of filling a
breeding role in the spring. For surviving females, remaining on the natal territory is a rarely
adopted strategy, and the majority of females disperse by their first spring. Of the surviving
dispersers, spring dispersal is more common and these females have a slightly, but
insignificantly higher probability of becoming breeders. This suggests that for females, dispersal
timing does not impact reproductive role in the spring. These findings do not support the
directional predictions generated by our first and second hypotheses. However, these findings are
also consistent with our third hypothesis. If the benefits of delayed dispersal come with increased
lifetime fitness as a result of remaining on the natal territory beyond the first breeding season, we
would not expect to see variation in the probability of filling a breeding vacancy regardless of the
timing of first-year dispersal. If this study was extended several years, we might expect to detect
a bias in reproductive roles favoring delayed dispersing individuals that would eventually lead to
the equal or slightly higher measures of lifetime fitness for delayed dispersers calculated by
Walters et al. (1992b).

Conclusion
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Intrabrood dominance influences access to natal food resources (Hewett Ragheb and
Walters 2011), first-year natal survival and the probability of delayed dispersal behavior (this
study). Together, these results provide supporting evidence for direct benefits of philopatry for
competitively superior individuals remaining on the natal territory during their first winter.
However, this study also reveals that the direct benefits of philopatry during the first year are not
sufficient to singularly explain the observed patterns of first-year survival and reproductive roles
during the first breeding season. It is unclear if natal dispersal carries the heavy survival cost
assumed previously, and the timing of first year dispersal does not influence the likelihood of
obtaining a breeder vacancy during the first breeding season. Nevertheless, remaining on the
natal territory at least through the first winter appears to be the preferred strategy for both males
and females. For males, dispersal in the spring may be driven largely by social pressure from a
dominant brood-mate, and competition among siblings may be over access to the lifetime fitness
benefits associated with residing on the natal territory beyond the first year rather than direct
benefits obtained during the first year.
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FIGURE CAPTIONS
Figure 1: Flow charts representing dispersal paths for male (a) and female (b) fledglings from
CS4-CS8. Numbers in parentheses represent sample sizes for each category and percentages
listed near arrows represent the percentage of birds from the category at the start of the arrow
that selected a particular path. Shaded columns represent time intervals where population-wide
censuses were conducted. Roles during the breeding season census (far right column) were
assigned based on social position, not on actual reproductive effort.

Figure 2: Apparent monthly natal survival (ΦN) for 98 dominant (white bars) and 116
subordinate (hashed bars) juvenile males from CS1-CS3 across three sampling intervals. Modelaveraged parameter estimates and unconditional 95% confidence intervals were calculated using
QAICc weights from 64 multistate mark-recapture models. For all models, recapture probability
was constrained as constant across time and state (pN=D(.)); no effort was made to located
dispersed individuals during the December sampling occasion and the probability of recapture
was fixed at zero for that occasion. The probability of surviving in the dispersing state was
constant over time (ΦD(.)), and the probability of transition from disperser to natal resident states
was fixed at zero (ΨDN(0)). Covariates added to the natal survival (ΦN) and dispersal probability
terms (ΨND) during the 4-part model selection procedure include: seasonal variation (t), annual
variation (cohort), fledging date (flg), nestling condition relative to the population (conpop),
intrabrood social rank (rank) and condition relative to brood-mates (conbro). Dominant males
were socially dominant to all brood-mates and socially subordinate males were subordinate to at
least one brood-mate.
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Figure 3: Monthly dispersal probability (ΨND) with for 98 dominant (white bars) and 116
subordinate (hashed bars) juvenile males from CS1-CS3 across three sampling intervals. Modelaveraged parameter estimates and unconditional 95% confidence intervals were calculated using
QAICc weights from 64 multistate mark-recapture models. For all models, recapture probability
was constrained as constant across time and state (pN=D(.)); no effort was made to located
dispersed individuals during the December sampling occasion and the probability of recapture
was fixed at zero for that occasion. The probability of surviving in the dispersing state was
constant over time (ΦD(.)), and the probability of transition from disperser to natal resident states
was fixed at zero (ΨDN(0)). Covariates added to the natal survival (ΦN) and dispersal probability
terms (ΨND) during the 4-part model selection procedure include: seasonal variation (t), annual
variation (cohort), fledging date (flg), nestling condition relative to the population (conpop),
intrabrood social rank (rank) and condition relative to brood-mates (conbro). Dominant males
were socially dominant to all brood-mates and socially subordinate males were subordinate to at
least one brood-mate.

Figure 4: Monthly juvenile survival for juvenile males (white bars) and females (hashed bars)
from CS4-CS8 across three time-location subgroups. Estimates and 95% confidence intervals
generated from the highest-ranking binary logistic regression model for monthly juvenile
survival (shown in bold in Table 4) using AICc model selection on nine candidate models. The
dependent variables included in model selection were sex, subgroup (July-Dec, Jan-May
overwinter dispersers, Jan-May overwinter natal residents), cohort (CS4-CS8) and a
sex*subgroup interaction term. The Jul-Dec subgroup includes all fledglings with known
dispersal paths (228 male, 201 female). The first Jan-May subgroup includes all juveniles that
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were alive and dispersed during the winter census (17 male, 36 female) and the second includes
all juveniles that were alive on their natal territory during the winter census (134 male, 87
female).

Figure 5: Monthly dispersal probability for juvenile males (white bars) and females (hashed
bars) from CS4-CS8 across two time-location subgroups. Estimates and 95% confidence
intervals generated from the highest-ranking binary logistic regression model for monthly
juvenile survival (shown in bold in Table 5) using AICc model selection on four candidate
models. The dependent variables included in model selection were sex, subgroup (July-Dec, JanMay), and a sex*subgroup interaction term. The Jul-Dec subgroup includes all individuals
known to have fledged (228 male, 201 female), and the Jan-May subgroup includes all juveniles
that were alive on their natal territory during the winter census (134 male, 87 female).

Figure 6: The predicted probability that a juvenile will become a fall disperser (dotted line),
spring disperser (dashed line) or natal resident (solid line) as a function of relative nestling mass
at banding (g). Sample includes 96 female (a) or 122 male (b) juveniles from CS4-CS8 known to
have fledged and survived to the breeding season census. Predicted probability curves were
calculated from the beta estimates of the highest-ranking multinomial logistic regression model
(shown in bold in Table 6) using AICc model selection on nine candidate models. The dependent
variables included in model selection were sex, cohort sample (CS; CS4-CS8), and nestling mass
relative to the brood mean (mass).
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Figure 3. 1 Fledgling dispersal paths.
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Figure 3. 2 Apparent monthly survival for juvenile males.
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Figure 3. 3 Monthly dispersal probability for juvenile males.
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Figure 3. 4 Monthly survival for juvenile males and females.
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Figure 3. 5 Monthly dispersal probability for juvenile males and females.
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Figure 3. 6 Predicted probability of dispersal path by mass.
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Table 3. 1: Predictions of hypotheses for adaptive significance of delayed dispersal behavior
Predictions

Hypothesis 1
“Intrinsic benefits”

Hypothesis 2
“Best-of-a-bad-job”

Hypothesis 3
“Lifetime reproductive success”

First-year natal
survival

Dominants have higher natal
survival than subordinates

Dominants have higher natal
survival than subordinates

No specific predictions

First-year dispersal
survival

Survival higher for natal residents
than dispersers

Survival equal for natal residents
and dispersers

Survival equal or higher for natal
residents than dispersers

First-year dispersal
probability

Subordinates more likely to
disperse than dominants.

Dominants more likely to disperse
than subordinates

Subordinates more likely to
disperse than dominants

First-year dispersal
timing

Subordinates disperse earlier (fall)
and dominants later (spring)

Dominants disperse earlier (fall)
and subordinates later (spring)

No specific predictions

Yearling breeder
probability

Higher for late (spring) dispersers
than early (fall) dispersers

Higher for early (fall) dispersers
than late (spring) dispersers

Low for both early (fall) and late
(spring) dispersers
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Table 3. 2 Number of juvenile male natal and disperser resightings for the North Carolina Sandhills population (2007-2009).
Dominant

Month
June
July
December
May
a

New rank
assignmenta
74
24
0
0

Natal
resights
74
87
60
40

Disperser
resightsb
0
0
4

Subordinate
Dominant
totalc
74
87
60
44

New rank
assignmenta
91
25
0
0

Natal
resights
91
82
49
22

Disperser
resightsb
0
5
13

Sub.
totalc
92
87
49
35

Total
focal
birdsc
165
174
109
79

Number of fledgling males assigned with intrabrood social rank in month i and entered into study as focal bird.

b

Number of focal birds observed on non-natal territories. Excludes juveniles observed on neighboring territories during territorial

conflicts. No attempt was made to locate dispersed individuals in December.
c

Number of focal birds known to exist in population during month i.
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Table 3. 3 Selected multistate mark-recapture models for natal survival and dispersal for juvenile males with known intrabrood social
rank from CS1-CS3.

Final Rank
1
2
3
4
5
6
7
8

Model
51
53
52
54
55
57
56
37

Apparent Natal Survival (ΦN)
Rank+cohort+flg+t
Rank+cohort+flg+conpop+t
Rank+flg+t
Rank+flg+conpop+t
Rank+cohort+flg+t
Rank+cohort+flg+t
Rank+cohort+flg+t
Rank+cohort+flg+t

Dispersal (ΨND)
Rank+t
Rank+t
Rank+t
Rank+t
Rank+conpop+t
Rank+flg+t
Rank+cohort+t
t

QAICc
579.237
580.021
580.073
580.234
581.047
581.328
581.510
585.977

ΔQAICc
0.000
0.784
0.837
0.998
1.810
2.091
2.273
6.741

QAICc weight
0.233
0.158
0.154
0.142
0.094
0.082
0.075
0.008

Model likelihood
1.000
0.676
0.658
0.607
0.405
0.352
0.321
0.034

K
13
14
11
12
14
14
15
12

QDeviance
552.398
551.051
557.468
555.517
552.077
552.358
550.399
561.260

13
19
23
24
26
27
28
29
40
48

58
5
3
8
11
44
9
10
1
2

Rank+cohort+flg+t
Cohort+flg+t
Flg+t
Cohort+flg+conpop+t
Cohort+flg+t
Conbro+cohort+flg+t
Cohort+flg+t
Cohort+flg+t
t
Cohort+t

Conbro+t
t
t
t
Conpop+t
t
Cohort+t
Flg+t
t
t

587.896
589.084
590.057
590.302
590.778
590.803
591.021
591.035
592.343
592.897

8.659
9.848
10.821
11.066
11.542
11.566
11.784
11.799
13.107
13.660

0.003
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.000
0.000

0.013
0.007
0.005
0.004
0.003
0.003
0.003
0.003
0.001
0.001

13
11
9
12
12
12
13
12
8
10

561.057
566.479
571.646
565.585
566.061
566.086
564.182
566.318
576.015
572.393

Models shown represent the 8 top-ranking models (95% of QAICc weight for all models), and 10 additional models useful for
comparison (shown below empty row in table). For all models, recapture probability was constrained as constant across time and state
(pN=D(.)) probability of surviving in the dispersing state was constant over time (Φ D(.)), and probability of transition from disperser to
natal resident states was fixed at zero (ΨDN(0)). Covariates added to the natal survival (Φ N) and dispersal probability terms (ΨND)
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during the 4-part model selection procedure include: seasonal variation (t), annual variation (cohort), fledging date (flg), nestling
condition relative to the population (conpop), intrabrood social rank (rank) and condition relative to brood-mates (conbro). A medianĉ goodness-of-fit test on the starting model (1) revealed minor overdispersion. AIC scores were manually adjusted for overdispersion
(QAIC; ĉ=1.245) and corrected for small sample size (QAIC c). Models are shown with the QAICc score, change in QAICc score
(ΔQAICc), ΔQAICc weight, model likelihood, the number of estimable parameters (K) and model deviance (QDeviance).
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Table 3. 4 Binary logistic regression models for the probability of first-year survival

1
2
3
4
5
6
7
8
9

Model
SEX+SUBGROUP
SUBGROUP
SEX+ SUBGROUP+SEX* SUBGROUP
SEX
SEX+CS+ SUBGROUP
CS+ SUBGROUP
SEX+CS
SEX+CS+ SUBGROUP +SEX* SUBGROUP
CS

AICc
ΔAICc
883.51
0
885.42 1.91
886.64 3.13
886.67 3.16
887.11 3.60
889.08 5.57
890.16 6.65
890.20 6.69
892.92 9.41

ΔAICc
Model
weight likelihood K -2log(L)
0.475
1.000
4 875.45
0.183
0.385 3 879.38
0.099
0.209 6 874.52
0.098
0.206 2 882.65
0.078
0.165 8 870.91
0.029
0.062 7 874.92
0.017
0.036 6 878.04
0.017
0.035 10 869.88
0.004
0.009 5 882.83

Sample includes juveniles known to have fledged from CS4-CS8 (male=228, female=201). The most parameterized model (model 8)
was a good fit to the data (Pearson Χ2/df =1.01). AIC scores were corrected for small sample size (AICc). For all models, the binary
dependent variable is juvenile state (alive, dead). The fixed covariates are „sex,‟ cohort sample („CS‟; CS4-CS8) and time-location
subgroup („subgroup‟; July-Dec (all fledglings), Jan-May (juveniles known to overwinter as dispersers), Jan-May (juveniles known to
overwinter as natal residents). Only birds alive during the July-Dec sampling interval were included in the Jan-May subgroups.
Models are shown with AICc score, change in AICc score (ΔAICc), ΔAICc weight, model likelihood, the number of estimable
parameters (K) and model deviance (-2log(L)).
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Table 3. 5 Binary logistic regression models for the probability of natal dispersal.

1
2
3
4

Model
SEX+SUBGROUP+SEX* SUBGROUP
SEX+ SUBGROUP
SEX
SUBGROUP

AICc Δ AICc
396.17
0
414.03 17.86
446.26 50.09
494.44 98.27

Δ AICc
Model
weight likelihood K -2log(L)
1.000
1.000 4 338.17
0.000
0.000 3 407.98
0.000
0.000 2 442.23
0.000
0.000 2 490.41

Sample includes juveniles known to have fledged from CS4-CS8 (male=228, female=201). The most parameterized model (1) was a
good fit to the data (Pearson Χ2/df =1.01). AIC scores were corrected for small sample size (AICc). Column statistics are the same as
described in Table 4. The binary dependent variable is juvenile state (dispersed, natal resident). The fixed covariates are „sex‟ and
time-location subgroup („subgroup‟; July-Dec (all fledglings surviving to the winter census), Jan-May (all juveniles surviving to the
breeding season census)). All mortality was assumed to take place on the natal territory before the census period.
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Table 3. 6 Multinomial logistic regression models for the probability that a juvenile will belong to the fall disperser, spring disperser
or natal resident „dispersal path states.‟

1
2
3
4
5
6
7
8
9

Model
MASS+SEX+SEX*MASS
MASS+SEX
MASS+SEX+CS+SEX*MASS
MASS+SEX+CS
SEX
SEX+CS
MASS
MASS+CS
CS

Δ AICc
Model
AICc Δ AICc weight likelihood K -2log(L)
348.42
0 0.862
1.000 8 332.42
353.27
4.85 0.076
0.088 6 340.87
353.93
5.51 0.055
0.064 16 319.21
358.19
9.77 0.007
0.008 14 328.11
366.33 17.91 0.000
0.000 4 358.14
369.25 20.83 0.000
0.000 12 343.72
447.38 98.96 0.000
0.000 4 439.19
448.85 100.43 0.000
0.000 12 423.32
466.81 118.39 0.000
0.000 10 445.74

Sample includes juveniles known to have fledged from CS4-CS8 and survived to the breeding season census (male=121, female=96).
The most parameterized model (3) was a good fit to the data (Pearson Χ 2/df =0.96). AIC scores were corrected for small sample size
(AICc). Column statistics are the same as described in Table 4. The dependent variable is dispersal path state („fall dispersal,‟ „spring
dispersal‟ or „natal resident‟). The covariates are „sex,‟ cohort sample („CS‟; CS4-CS8), and nestling mass relative to the brood mean
(mass).
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Table 3. 7 Coefficient estimates from the highest ranking multinomial logistic regression model of dispersal path state (shown in bold
in Table 6)
Variable
Mass
Sex
Sex*Mass
Intercept

Fall dispersal vs. natal resident Spring dispersal vs. natal resident Fall vs. spring dispersal
β
-0.7121
3.4102
0.3682
-1.9067

LCI
-1.07
2.35
-0.19
-2.57

UCI
-0.36
4.46
0.92
-1.24

β
-0.0429
3.6784
-0.303
-1.8272

LCU
-0.35
2.68
-0.82
-2.44

UCI
0.26
4.68
0.22
-1.22

β
-0.669
-0.268
0.6712
-0.079

LCU
-1.1
-1.21
0.19
-0.92

UCI
-0.23
0.68
1.15
0.76

Sample includes juveniles known to have fledged from CS4-CS8 and survived to the breeding season census (male=121, female=96).
See Table 6 footnote for description of dependent and independent variables. Columns represent the pair-wise probabilities that a
juvenile will belong to the fall dispersal vs. natal resident, spring dispersal vs. natal resident or fall dispersal vs. spring dispersal states.
The estimated coefficients (β) are given with lower and upper 95% confidence intervals (alpha level=0.05). Coefficients for variables
with 95% confidence intervals that do not include zero are in bold. Sex is modeled with male as the dummy variable.
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CHAPTER IV. NESTLING COMPETITVE ENVIRONMENT INFLUENCES DEGREE
OF SEXUAL SIZE DIMORPHISM AND FEMALE HELPING BEHAVIOR IN REDCOCKADED WOODPECKERS

Erin L. Hewett Ragheb and Jeffrey R. Walters

ABSTRACT
The social milieu experienced by developing nestlings has the potential to influence their
growth and life history strategy, particularly if competitive ability differs between the sexes.
Here, we used 16 years of red-cockaded woodpecker demographic data from two populations to
examine the degree of sexual size-dimorphism in nestlings and the effect of natal brood sexratios on several life history traits. Models for nestling mass and leg length revealed only a very
slight size bias towards males. However, females were only lighter than males when raised in
mixed sex broods, suggesting that the subtle sexual dimorphism observed in nestling leg length
may give males a competitive advantage over their sisters. The natal competitive environment
had no effect on survival or recruitment success. Nestlings of either sex were equally likely to
fledge from single- or mixed-sex broods. In addition, natal brood sex-ratio did not influence the
probability of first-year survival or the probability of recruitment for either sex, or the quality of
the recruitment territory for females. The probability of female helping behavior varied with
natal sex-ratio, but for only one, not both populations. In the Sandhills, females from singleton
broods were the most likely to become natal helpers, but females from the Camp Lejeune
population were equally likely to delay dispersal regardless of natal competitive environment.
Differences in the availability of breeding vacancies may explain the observed patterns of
dispersal behavior. Sandhills females with greater access to breeding positions favor dispersal
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except in natal situations with no brood-mate competitors while Camp Lejeune females with less
access to breeding positions are more likely to delay dispersal regardless of their natal social
environment. Key words: benefits of philopatry, cooperative breeding, sex-ratio, delayed
dispersal, intrafamilial conflict, life history strategy, nestling competition, Picoides borealis,
sibling rivalry

INTRODUCTION
The competitive environment experienced early in development may maintain individual
variation among brood-mates and influence individual life history strategy. In birds, the natal
competitive environment may vary across broods due to the degree of hatching asynchrony
(Bryant and Tatner 1990), brood size (Nilsson and Svensson 1996), or the availability of shared
resources (Cook et al. 2000; Brzek and Konarzewski 2001). Within broods, sex-specific sibling
interactions may result in variable growth or survival of individual offspring (see review in Uller
2006). The sexual composition of the brood can alter levels of aggression and sex-specific
mortality (Bortolotti 1986; Mock and Parker 1997; Nathan et al. 2001; Lee et al. 2010) as well as
parental provisioning behavior (Michler et al. 2010).
Asymmetries in competitive ability among brood-mates may be caused by a number of
sex-specific factors including laying order (Bortolotti 1986), the speed of embryonic
development (Blanco et al. 2003; Cook and Monaghan 2004), hormones associated with
aggression or begging (Sasvari et al. 1999; Goodship and Buchanan 2006), or immune response
to parasites (Potti and Merino 1996). One more obvious difference between the sexes
confounding competitive ability is the degree of sexual size dimorphism (SSD). For many
species, genetically driven SSD after hatching leads quickly to competitive asymmetry
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(Bortolotti 1986). Traditionally, species with strong SSD were the focus for research on SSD and
biased sex-ratios (Fisher 1930). Because nestlings of the larger sex are more expensive
energetically to rear, and require greater parental investment, they can be more vulnerable to
poor rearing conditions than their smaller, less expensive brood-mates (see review in CluttonBrock 1985), although this was not always found to be the case (see review in Jones et al. 2009).
More recently, experiments manipulating rearing conditions for species with small to moderate
SSD revealed competitive asymmetries favoring the slightly larger sex (Oddie 2000; Rowland et
al. 2007). For song sparrows (Melospiza melodia), the increased competitive environment
created through brood parasitism by brown-headed cowbirds (Molothrus ater) results in
differential mortality of females raised in mixed-sex broods (Zanette et al. 2005). In
cooperatively breeding acorn woodpeckers, the sex-ratio of juveniles at independence is male
biased as a result of differential growth and resulting competitive superiority of larger male
nestlings over females (Koenig et al. 2001b). In these cases, the slightly larger sex has a
competitive advantage during scramble competition, enough to cause the smaller sex to suffer,
yet without the burden of costly energetic demands as observed in species with large SSD. In
sexually monomorphic species, no general rules have been generated thus far to predict which
sex, if either will be competitively superior or more sensitive to poor rearing conditions (Rosivall
et al. 2010). In monomorphic collared flycatchers (Ficedula albicollis), male nestlings suffered
more than their sisters in poor rearing conditions (Rosivall et al. 2010), while in zebra finches
(Taeniopygia guttata) females were more likely to die in experimentally enlarged broods than
males (Kogel 1997).
Regardless of the proximate causes of sex-specific competitive asymmetries, the
competitive environment created by natal sex-ratio may have important long-term demographic
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consequences. If nestlings of the less competitive sex are raised in a high-competition
environment, they are likely to be lower quality and suffer from sub-lethal fitness effects after
fledging (Oddie 2000). Relative nestling mass, or mass at fledging often correlates positively to
adult size (Koenig et al. 2011), post-fledging survival (Tinbergen and Boerlijst 1990; Koenig et
al. 2011), recruitment probability (Verboven and Visser 1998; Cleasby et al. 2010), status within
fledgling dominance hierarchies (Stanback 1994; Hewett Ragheb and Walters 2011), and natal
dispersal strategy (Pasinelli and Walters 2002). In some studies, however, the brood sexual
composition had no influence on fledging timing (Radersma et al. 2011) or nestling mortality
(Rowland et al. 2007). In cooperative breeding species where some, but not all offspring delay
natal dispersal, the natal competitive environment may be critical in determining which offspring
stay and which disperse (Hewett Ragheb and Walters 20XX; See Chapter 3)). Studies are needed
that can link competitive asymmetries during development to long-term fitness by tracking
individuals raised under various rearing conditions (Uller 2006).
Here, we use 16 years of demographic data for red-cockaded woodpeckers (Picoides
borealis) from two study populations to examine the effect of natal competitive environment on
long-term life history traits. Adult red-cockaded woodpeckers exhibit moderate SSD (PizzoniArdemani 1990; Jackson 1994), yet there have been no studies describing SSD in nestlings, and
it is unknown if SSD drives pre-fledging competitive interactions or vice versa. Red-cockaded
woodpecker fledglings form male-biased linear dominance hierarchies and higher social rank
results in increased access to perches near foraging adults and higher provisioning rates (Hewett
Ragheb and Walters 2011). Within males, condition at banding relative to brood-mates is a
strong predictor of fledgling intrabrood dominance rank and subordinates are more likely to
disperse within their first year than dominants (Hewett Ragheb and Walters 2011). Delayed
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dispersal behavior in juvenile females is a relatively rare life history strategy (only 1% of all
female fledglings; (Walters et al. 1988)), and juvenile females are more likely to successfully
disperse by their first breeding season than males (31% versus 13% for juvenile males; Walters
et al. 1988). This sex-bias in dispersal strategy has been attributed to a number of factors such as
inbreeding avoidance (Pusey 1987; Daniels and Walters 2000a) or sex-biases in competition over
breeding vacancies (Walters et al. 1992b). The relative benefits of philopatry (Stacey and Ligon
1991) may vary among the sexes as subordinate female fledglings have reduced access to natal
resources (Hewett Ragheb and Walters 2011) and territory inheritance opportunities (Walters et
al. 1992b).Together, these findings suggest that for red-cockaded woodpeckers, sex-specific
competitive asymmetries among nestlings have the potential to strongly influence long-term
fitness traits. Our large cohort sample (16 years) and ability to track individuals within the
population throughout their lifetime provide us with a rare opportunity to detect even subtle
long-term effects of early rearing conditions.

Aims and predictions

In Part 1, our aim is to explore the degree of SSD in nestling red-cockaded woodpeckers
and its relationship with early competitive environment. As a preliminary inquiry, we compare
models of male and female nestling growth from ages 4-11 days to determine if the sexes exhibit
different patterns of nestling growth as measured by mass and leg length. Then, to assess
interactions between sex, size and competitive environment, we compare mass and leg length of
male and female nestlings from same- and mixed-sex broods, using increasing brood size as a
surrogate for increasing competitive pressure. We first hypothesize that SSD is inherent for
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nestlings and the larger sex is more vulnerable to poor rearing conditions since there are
inadequate resources available to support their larger size. Here, we predict that SSD will be
evident in both single- and mixed-sex broods but the degree of SSD will decrease with
increasing brood size.
Second, we hypothesize that SSD is inherent for nestlings and the larger sex will be less
vulnerable to poor rearing conditions because increased physical size provides an important
competitive advantage during scramble competition over resources in the nest. Here, we again
predict SSD to be present in both small single- and mixed-sex broods, but the degree of SSD will
increase with increasing brood size in mixed sex broods as the smaller sex is out-competed by
their siblings of the large sex. We do not expect the degree of SSD to change with increasing
brood size for single-sex broods.
Alternatively, our third hypothesis is that there is no inherent nestling SSD, rather any
observed SSD is a product of the sex-specific competitive environment. One sex is still more
vulnerable to poor rearing conditions but for reasons not related to initial physical size. Here, we
predict that no SSD will exist between males and females raised in small broods, but as brood
size increases the more vulnerable sex will be smaller in both single- and mixed sex broods. The
degree of SSD may be stronger in mixed-sex broods than single sex broods if the less vulnerable
sex takes competitive advantage of their opposite-sex sibling‟s weakness. Lastly, we hypothesize
that there is no inherent SSD in nestlings and no sex-bias in vulnerability to poor rearing
conditions. Here, we predict there to be no SSD regardless of brood size or competitive
environment, although nestling size may decrease with increasing brood size.
In Part 2, we explore our hypothesis that the nestling competitive environment has longterm consequences and influences life history traits affecting fitness. To begin, we first
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determine which brood sex-ratios are most common over the 16 years in our study and assess if
this distribution differs from expected under random ZW chromosomal sex determination. Then,
under the above hypotheses, we first predict that if a competitively inferior sex exists, it would
be more likely to fledge from single-sex than mixed-sex broods. Second, we predict that
individuals raised in broods with different sex-ratios and sizes will vary in post-fledging survival,
recruitment probability and the quality of the recruitment territory (females only), where
individuals of the least competitive sex would have the highest measures of fitness when raised
in broods where the competitive environment is the least harsh (smaller broods and fewer
number of competitively superior brood-mates).
Lastly, in Part 3, we hypothesize that delayed dispersal is the preferred strategy for
juvenile females similar to that shown previously for males (Walters et al. 1992b), but
competition on the natal territory with socially dominant brood-mates prohibits philopatry in
most cases. Here we predict that only solitary females or dominant females from female-only
broods would have the opportunity to remain home as a helper, and therefore the probability of
delayed dispersal will be higher for females from these brood sex-ratio types. Alternatively, if
first-year natal dispersal is the preferred strategy for juvenile females for reasons such as
inbreeding avoidance, or sex-biases in competition for breeding vacancies or probability of
territory inheritance, then we predict that all juvenile females would be equally likely to disperse
regardless of their natal sex-ratio type.

METHODS
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Study population and species biology

Our primary study area covers 110,000 hectares in the Sandhills region of south-central
North Carolina including the western portion of U.S. Army Fort Bragg, U.S. Army Training
Facility Camp Mackall, and the North Carolina Sandhills Game Lands in Hoffman, North
Carolina as well as a number of smaller publicly and privately owned sites. The study population
contains over 220 family groups included in a long-term demographic study since 1980.The
second study area covers over 34,000 hectares of coastal plain habitat along the southeastern
coast of North Carolina on Marine Corps Base Camp Lejeune. This study population of over 70
family groups has been part of an annual monitoring program since 1986. Consistently for both
study populations, over 95% of the population is banded with unique color band combinations.
Field staff band all new nestlings and collect basic reproductive data each year. Dispersal and
survival fates are known for most individuals through an annual population-wide breeding
season census. For a thorough description of the study areas and monitoring techniques see
Walters et al. (1988), and Zwicker and Walters (1999).
Red-cockaded woodpeckers form cooperative family groups consisting of a genetically
monogamous breeding pair (Haig et al. 1994) and 0-4 helpers (typically retained male offspring;
(Ligon 1970; Lennartz et al. 1987; Walters et al. 1988; Walters 1990). Helpers assist with
incubation, brooding and fledgling provisioning (Jackson 1994). Adults form male-biased
dominance hierarchies and within sexes, older birds are dominant over younger birds (Jackson
1994). Family groups defend permanent territories surrounding a cluster of cavity trees used for
nesting and roosting (Walters 1990; Jackson 1994). Cavity excavation is done exclusively in
mature living pine trees (primarily longleaf pine, Pinus palustris) and typically takes several
years to complete (Harding and Walters 2004). Colonization of areas without existing cavity
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trees is rare (Walters 2004), suggesting that the limited availability of cavity trees may be a key
component driving population dynamics (Walters 1991; Carrie et al. 1998; Harding and Walters
2002), as well as a possible ecological constraint supporting the evolution of delayed dispersal in
this species (Emlen 1982; Walters et al. 1992a).
Eggs are laid from late April to early June (Ligon 1970). The incubation period is only
10-13 days and begins with the laying of the second or the penultimate egg, resulting in
moderate hatching asynchrony (Ligon 1970; Jackson 1994). Brood reduction occurs frequently,
with most nestling loss occurring before day six (LaBranche and Walters 1994). Nestlings fledge
after 26-29 days (Ligon 1970; Winkler et al. 1995), but continue to beg and be fed by adults for
approximately three months post-fledging (E.L.H.R., personal observation). Non-dispersing
individuals remain with their families even after reaching nutritional independence. Typically
only one male per brood remains at the natal territory as a non-breeding helper while other male
and almost all female fledglings disperse, becoming breeders or unrelated helpers on non-natal
territories or floaters (Walters et al. 1988; Hewett Ragheb and Walters 20XX: See Chapter 3).
Juveniles dispersing in their first year vary in their timing of dispersal. Juveniles as young as 1
month post-fledging have been located as dispersers during routine monitoring (J.R.W., personal
observation), while other juveniles are known to overwinter on the natal territory and disperse in
early spring before the start of their first breeding season (Kesler et al. 2010).
Adult red-cockaded woodpeckers exhibit small to moderate SSD in some linear measures
and mass, where males are typically larger and heavier than females. Measurements from 40
male and 26 female adults from the Sandhills population reveal that males were larger than
females in tarsus (2.06 mm greater, and bill length (1.63 mm greater), but tail length was longer
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for females by 3.20 mm (Pizzoni-Ardemani 1990). Adult males (49.6g, n=61) were 4.1% heavier
than females (47.6g, n=36) (Pizzoni-Ardemani 1990).

Field Methods

For both study populations, we monitored red-cockaded woodpecker groups for nesting
during the breeding season on 7-10 day cycles starting the third week of April. We banded all
nestlings with both aluminum USFWS bands and a unique combination of plastic colored leg
bands between the ages of 4-11 days (aged according to Ligon 1970). In addition to standard
mass measurements, the length of the right leg was measured (2007-2009 Sandhills cohorts only;
see Hewett Ragheb and Walters 2011 for methodology). For the Sandhills population (20072009 cohorts only), nests were visited again when nestlings were age 20 days and the sexes of
nestlings were identified based on the presence (male) or absence (female) of a red crown patch
(Jackson 1994). For all nests at both study populations, we confirmed fledging success and sex
for all banded individuals by recording all individuals in the natal group within two weeks of the
estimated fledging date (age 26 days). Groups were visited a second time if the number of
observed fledglings differed from expected based on the previous nest check. See Walters et al.
(1988) for further details.
To measure post-fledging survival and recruitment, we recorded the presence, location
and reproductive role of individuals during population-wide breeding season census conducted
annually by field staff. Every red-cockaded woodpecker family group in both study populations
was visited between April and August and all associated group members were recorded. In
another analysis on the Sandhills population, the same breeding season census data were
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combined with additional summer and winter censuses and mark-recapture methods were used to
calculate the monthly detection probabilities for juvenile males (Hewett Ragheb and Walters
20XX; See Chapter 3: Part 1). Monthly detection of juvenile males was very high (0.936 (95%
CI: 0.786-0.983)) suggesting we have a strong ability to reliably detect living individuals on their
natal territories using our current field observation methods. Birds that were not located in the
study areas were assumed to be dead based on our high detection rates and the low probability of
off-site dispersal (estimated at 6% annually for the Sandhills population by Walters et al.
(1988)). We assigned reproductive roles to all birds surviving to each breeding season census
based on their location and social status in the population: 1) Social breeders were either the
oldest or only adult defending an active territory with an opposite-sex mate. Social breeders may
or may not have actually attempted reproduction during the year of classification. 2) Natal
helpers were non-breeders that delayed dispersal and remained on their natal territory held by a
pair of breeders. The degree of relatedness to the current breeding pair and the performance of
helping behaviors were not required when making this classification. 3) Non-breeder/non-natal
helpers were dispersed individuals that were either solitary on an active territory, helpers at a
non-natal territory or floating between or intruding on active territories and were not accepted as
members by any existing family group. See Walters et al. (1988) for expanded description of
reproductive roles.

Statistical analysis

Part 1: Sexual size dimorphism in nestlings
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To examine the degree of SSD for nestling red-cockaded woodpeckers, we used a
subsample of broods where the sex and mass of all banded nestlings was known from the
Sandhills population (1994-2009). This includes any brood where brood reduction occurred
before banding, and excludes all broods with brood reduction after banding but before the
fledging observation when sex was determined. Broods containing one or more nestlings too
small at the time of banding to fit leg bands (runts) were excluded since the sex and identity of
unmarked birds cannot be confidently confirmed after fledging. Only broods banded between
ages 4-11 days were included since nestlings banded before or after this range were very rare in
our sample.
We first generated two models to test for age and sex specific differences in nestling size
(mass and leg length) for nestlings banded at ages 4-11 days. We generated age- and sex-specific
nestling size estimates and 95% confidence intervals from two linear regression models with
dependent variables nestling mass and leg length and independent covariates „sex‟, „banding age‟
and the interaction „sex*banding age‟ (JMP Software Version 9.0; SAS Institute Inc., Cary, NC,
1989-2010; JMP). Size differences between the sexes at particular ages were detected using a
Tukey-Kramer post-hoc test (α=0.05).
Then, to examine how intrabrood competitive environment (brood size and the presence
of opposite-sex brood-mates) may influence nestling size, we divided and analyzed the broods in
our sample according to whether or not they contained single- or mixed-sex nestlings. For each
scenario we generated the same 38 linear mixed models to explain nestling mass and leg length
(Proc MIXED; SAS 9.2; SAS Institute Inc., Cary, NC, USA; SAS). All models contained the
random effect variable „family‟ representing the family group in a given natal year to control for
relatedness of siblings, and the fixed effect variable „age‟ to control for the effect of banding age
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on nestling size. In addition, models in the candidate set contained all possible additive
combinations of the following fixed effect covariates: „cohort‟ (year of banding), „brood‟ (the
number of nestlings in the brood at the time of banding), „sex‟ (as assigned at fledging), „brmale‟
(the age of the breeder male), „helpers‟ (the number of helpers in the family during the natal
year) and the multiplicative interaction between brood and sex, „brood*sex.‟ The „brmale‟ and
„helpers‟ covariates were added to examine any possible effect of parental and territory quality
on nestling size, since they are both positively associated with reproductive success (Walters
1990). We restricted our sample for this analysis to include only broods where the age of the
breeder male was known exactly.
We generated Akaike Information Criterion (AIC) corrected for small sample size (AIC c)
for each model in the set and compared models based on differences in this value (Δ AIC c),
model likelihood and model weight following Anderson (2008). Models with lower AICc scores
relative to the other models in the set were considered to be more likely given the dataset. We
calculated model-averaged parameter estimates and unconditional 95% confidence intervals for
all covariate regression coefficients (slopes) and predicted response values (mass and leg length).
Only models with model weights greater than 0.01 were included when generating model
averaged estimates. When plotting model averaged estimates according to a subset of particular
covariates, we used the mean values of the remaining covariates. We assessed the covariate
effect sizes by comparing regression coefficients and their unconditional 95% confidence
intervals. Although a large number of models were created, only the best fitting models (model
weights ≥ 0.01) or those required for comparison of hypotheses are presented in the results (but
see Appendices 1-4 for complete model sets).
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Part 2: Natal brood sex-ratios and individual fitness

To determine if the distribution of brood sex-ratios within each brood size observed in
our study differed from expected under random ZW chromosomal sex determination, we used a
likelihood ratio chi-square test (JMP) on all broods where the sexes of all banded nestlings were
known for the Sandhills and Camp Lejeune populations (1994-2009; populations analyzed
separately).
To determine if nestling competitive environment influences fledging success we
compared the probability of fledging for nestlings of each sex according to their natal brood
composition type (single- or mixed-sex). We ran a likelihood ratio chi-square test (JMP) using
only broods where all banded nestlings were sexed at the day 20 crown patch check (Sandhills,
2007-2009 cohorts only). For the Sandhills population (1994-2009), we next considered the
effect of the natal brood sex-ratio on the probabilities of several life history events by generating
separate logistic regression models (Proc GLIMMIX; SAS) for each sex using the following
binary response variables: 1) first year survival, 2) social breeder recruitment, and 3) recruitment
to a territory containing helpers (females only). In all models, brood sex-ratio was the
independent categorical variable. First year survival was determined by the presence or absence
of juveniles on the population-wide breeding season census. When calculating social breeder
recruitment we restricted our sample taking into account the possibility of delayed reproduction.
Males often delay first reproduction, but 96% of all males that fill breeder vacancies do so by
their seventh year (Figure 1). Therefore, we considered males to be successful social breeder
recruits when they had filled a breeder vacancy at least once by their seventh year and restricted
our cohort sample to 1994-2003 since only these males would have the opportunity to become
social breeders within that timeframe. Since 96% of all females that fill breeder vacancies do so
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by their third spring (Figure 1), social breeder recruitment was assigned to females that become
social breeders by their third spring and we restricted our cohort sample to 1994-2008. As a
surrogate for the quality of the first year recruitment territory for females, we assessed the
presence or absence of at least one helper at the territory where they first filled a breeder vacancy
(second or third year recruits; 1994-2008 cohorts only). We assumed territories containing at
least one helper were more established and of higher quality than territories containing only a
breeding pair. We used the Tukey-Kramer post-hoc test adjusted for multiple comparisons
(alpha=0.10) and the degree of overlap in 95% confidence intervals to make inferences about
survival differences among brood sex-ratio types.

Part 3: Female helping behavior

To determine if female helping behavior is related to early competitive environment, we
ran a fourth type of logistic regression model on juvenile females from the Sandhills and Camp
Lejeune populations separately where we predicted the probability of delaying dispersal and
remaining as a natal helper (Proc GLIMMIX; SAS). Brood sex-ratio was the independent
categorical variable. Delayed dispersal status was assigned to individuals that were still found on
their natal territory as helpers during the population-wide breeding season census following their
hatch year. Actual participation in helping behavior was not required for this classification. Posthoc testing was similar to Part 2.

RESULTS
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Part 1: Sexual size dimorphism in nestlings

From the Sandhills population (1994-2009), 1484 male and 1547 female nestlings from
1256 broods met the criteria for inclusion. The mean proportion of males fledged from these
broods did not differ from that expected under parity (0.4924 ± 0.0097SE; likelihood ratio chisquare: Χ21=0.350, N=6062, p=0.5540). From our growth model, nestling mass increases with
age at banding (ANOVA; F6,3024=474.47, p<0.0001), and although nestling sex alone is not a
significant predictor of mass (ANOVA; F1,3029=3.846, p=0.5978), the rate of increase with age
differs between males and females (ANOVA; sex*age interaction: F6,3024=224.73, p=0.0230;
Figure 2). This effect is likely driven by the size difference on day nine, where males are larger
than females; however, for all other ages, males and females demonstrate strikingly similar
patterns of nestling mass growth (Tukey-Kramer post hoc test). On the banding age with the
most robust sample size (day 7), male nestlings were approximately 2.6% heavier than females,
although according to the post-hoc test, this difference is not statistically significant.
Of the 2007-2009 Sandhills broods (374 male, 378 female nestlings) included in the leg
length growthmodel, nestling leg length increases with banding age (ANOVA; F6,745=108.42,
p<0.0001); with a marginally non-significant trend for males to be larger than females (ANOVA;
F1,750 =3.362, p=0.0671). The rate of increase with age was different between the sexes
(ANOVA; sex*age interaction: F6,745=2.57, p=0.0127; Figure 3). However, for any given age,
the sexes did not differ in leg length after adjusting for multiple comparisons (Tukey-Kramer
post hoc test). On the banding age with the most robust sample size (day 7), nestling leg length
was 1.4% longer for males than females, although according to the post-hoc test, this difference
is not statistically significant.
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The degree of SSD in nestling red-cockaded woodpecker mass varied according to brood
composition (Figure 4). Our model selection procedure from single-sex broods resulted in 11 of
36 models with AICc weights greater than 0.01 (Table 1). The top-ranking model (18) had 37%
of the total model weight and indicated that nestling mass varies with age (included in all
models), cohort and the age of the breeder male, but does not vary with nestling sex (Table 1).
Eight of 36 models from the mixed-sex dataset had AICc weights greater than 0.01 (Table 2).
The top-ranking model (33) had 33% of the total model weight and indicated that nestling mass
varies with age (included in all models), cohort, brood size, the number of helpers and nestling
sex (Table 2). However, since models in addition to the top-ranking model showed some support
in both brood type analyses (Tables 1 and 2), model-averaged regression coefficients and their
unconditional 95% confidence intervals were generated to interpret the influence of individual
covariates on nestling mass (Table 3). For both single-sex and mixed-sex broods, mean nestling
mass increased with banding age, varied among cohorts, and decreased with increasing brood
size (Table 3). In either scenario, there was no support for the effect of the number of helpers and
age of the breeder male on nestling mass (Table 3). For broods containing only single sex
nestlings, there was no support for nestling mass differences between the sexes (Table 3). Mixed
broods had strong support for a sex difference in mass, where male nestlings were heavier than
females (Table 3). The interaction between brood size and sex was not supported in either brood
composition scenario (Table 3).
In the subset of broods with leg length measures (374 males, 378 females), the
relationship between the degree of SSD in nestling red-cockaded woodpecker leg length and
brood composition is less clear than with nestling mass (Figure 5). Our model selection
procedure for single-sex broods resulted in 15 of 36 models with AIC c weights greater than 0.01
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(Table 4). The top-ranking model (9) had 28% of the total model weight and indicated that
nestling mass varies with age (included in all models), cohort and nestling sex (Table 4).
Twenty-two of 36 models from mixed-sex broods had AICc weights greater than 0.01 (Table 5).
Two models (9, 5) shared the top-ranking position. Each had only 10% of the total model weight
(Table 5) and contained age (included in all models), and sex. Model 9 also indicated that
nestling leg length varies with cohort (Table 5). Again, many models showed some support and
therefore model-averaged regression coefficients and their unconditional 95% confidence
intervals were generated (Table 6). Leg length increased with banding age for both single-sex
(15 models with weights > 0.01; Table 4) and mixed-sex (22 models with weights > 0.01; Table
5) broods (Table 6). Leg length varied among cohorts only for single-sex broods (Table 6).
Unlike nestling mass, there was no support for the effect of brood size on leg length in either
scenario (Table 6). Similar to the pattern seen with nestling mass, there is support for the effect
of sex on leg length only in mixed sex broods (Table 6). However, the model-averaged
regression coefficients are close enough to zero in both scenarios to question whether this
difference is biologically meaningful (Table 6). In both scenarios, the model-averaged estimates
for leg length were 1.4% longer for males than females, suggesting that brood composition does
not affect the effect size of SSD in leg length. The support for the sex covariate in only mixedsex broods thus may be an artifact of a more robust sample size for mixed sex broods rather than
a true biological difference between brood composition scenarios. There was no support for the
effect of the number of helpers, the interaction between brood size and sex, or the age of the
breeder male on leg length for either brood composition scenario (Table 6).
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Part 2: Natal brood sex-ratio and individual fitness

In the Sandhills (1994-2009), we observed 16 brood sex-ratio types from 1435 broods
where the sex of all banded nestlings was known (Figure 6). There was no difference between
the number of brood sex-ratio types observed and the number expected under random ZW
chromosomal sex determination within each brood size (likelihood ratio tests; one nestling:
Χ21=0.072, N=347, p=0.7878; two nestlings: Χ22=0.763, N=1199, p=0.6829; three nestlings:
Χ23=4.240, N=1132, p=0.2367; four nestlings: Χ24=4.557, N=191, p=0.3358; five nestlings: N=2,
statistics not available; Figure 6). At Camp Lejeune, we observed only 13 brood sex-ratio types
(04 and five nestling broods were never observed) from 1107 broods where the sex of all banded
nestlings was known. Similar to the Sandhills, the observed distribution of brood sex-ratio types
did not differ from expected within each brood size (likelihood ratio tests; one nestling:
Χ21=0.060, N=151, p=0.8058; two nestlings: Χ22=3.867, N=527, p=0.1447; three nestlings:
Χ23=1.686, N=300, p=0.6400; four nestlings: Χ24=1.586, N=29, p=0.8113; not shown). The mean
brood size differed between populations; the number of nestlings at banding was larger in the
Sandhills (mean: 2.671 ± 0.0135) than Camp Lejeune (mean: 2.439 ± 0.0209; likelihood ratio
test: Χ24=33.534, N=1937, P<0.0001; not shown).
There was no difference in fledging success according to brood composition (single or
mixed-sex) in either sex in the Sandhills (2007-2009 only). The percent of male nestlings
surviving from the day 20 crown patch check to the fledge check observation (within two weeks
post-fledging) was 92% for single-sex broods and 89% for mixed-sex broods, but this difference
between brood types was not statistically significant (mean survival=90%; Χ21=1.416, N=372,
p=0.2341). The same non-significant pattern was observed in females where the percentage of
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nestlings surviving to fledge was 92% for single-sex broods and 90% for mixed-sex broods
(mean survival=91%; Χ21=0.290, N=351, p=0.500).
In the Sandhills population, first-year survival did not differ according to brood sex-ratio
type for either sex (logistic regression; males: X29=9.74, N=1484, p=0.3725; females X29=9.63,
N=1547, p=0.3813). The mean probability of first year survival was higher for males (0.45 ±
0.01SE) than females (0.33 ± 0.01SE). There was no difference in the probability that a male
nestling would fill a breeding vacancy by his seventh year across brood sex-ratio types (logistic
regression; X29=5.37, N=785, p=0.8002: mean=0.2433 ± 0.02SE). The mean probability that a
female nestling would fill a female breeder vacancy by her third spring was 0.2809 ± 0.01SE,
and did not differ across natal brood sex-ratio types (logistic regression; X29=7.09, N=1406,
p=0.6273). Females who fill breeder vacancies by their second or third year are equally likely to
join a recruitment group containing helpers regardless of their natal sex-ratio (logistic regression;
X29=5.05, N=372, p=0.8286; mean: 0.3065 ± 0.02SE).

Part 3: Female helping behavior

For female fledglings in the Sandhills, the probability of becoming a natal helper differs
according to natal brood sex-ratio (logistic regression; X29=23.49, N=1545, P=0.0054; Figure
7a). Females from single nestling broods had the highest probability of remaining as a natal
helper (0.1127 ± 0.04SE vs. 0.0265 ± 0.004SE (mean across all female fledglings)). The
difference in dispersal probability among sex-ratio types persists when looking only at females
that survived to their first breeding season (logistic regression; X29=23.49, N=506, P=0.0195; not
shown), and females from single nestling broods are still the most likely to delay dispersal
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(0.2759 ± 0.0830 vs. 0.0810 ± 0.01 SE (mean across all female first-year survivors)). At Camp
Lejeune, the probability that a female fledgling will become a natal helper was 3.6 times more
likely than in the Sandhills (mean: 0.09667 ± 0.0124SE vs. 0.0265± 0.0041SE); however, unlike
the Sandhills, there was no difference across natal brood sex-ratio types (logistic regression;
X28=4.03, N=569, P=0.8538; Figure 7b). There was still no difference in the probability of
female helping behavior according to sex-ratio type when looking only at females that survived
to their first breeding season (logistic regression; X28=5.21, N=253, P=0.738; not shown).

DISCUSSION

Sexual-size dimorphism and competitive environment

Our growth model revealed subtle SSD for both mass and leg length, where males were
slightly heavier and structurally larger than females. Our size measures are consistent with the
direction of SSD observed for adults in this species (Pizzoni-Ardemani 1990; Jackson 1994).
However, the magnitude of SSD observed for nestlings in the Sandhills population (males were
2.6% heavier and 1.4% larger than females; this study) was not as strong as previously reported
for adults (males 4.1% heavier and 3.6% larger than females; (Pizzoni-Ardemani 1990; Jackson
1994)). This suggests that some sex-biased growth must take place after the age 4-11 day
banding period. If the degree of SSD increases gradually over time we should also be cautious of
our use of banding size as a surrogate for “inherent SSD” or SSD at hatching. It is still possible
that there is no SSD at hatching, but competitive asymmetries in an asynchronous brood during
the period of rapid growth from hatching to day 4 will result in subtle, but measurable
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differences in size at banding. Until more is known about possible sex-biases in laying- or
hatching-order in this species, our explanations of the proximate origin of SSD before ages 4-7
days will remain speculative. While the degree of SSD immediately at hatching is unknown, and
sexual differences in size is very subtle between the ages 4-11 days, our analysis reveals that
these subtle differences are flexible based on natal competitive environment.
While mass and leg length differed between the sexes in the growth models, we were able
to distinguish the influence of competitive environment on the degree of SSD by splitting broods
according to the number of nestlings and their sexual composition. The degree of SSD in leg
length did not differ with increasing brood size, or sexual composition, suggesting that the larger
structural size of males observed in nestling red-cockaded woodpeckers may be a more stable
physical quality, and less vulnerable to rearing conditions. However, nestling mass decreased
with increasing brood size for both sexes, supporting our assumption that larger broods are more
competitive rearing environments. Males and females raised in broods without competition
(singletons) exhibited no SSD in mass. Females were lighter than males only when reared in
mixed-sex broods indicating that intrabrood competition between opposite-sex siblings has
important consequences for access to natal resources. In mixed-sex broods, the structural size
advantage of males may result in females being more vulnerable to the increased competition
within larger broods. These findings complement the male-biased competitive superiority of redcockaded woodpecker males observed in the fledgling (Hewett Ragheb and Walters 2011) and
adult stages (Jackson 1994). Together, these results most strongly support the predictions from
our second hypothesis where SSD is inherent in the nestling stage (but only subtly), and the
smaller sex (female) suffers in situations with increased competition as a result of losing to
siblings of the larger sex during scramble competition. This pattern is in line with other studies
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of species exhibiting subtle SSD (Oddie 2000; Koenig et al. 2001b; Zanette et al. 2005), but
contrary to our first hypothesis that the larger sex is more vulnerable to poor rearing conditions.
Fisher‟s (1930) prediction that the larger sex suffers under poor rearing conditions as a result of
the higher investment required by parents may not entirely apply in this system since nestlings
compete amongst themselves for access to resources, and the allocation of resources is not solely
determined by parental choice

Early competitive environment and future life history traits

Despite increased SSD among male and female nestlings raised in mixed-sex broods, we
observed little impact of the natal competitive environment on measures of survival and
recruitment, contrary to our predictions. First, the sex composition of the brood (single- or
mixed-sex) did not affect the probability that male or female nestlings sexed during the crown
patch check (day 20) would survive to fledge (day 26). However, we might not expect to see
substantial mortality during this short interval so late in the brooding stage, since daily rates of
partial brood loss are drastically higher during the short interval between hatching and day 6
(between 1.8-3.2% daily) than the longer interval from day 7 to fledging (between 0.3-0.7%
daily; LaBranche and Walters 1994). A closer examination of sex-biased mortality early in the
nestling stage would require genetic sexing techniques, since the sexually dimorphic plumage of
nestlings is not reliably distinguishable until age 20 days (E.L.H.R, personal observation).
Although we were not able to directly detect sex-biased mortality in the nest, the populationlevel fledgling sex-ratio did not differ from parity (49% male), and the distribution of sex-ratio
types within each brood size did not differ from expected under random ZW chromosomal sex
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determination, suggesting no sex bias in nestling mortality. An alternative explanation is that
there is a sex-bias in nestling mortality, but it is obscured by a corresponding sex-bias in the
primary (egg) sex-ratio, where more females are produced to offset high rates of female
mortality. However, a simple look at our long-term dataset does not support this scenario.
Broods experiencing no brood reduction (the number of eggs in the complete clutch equals the
number of fledglings) revealed a sex-ratio of 0.4890 which does not differ from parity (Sandhills
population 1994-2009: Likelihood ratio test, Χ21=0.375, N=1540 nestlings, p=0.5401). It may be
however, that these broods were reared under conditions of relatively high resource availability
(hence no brood reduction), and it is possible that sex-biases in either the primary (egg) sex-ratio
or nestling mortality are subject to annual variation in resources. A more thorough examination
of the interaction between annual food availability and the degree of sex-biased nestling
mortality may help to better understand the intrabrood competitive environment.
Second, fledglings of either sex were equally likely to survive to their first breeding
season regardless of the sex-ratio of their natal brood. Males had higher rates of first year
survival than females, consistent with other studies (Walters 1990; Hewett Ragheb and Walters
2011), but within sexes, the nestling competitive environment did not appear to affect an
individual‟s ability to survive through their first winter. For the analysis in this study, the
locations of individuals on the breeding season census were not taken into account, only
presence. As discussed later in this section and elsewhere (Hewett Ragheb and Walters 2011),
the intrabrood competitive environment may play an important role in determining dispersal
strategies. Dispersing away from unfavorable competitive situations on the natal territory may be
a way to increase first-year survival.
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Third, the natal sex-ratio did not affect the probability of recruitment for either sex. Males
were equally likely to fill a breeder vacancy at least once within their first seven years and
females within their first three years regardless of the competitive environment of their natal
brood. The quality of the recruitment territory for females recruiting as second year birds also did
not vary with natal brood sex-ratio, suggesting that the competitive environment at home does
not give dispersing individuals a competitive advantage when obtaining breeder vacancies.

Female helping behavior

Lastly, natal sex-ratio did influence the probability that a female fledgling will become a
natal helper during her first breeding season in one but not both populations. Since females are
almost exclusively subordinate to males, and dispersal in juvenile males is strongly linked to
intrabrood fledgling rank, we would expect only solitary females or dominant females from allfemale broods to be in the social position to remain home as a helper as outlined in the
predictions of our first hypothesis. This was partially supported in the Sandhills where females
from singleton broods had the highest rates of philopatry (11% of fledglings survived their first
year and then delayed dispersal). One might suppose that these philopatric singleton females are
produced by younger breeders than their dispersing counterparts since the number of fledglings
produced increases with breeder age (Walters 1990). If young breeders produce smaller broods,
they may also produce nestlings of low physiological quality as an result of parental inexperience
and therefore their offspring may require extra time on the natal territory before successful
dispersal. Our data do not support this idea however, since nestling mass decreases with
increasing brood size and singleton nestlings of either sex were the heaviest on average (Figure
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4). Increased philopatry of singleton females in the Sandhills suggests that the presence of any
brood-mate competitor, regardless of sex or quantity, discourages philopatric behavior, and may
provide an additional explanation for why this strategy remains so rare.
Across all broods, however, the rates of female philopatry were not as high as we would
predict if females exhibited the same preference for delayed dispersal as males, but were
constrained by social inferiority. If this were the case, then approximately 91% of dominant
females (from singleton or female-only broods) that survived to their first breeding season would
delay dispersal (as calculated for males; (Hewett Ragheb and Walters 2011)). However, if we
look at female first year survivors from our Sandhills dataset and calculate the theoretical
number of those females that could be dominant over their brood-mates, given their natal brood
sex-ratio type (assuming subordination to male brood-mates, only one dominant female per
female-only brood and equal first-year survival for dominant and subordinate females), only
21% of theoretically dominant females delay dispersal. These lower observed rates of female
helping behavior in the Sandhills confirm our initial hypotheses that other factors are important
in determining female dispersal strategy and intrabrood competition is not the primary
explanation for sex-biased delayed dispersal.
Contrary to the Sandhills, at Camp Lejeune no difference in female helping probability
was observed among natal sex-ratio types despite a much higher mean probability of female
helping behavior. This higher rate of female helping behavior at Camp Lejeune relative to the
Sandhills has previously been reported (Koenig and Walters 1999). We anticipated that this
difference could arise as an artifact of the smaller average clutch size at Camp Lejeune creating
more singleton female broods, but this was not the case, as female helpers were not
disproportionally from singleton broods.
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Alternatively, differences in female helping behavior observed between populations may
come from differences in the ecological constraints to independent reproduction, more
specifically, the relative availability of breeding vacancies for females. In Camp Lejeune, adult
female survival is higher resulting in lower rates of female breeder turnover (J.R.W.). If
competition over available breeder vacancies is high enough, delayed dispersal may become the
preferred strategy for females. In the Sandhills, independent reproduction for females is less
constrained by the availability of breeding vacancies and dispersal is more likely to be the
preferred strategy for all females. Singleton females appear to be the slight exception.
Unhindered access to natal resources may encourage higher rates of philopatry for these females
on the basis of the intrinsic benefits of delayed dispersal (Stacey and Ligon 1991; Koenig et al.
1992).
A better understanding of the behavior of dominant females would be particularly
informative when comparing female dispersal behavior between these two populations. Socially
dominant individuals are presumed to have first choice among life history strategies and
therefore, comparing strategies of individuals according to their social rank will help us
understand which strategy is preferred for a given population at a given point in evolutionary
time. Unfortunately, in this study we do not know the social ranks of females from broods
containing more than one female. The relationship between mass relative to brood-mates and
dispersal strategy appears to be less clear in females than in males, although females that are
very heavy relative to their siblings show a very slightly increased probability of delayed
dispersal (Sandhills and Camp Lejeune combined; Chapter III: Part 2: Figure 6). Intrabrood
dominance may be a stronger predictor of delayed dispersal for females than brood composition.
Interestingly, at Camp Lejeune even females from mixed-sex broods frequently delay dispersal,
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suggesting that the presence of a male brood-mate may not completely prevent remaining on the
natal territory. It may be that dominance relationships within sexes may be more influential in
determining dispersal strategies than relationships between sexes. On the other hand, the sexes
may differ in the factors they consider when making dispersal decisions. While male dispersal
strategy seems tightly linked with both relative mass and intrabrood social rank, females may
make dispersal decisions based primarily on ecological factors and secondarily on social factors.

Conclusion

Red-cockaded woodpecker nestlings exhibit very subtle structural SSD that results in
increased SSD in mass for nestlings in mixed-sex broods. While females are smaller than there
brothers when raised together, we were unable to detect any deleterious effects of the natal
competitive environment in any measures of survival or recruitment probability. The probability
of female helping behavior was influenced by natal competitive environment; however, the
pattern was not consistent across populations. Previously, the evolution of female-biased
dispersal in red-cockaded woodpeckers has been attributed to inbreeding avoidance, sex-biases
in competition over breeding vacancies, or the relative payoff between philopatry and dispersal
(Walters et al. 1992a). Our findings provide support for several factors acting on different scales.
For females, it is possible that the number of available breeding vacancies acts on the population
to set the level of competition among dispersed yearlings and the probability of recruitment. This
in turn influences the balance between the costs and benefits of dispersal and may alter dispersal
decisions, even for females from highly competitive natal environments.
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FIGURE CAPTIONS

Figure 1: Distribution of social recruitment ages for male (black bars) and female (gray bars)
red-cockaded woodpeckers from the Sandhills population (1994-2009). Cumulative percentages
of age at first reproduction are shown as solid (female) and dashed (males) lines. Social
recruitment was assigned to individuals the first year they filled a social breeder vacancy at an
established territory cohabited by an opposite-sex adult.

Figure 2: Nestling mass growth models for female (black circles) and male (white circles) redcockaded woodpecker nestlings ages 4-11 days from the Sandhills population (1994-2009).
Values represent least squares mean mass (g) at banding and 95% confidence intervals from a
linear model for nestling mass containing independent variables sex, age (in days) and a sex*age
interaction term. Bars at bottom of graph represent sample size for female (black bars, N=1547)
and male (white bars, N=1484) nestlings. Star represents statistical difference (p<0.05) in mean
mass between the sexes as determined by a Tukey-Kramer post-hoc test.

Figure 3: Nestling leg length growth models for female (black circles) and male (white circles)
red-cockaded woodpecker nestlings ages 4-11 days from the Sandhills population (1994-2009).
Values represent least squares mean leg length at banding and 95% confidence intervals from a
linear model for nestling mass containing independent variables sex, age and a sex*age
interaction term. Bars at bottom of graph represent sample size for female (black bars, N=378)
and male (white bars, N=374) nestlings (1994-2009).
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Figure 4: Mean predicted mass (g) for female (white bars) and male (hashed bars) red-cockaded
woodpecker nestlings (4-11 days) from the Sandhills population (1994-2009) as a function of
brood size for single sex (a) and mixed sex (b) broods. Model-averaged parameter estimates and
their unconditional 95% confidence intervals were generated from linear mixed models in the
candidate model sets with AICc weights greater than 0.01. All models included the random effect
covariate „family‟ to control for non-independence of brood-mates and the fixed covariate „age‟
to control for variation in the age at banding. Additional fixed covariates included: annual
variation (cohort), the age of the breeder male (male), brood size (brood), nestling sex (sex), the
number of helpers on the natal territory at the time of rearing (helpers), and a brood size and sex
interaction term (brood*sex).

Figure 5: Mean predicted leg length (mm) for female (white bars) and male (hashed bars) redcockaded woodpecker nestlings (4-11 days) from the Sandhills population (1994-2009) for
single sex (a) and mixed sex (b) broods. Model-averaged parameter estimates and their
unconditional 95% confidence intervals were generated from linear mixed models in the
candidate model sets with AIC c weights greater than 0.01. All models included the random effect
covariate „family‟ to control for non-independence of brood-mates and the fixed covariate „age‟
to control for variation in the age at banding. Additional fixed covariates included: annual
variation (cohort), the age of the breeder male (male), brood size (brood), nestling sex (sex), the
number of helpers on the natal territory at the time of rearing (helpers), and a brood size and sex
interaction term (brood*sex).
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Figure 6: Distribution of brood sex-ratio types from 1435 red-cockaded woodpecker broods
from the Sandhills population (1994-2009) where the sex of all banded nestlings is known.
Values represent the number of broods observed in the population (black bars) and the number of
broods expected under random ZW chromosomal sex determination (gray bars) within each
brood size category. Brood sex-ratio types are denoted by the number of males subscripted by
number of females.

Figure 7: The proportion of fledgling females remaining on their natal territories as helpers
during their first breeding season according to natal brood sex-ratio type for the Sandhills (a) and
Camp Lejeune (b) populations (1994-2009). In the Sandhills, 41 of 1545 (2.7%) female
fledglings survived to their first breeding season and became natal helpers (sample sizes: 0 1=71,
02=281, 11=254, 03=191, 12=355, 21=210, 04=12, 13=85, 22=72, 31=14) In Camp Lejeune, 55 of
569 (9.7%) female fledglings survived to their first breeding season and became natal helpers
(sample sizes: 01=39, 02=126, 11=151, 03=75, 12=94, 21=59, 04=0, 13=9, 22=12, 31=4). Values
represent the least squared mean probability and 95% confidence intervals from binary logistic
regression models of the probability of becoming a natal helper with the independent categorical
variable brood sex-ratio. Brood sex-ratio types are denoted by the number of males subscripted
by number of females. Bars that do not share a common letter are statistically different according
to a Tukey-Kramer post-hoc test (p<0.10).
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Figure 4. 1 Distribution of social recruitment ages.
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Figure 4. 2 Nestling mass growth models.
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Figure 4. 3 Nestling leg length growth modelss.
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Figure 4. 4 Predicted nestling mass
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Figure 4. 5 Predicted nestling leg length.

Mean predicted leg length (mm) + 95% CI

23.0

22.5

22.0

21.5

21.0

20.5

20.0
Single Sex

Mixed Sex

Brood composition
Female
Male

138

Figure 4. 6 Distribution of brood sex-ratio types.
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Figure 4. 7 Natal helping behavior in female fledglings
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Table 4. 1 Select linear mixed models for nestling red-cockaded woodpecker mass from broods containing only single-sex nestlings
(1994-2009).

Rank No. Model
1 18 Age Cohort Male Brood
2 31 Age Cohort Male Brood Sex
3
8 Age Cohort Brood
4 32 Age Cohort Male Brood Sex Brood*Sex
5 37 Age Cohort Male Brood Sex Helpers
6 23 Age Cohort Brood Helpers
7 21 Age Cohort Brood Sex
8 38 Age Cohort Male Brood Sex Helpers Brood*Sex
9 22 Age Cohort Brood Sex Brood*Sex
10 33 Age Cohort Brood Sex Helpers
11 34 Age Cohort Brood Sex Helpers Brood*Sex

AICc
ΔAICc
5427.1
0.0
5428.7
1.6
5429.6
2.5
5429.8
2.7
5430.8
3.7
5430.9
3.8
5431.0
3.9
5431.9
4.8
5432.1
5.0
5432.3
5.2
5433.5
6.4

Model Model
weight likelihood
0.366
1.000
0.164
0.449
0.105
0.287
0.095
0.259
0.058
0.157
0.055
0.150
0.052
0.142
0.033
0.091
0.030
0.082
0.027
0.074
0.015
0.041

K -2log(L)
21
5384.2
22
5383.7
20
5388.8
23
5382.7
23
5383.7
21
5388.0
21
5388.1
24
5382.7
22
5387.1
22
5387.3
23
5386.4

31
1 Age
5475.7
48.6 0.000
0.000 4
5467.6
Models shown represent the 11 top-ranking models (95% of AICc weight) and the starting model (1; listed below blank row in table.
All models included the random effect covariate „family‟ to control for non-independence of brood-mates and the fixed covariate „age‟
to control for variation in the age at banding. Additional fixed covariates included: annual variation (cohort), the age of the breeder
male (male), brood size (brood), nestling sex (sex), the number of helpers on the natal territory at the time of rearing (helpers), and a
brood size and sex interaction term (brood*sex). Models are shown with the AIC c score, change in AICc score (ΔAICc), model weight,
model likelihood, number of estimable parameters (K), and model deviance (-2log(L)).
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Table 4. 2 Select linear mixed models for nestling red-cockaded woodpecker mass from broods containing mixed-sex nestlings
(1994-2009).
Rank No. Model
1 33 Age Cohort Brood Sex Helpers
2 34 Age Cohort Brood Sex Helpers Brood*Sex
3 37 Age Cohort Male Brood Sex Helpers
4 21 Age Cohort Brood Sex
5 38 Age Cohort Male Brood Sex Helpers Brood*Sex
6 22 Age Cohort Brood Sex Brood*Sex
7 31 Age Cohort Male Brood Sex
8 32 Age Cohort Male Brood Sex Brood*Sex

AICc
ΔAICc
11378.3
0.0
11379.3
1.0
11380.3
2.0
11380.4
2.1
11381.3
3.0
11381.4
3.1
11381.8
3.5
11382.8
4.5

Model Model
weight likelihood
0.329
1.000
0.199
0.607
0.121
0.368
0.115
0.350
0.073
0.223
0.070
0.212
0.057
0.174
0.035
0.105

K -2Log(L)
22 11333.8
23 11332.7
23 11333.8
21 11337.9
24 11332.7
22 11336.9
22 11337.3
23 11336.3

35
1 Age
11475.8
97.5 0.000
0.000 4 11467.8
Models shown represent the 8 top-ranking models (95% of AICc weight) and the starting model (1; listed below blank row in table).
All models included the random effect covariate „family‟ to control for non-independence of brood-mates and the fixed covariate „age‟
to control for variation in the age at banding. Additional fixed covariates included: annual variation (cohort), the age of the breeder
male (male), brood size (brood), nestling sex (sex), the number of helpers on the natal territory at the time of rearing (helpers), and a
brood size and sex interaction term (brood*sex). Column statistics are the same as described in Table 1.
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Table 4. 3 Results from linear mixed models for nestling mass with model weights greater than 0.01 from single-sex and mixed-sex
broods.
Covariate
Intercept
Banding age
Cohort: 1994 vs. 2009
1995 vs. 2009
1996 vs. 2009
1997 vs. 2009
1998 vs. 2009
1999 vs. 2009
2000 vs. 2009
2001 vs. 2009
2002 vs. 2009
2003 vs. 2009
2004 vs. 2009
2005 vs. 2009
2006 vs. 2009
2007 vs. 2009
2008 vs. 2009
Brood size
Sex (female vs. male)
Helpers
Brood size*sex
Breeder male age

Single sex scenario
β
LCL
UCL
3.055 1.340 4.771
3.358 3.152 3.564
1.177 -0.008 2.361
-0.062 -0.968 0.844
0.059 -1.191 1.309
1.483 0.444 2.522
0.475 -0.677 1.628
0.877 -0.121 1.874
-0.310 -1.253 0.633
-1.617 -2.631 -0.603
-0.219 -1.179 0.740
1.295 0.171 2.418
0.625 -0.250 1.501
-0.287 -1.168 0.595
-0.682 -1.544 0.180
-2.184 -2.985 -1.383
0.164 -0.666 0.993
-0.713 -1.059 -0.367
-0.040 -0.231 0.151
0.011 -0.135 0.157
0.030 -0.160 0.220
0.069 -0.046 0.183

Mixed sex scenario
β
LCL
UCL
4.604 3.167 6.041
3.150 2.978 3.321
-0.248 -1.087 0.590
-0.733 -1.693 0.228
-0.211 -1.137 0.714
1.989 1.077 2.900
0.336 -0.482 1.154
1.229 0.392 2.067
0.144 -0.730 1.019
-0.993 -1.917 -0.068
-0.225 -0.995 0.545
0.538 -0.358 1.433
0.208 -0.557 0.973
0.204 -0.629 1.037
0.141 -0.597 0.878
-1.100 -1.914 -0.286
-0.204 -0.909 0.500
-0.551 -0.823 -0.278
-0.502 -0.626 -0.379
0.190 -0.131 0.511
-0.033 -0.167 0.100
0.003 -0.042 0.048

Model averaged regression coefficients (β) presented with their unconditional lower (LCL) and upper (UCL) 95% confidence intervals
generated from linear mixed models in the candidate model sets (single sex, mixed sex) with AICc weights greater than 0.01. All
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models included the random effect covariate „family‟ to control for non-independence of brood-mates (not shown) and the fixed
covariate „age‟ to control for variation in the age at banding. Additional fixed covariates included: annual variation (cohort), brood
size (brood), nestling sex (sex), the number of helpers on the natal territory at the time of rearing (helpers), a brood size and sex
interaction term (brood*sex), and the age of the breeder male (male). Covariates with strong support (confidence intervals do not
include zero) are highlighted with bold text.
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Table 4. 4 Select linear mixed models for nestling red-cockaded woodpecker leg length from broods containing only single-sex
nestlings (1994-2009).

Rank No. Model name
1
9 Age Cohort Sex
2 21 Age Cohort Brood Sex
3 19 Age Cohort Male Sex
4 24 Age Cohort Sex HELPERS
5 22 Age Cohort Brood Sex Brood*Sex
6
2 Age Cohort
7 31 Age Cohort Male Brood Sex
8 33 Age Cohort Brood Sex HELPERS
9 32 Age Cohort Male Brood Sex Brood*Sex
10 34 Age Cohort Brood Sex Helpers Brood*Sex
11 10 Age Cohort HELPERS
12
8 Age Cohort Brood
13
7 Age Cohort Male
14 37 Age Cohort Male Brood Sex HELPERS
15 38 Age Cohort Male Brood Sex HELPERS Brood*Sex

AICc ΔAICc
596.5
0.0
598.3
1.8
598.4
1.9
598.5
2.0
598.6
2.1
600.1
3.6
600.2
3.7
600.4
3.9
600.7
4.2
600.7
4.2
601.8
5.3
601.9
5.4
602.0
5.5
602.4
5.9
602.9
6.4

Model Model
weight likelihood
0.279
1.000
0.113
0.407
0.108
0.387
0.102
0.368
0.097
0.350
0.046
0.165
0.044
0.157
0.040
0.142
0.034
0.122
0.034
0.122
0.020
0.071
0.019
0.067
0.018
0.064
0.015
0.052
0.011
0.041

K -2LogL
7
582.0
8
581.6
8
581.7
8
581.9
9
579.7
6
587.7
9
581.4
9
581.6
10
579.6
10
579.7
7
587.3
7
587.4
7
587.5
10
581.4
11
579.6

20
1 Age
615.6
19.1 0.000
0.000 4
607.4
Models shown represent the 15 top-ranking models (95% of AICc weight) and the starting model (1; listed below blank row in table).
All models included the random effect covariate „family‟ to control for non-independence of brood-mates and the fixed covariate „age‟
to control for variation in the age at banding. Additional fixed covariates included: annual variation (cohort), the age of the breeder
male (male), brood size (brood), nestling sex (sex), the number of helpers on the natal territory at the time of rearing (helpers), and a
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brood size and sex interaction term (brood*sex). Models are shown with the AIC c score, change in AICc score (ΔAICc), model weight,
model likelihood, number of estimable parameters (K), and model deviance (-2log(L)).
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Table 4. 5 Select linear mixed models for nestling red-cockaded woodpecker leg length from broods containing mixed-sex nestlings
(1994-2009).

Rank No. Model name
1
9 Age Cohort Sex
2
5 Age Sex
3 15 Age Brood Sex Brood*Sex
4 24 Age Cohort Sex HELPERS
5 22 Age Cohort Brood Sex Brood*Sex
6 17 Age Sex HELPERS
7 34 Age Cohort Brood Sex Helpers Brood*Sex
8 30 Age Brood Sex HELPERS Brood*Sex
9 12 Age Male Sex
10 14 Age Brood Sex
11 21 Age Cohort Brood Sex
12 19 Age Cohort Male Sex
13 26 Age Male Brood Sex Brood*Sex
14 33 Age Cohort Brood Sex HELPERS
15 38 Age Cohort Male Brood Sex HELPERS Brood*Sex
16 32 Age Cohort Male Brood Sex Brood*Sex
17 28 Age Male Sex HELPERS
18 29 Age Brood Sex HELPERS
19 36 Age Male Brood Sex Helpers Brood*Sex
20 37 Age Cohort Male Brood Sex HELPERS
21 25 Age Male Brood Sex
22 31 Age Cohort Male Brood Sex
25

1 Age

AICc ΔAICc
1356.2
0.0
1356.2
0.0
1356.5
0.3
1356.7
0.5
1356.9
0.7
1357.1
0.9
1357.3
1.1
1357.5
1.3
1358.2
2.0
1358.2
2.0
1358.3
2.1
1358.3
2.1
1358.5
2.3
1358.8
2.6
1358.9
2.7
1358.9
2.7
1359.0
2.8
1359.1
2.9
1359.4
3.2
1360.1
3.9
1360.2
4.0
1360.3
4.1
1366.7

10.5

Model
Model
likelihood weight K -2LogL
1.000 0.102 7 1342.0
1.000 0.102 5 1346.0
0.861 0.088 7 1342.2
0.779 0.079 8 1340.4
0.705 0.072 9 1338.5
0.638 0.065 6 1344.9
0.577 0.059 10 1336.9
0.522 0.053 8 1341.1
0.368 0.037 6 1346.0
0.368 0.037 6 1346.0
0.350 0.036 8 1341.9
0.350 0.036 8 1342.0
0.317 0.032 8 1342.2
0.273 0.028 9 1340.4
0.259 0.026 11 1336.3
0.259 0.026 10 1338.4
0.247 0.025 7 1344.8
0.235 0.024 7 1344.9
0.202 0.021 9 1341.0
0.142 0.014 10 1339.8
0.135 0.014 7 1346.0
0.129 0.013 9 1341.9
0.005

0.001

4

1358.6
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Models shown represent the 22 top-ranking models (95% of AICc weight) and the starting model (1; listed below blank row in table).
All models included the random effect covariate „family‟ to control for non-independence of brood-mates and the fixed covariate „age‟
to control for variation in the age at banding. Additional fixed covariates included: annual variation (cohort), the age of the breeder
male (male), brood size (brood), nestling sex (sex), the number of helpers on the natal territory at the time of rearing (helpers), and a
brood size and sex interaction term (brood*sex). Column statistics are the same as described in Table 1.
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Table 4. 6 Results from linear mixed models for nestling leg length.
Single sex scenario
Mixed sex scenario
Covariate
β
LCL
UCL
β
LCL
UCL
Intercept
15.139 13.876 16.402
15.739 14.846 16.632
Banding age
0.922 0.794 1.050
0.855 0.755 0.954
Cohort: 2007 vs. 2009
-0.095 -0.327 0.136
-0.624 -0.991 -0.256
2008 vs. 2009
0.202 -0.136 0.540
0.065 -0.108 0.239
Brood size
0.053 -0.183 0.290
0.004 -0.117 0.125
Sex (female vs. male)
-0.150 -0.316 0.017
-0.147 -0.228 -0.065
Helpers
0.005 -0.071 0.080
0.039 -0.086 0.164
Brood size*sex
-0.056 -0.363 0.251
-0.037 -0.166 0.092
Breeder male age
0.002 -0.022 0.027
-0.001 -0.023 0.021
Model averaged regression coefficients (β) are shown with their unconditional lower (LCL) and upper (UCL) 95% confidence
intervals generated from linear mixed models in the candidate model sets (single sex, mixed sex) with AICc weights greater than 0.01.
All models included the random effect covariate „family‟ to control for non-independence of brood-mates (not shown) and the fixed
covariate „age‟ to control for variation in the age at banding. Additional fixed covariates included: annual variation (cohort), brood
size (brood), nestling sex (sex), the number of helpers on the natal territory at the time of rearing (helpers), a brood size and sex
interaction term (brood*sex), and the age of the breeder male (male). Covariates with strong support (confidence intervals do not
include zero) are highlighted with bold text.
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CHAPTER V. CONCLUSIONS

Erin L. Hewett Ragheb

When reproductive opportunities are restricted by an ecological constraint, juveniles from
some bird species respond by delaying dispersal and remaining on their natal territory (Emlen
1982). In cooperatively breeding species, these retained offspring then assist in caring for
offspring on the natal territory, but helping behavior and delayed dispersal are not always linked
(e.g. Ekman et al. 1999). The decision to remain home in the face of ecological constraint is an
important first step in the evolution of cooperative breeding. Most non-cooperative bird species
disperse early and if individuals are unable to find a suitable breeding territory they become
nonbreeding floaters in the population, rather than remaining on the natal territory (Stacey and
Ligon 1991). Intrinsic benefits associated with family associations on the natal territories may
play an important role in the retention of juveniles. One of the broader goals of this dissertation
research was to better understand the role of intrinsic benefits of philopatry on delayed dispersal
behavior.
One benefit of philopatry that may influence dispersal behavior in cooperatively breeding
species is increased access to food resources through either familiarity with the environment
(local knowledge) or increased foraging ability mediated by group effects (Walters et al. 1992b).
Access to food resources on the natal territory has been directly linked to dispersal behavior in
Western bluebirds (Sialia mexicana) where the experimental removal of mistletoe
(Phoradendron villosum), a critical winter food resource, resulted in higher rates of winter natal
dispersal for juvenile males (Dickinson and McGowan 2005). The overall quality of the natal
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territory has also been proposed as an important factor in dispersal decisions, where individuals
from high quality territories will remain philopatric, and individuals from low quality territories
will disperse and search despite ecological constraints to independent breeding (Stacey and
Ligon 1991). The maintenance of both strategies in cooperatively breeding species has been
attributed to this variability in territory quality (Stacey and Ligon 1991).
However, for sibling red-cockaded woodpeckers the general quality of the natal territory
is the same. Since they were raised on the same territory, in the same neighborhood and
population, they should also experience similar ecological constraints to independent
reproduction. Siblings should also match in their ability to perceive and access available breeder
vacancies in the neighborhood. Furthermore, dispersal distance in red-cockaded woodpeckers is
strongly heritable but modulated by ecological or social factors (Pasinelli et al. 2004). Since
breeding pairs are strictly monogamous (Haig et al. 1994), siblings should also share parentage
and the tendency to disperse certain distances, but the probability or timing of dispersal may still
vary within broods. Therefore, general measures of habitat or parental quality need to be
considered to control for between brood variation in dispersal strategy but cannot be used to
explain the observed patterns of within-brood variation.
Our research highlights the importance of intrabrood social rank on individual access to
food resources on the natal territory where socially dominant individuals have greater access to
food brought by adults during the postfledging dependent period than subordinates. (Chapter II).
If increased access to food resources is one of the primary benefits of philopatry for juvenile redcockaded woodpeckers, and subordinate individuals have restricted access during the postfledging dependent period, they may become more dispersive in the fall as a result (See
discussion in Chapter II). While variation in habitat or parental quality among territories may
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still be important when comparing the probability of dispersal between broods, we showed that
the variation in dispersal strategies within a territory driven by intrabrood social rank differences
is sufficient to regularly produce both dispersal strategies among males.
Future research should attempt to identify other resources critical to juveniles that might
factor into an individual‟s decision to delay dispersal. While biased access to food on the natal
territory may be enough to drive intrabrood variation in fall dispersal patterns, other resources
may be involved in the explanation of spring dispersal decisions. One probable resource that may
influence the intrinsic quality of the natal territory throughout the first year is access to a cavity
for roosting. Red-cockaded woodpeckers roost singly in cavities not already occupied by a
socially dominant individual or an interspecific kleptoparasite (Kappes 1997). When cavities are
limited in a cluster, dominant individuals gain prioritized access to roost sites by evicting
subordinates who are then forced to roost in the open (E.L.H.R., personal observation).
Intersexual rank differences are often great enough that even a hatch year male can displace the
breeding female from her roost cavity (Jackson 1994). Obtaining a high quality roost cavity soon
after fledging may have substantial survival benefits, especially through the winter months.
Another important consideration driving increased dispersal of subordinate juveniles that
cannot be ignored is the direct influence of aggressive physical conflicts among brood-mates.
Adults on the natal territory rarely attack juveniles (Chapter II) and in this way, the natal territory
may provide a safe haven for young as described previously in other species with delayed
dispersal (Kokko and Ekman 2002). However, for subordinate individuals, if the frequency of
aggressive conflicts is great enough, the natal territory may no longer be a safe haven. Negative
effects of intrabrood conflicts include physical injury (extreme examples from siblicidal species;
see review in Mock and Parker 1997) or elevated stress hormone levels (Martinez-Padilla et al.

152

2004; Blanco et al. 2006). Elevated levels of stress hormone corticosterone has been observed in
birds during the restless period prior to migration (Landys et al. 2004) and may be involved with
increased locomotor activity prior to natal dispersal (Belthoff and Dufty 1998). Physical
aggression from dominant brood-mates may also result in the forced eviction of subordinate
offspring (Strickland 1991) and early dispersal may not be a voluntary choice as it is often
presented.
The dispersal patterns observed among red-cockaded woodpecker juveniles in this study
appear to be driven primarily by nestling sex, where females are more dispersive than males.
Secondarily, within sexes, the decision to disperse in the fall may be driven by rank-specific
access to food resources during the post-fledging dependent period, or in combination with the
direct effect of physical attack. Although access to food may vary with intrabrood social rank
beyond the post-fledging dependent period, access to other resources (e.g. roost cavities) or
elevated stress hormone levels as a result of direct physical attack may drive spring dispersal
decisions.
The research presented in this dissertation also improves our understanding of delayed
dispersal behavior in red-cockaded woodpeckers because it provides strong evidence that
delayed dispersal during the first year is the preferred strategy for juvenile males. This idea was
previously presented by the equal or slightly higher lifetime fitness granted to philopatric males
compared to early dispersers (Walters et al. 1992b) More support comes from the propensity of
juvenile males to delay dispersal when they have high mass relative to their brood-mates
(Pasinelli and Walters 2002). Our research adds to these findings by describing the role that
intrabrood social rank plays as a predictor of individual life history strategy variation. Socially
dominant males demonstrate much higher probabilities of delayed dispersal (Chapter II). In
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addition, subordinate males existing on natal territories where their dominant siblings have died
or dispersed (rare) are much more likely to delay dispersal (Chapter III). This suggests that
individual dispersal decisions are flexible, and assessed based on current social conditions rather
than physical traits fixed at birth or correlated with initial social status.
If delayed dispersal is the preferred strategy for juvenile male red-cockaded woodpeckers
as our research suggests, that implies that early dispersal must be the inferior strategy. We might
then say that early dispersers are making the „best-of-a-bad-situation‟ because their low social
rank results in a reduction of the benefits normally associated with philopatry and possibly
eviction from the natal territory. However, delayed dispersal as a life history strategy is also
frequently described as making the „best-of-a-bad-situation‟ since independent reproduction
should ultimately be the preferred strategy but ecological constraints prohibit this option (Alonso
et al. 1998). This is the case with acorn woodpeckers, where if only one brother from a pair
remained home as a helper, it is much more likely to be the subordinate male (Koenig et al.
2011). This suggests that delayed dispersal is a way for individuals of inferior quality to wait and
prepare for dispersal, contrary to our findings with red-cockaded woodpeckers.
As discussed in Chapter III, the direct benefits of philopatry gained during the first year
may not be the only factor driving delayed dispersal; rather lifetime fitness benefits accumulated
over time may be more important. First year males that do obtain breeding vacanices have
distinctly poor reproductive success and survival (Walters et al. 1992b). In addition, older female
breeders appear to avoid pairing with young males (Daniels and Walters 2000b), suggesting that
physical or social maturity or experience gained through age is critical to successful breeding.
We propose then, for first year males, the optimal strategy is to delay reproduction on the natal
territory even if a nearby breeder vacancy is available. For dominant males in this system, the
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“bad situation” they are trying to make the best of may not only be the reduced availability of
breeding vacancies, but also the high cost of first year reproduction. For subordinate males this
becomes a “very bad situation” because in addition to habitat saturation and the high cost of firstyear reproduction, their social status within the family removes some or all of the benefits
associated with waiting at home. This suggests that natal dispersal by subordinates is not so
much the result of lifted ecological constraints as it might be for dominant juveniles when they
chose to disperse (Walters et al. 1992a) rather it is the result of the lack of benefits of philopatry.
Here on a very fine scale (differences in social placement among siblings) we are able to identify
the relative roles of intrinsic benefits and extrinsic constraints on the maintenance of multiple
dispersal strategies in red-cockaded woodpeckers.

SUMMARY
This research contributes to a greater understanding of the relative contribution of
intrinsic benefits versus extrinsic constraints as current pressures influencing individual dispersal
decisions in red-cockaded woodpeckers. This evaluation of the relative contribution of factors
driving delayed dispersal is preferred over attempting to eliminate one factor from the
explanation of the evolution of delayed dispersal (Koenig et al. 1992).While a single factor is
unlikely to explain the general evolution of delayed dispersal behavior, single influential factors
may reveal themselves when comparing species or populations with different dispersal patterns
(Koenig et al. 1992). Our comparison of individuals with different dispersal patterns within the
same brood proved to be an exciting opportunity to identify additional factors important to
dispersal pressure in this species, primarily intrabrood social rank.
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APPENDIX A
Appendix A. 1 Multistate mark-recapture models for natal survival and dispersal for juvenile males with known intrabrood social
rank from CS1-CS3.
Model Apparent Natal Survival (ΦN) Dispersal (ΨND)
Stage 1: Addition of general covariates to natal survival term
5 Cohort+flg+t
t
3 Flg+t
t
8 Cohort+flg+conpop+t
t
7 Flg+conpop+t
t
1 t
t
2 Cohort+t
t
4 Conpop+t
t
6 Cohort+conpop+t
t
Stage 2: Addition of general covariates to dispersal term
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t
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t
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t
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QAICc

ΔQAICc QAICc weight
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590.057
590.302
590.626
592.343
592.897
593.468
594.634

0.000
0.973
1.218
1.542
3.259
3.813
4.384
5.550

589.084
590.057
590.302
590.626
590.778
591.021
591.035
591.730
591.822
591.985
591.992
592.252

0.000
0.973
1.218
1.542
1.694
1.937
1.951
2.645
2.737
2.900
2.908
3.167

Model likelihood K

QDeviance

0.318
0.196
0.173
0.147
0.062
0.047
0.036
0.020

1.000
0.615
0.544
0.463
0.196
0.149
0.112
0.062

11
9
12
10
8
10
9
11

566.479
571.646
565.585
570.123
576.015
572.393
575.057
572.029

0.137
0.084
0.074
0.063
0.059
0.052
0.052
0.036
0.035
0.032
0.032
0.028

1.000
0.615
0.544
0.463
0.429
0.380
0.377
0.266
0.254
0.235
0.234
0.205

11
9
12
10
12
13
12
10
11
13
10
14

566.479
571.646
565.585
570.123
566.061
564.182
566.318
571.226
569.216
565.146
571.489
563.282
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24 Cohort+flg+conpop+t
Flg+t
592.261 3.177
0.028
13 Cohort+flg+t
Cohort+Conpop+t
592.278 3.193
0.028
32 Flg+conpop+t
Conpop+t
592.283 3.199
0.028
30 Flg+conpop+t
Cohort+t
592.405 3.321
0.026
31 Flg+conpop+t
Flg+t
592.569 3.485
0.024
14 Cohort+flg+t
Flg+conpop+t
592.665 3.581
0.023
20 Flg+t
Cohort+conpop+t
593.049 3.964
0.019
12 Cohort+flg+t
Cohort+flg+t
593.152 4.068
0.018
27 Cohort+flg+conpop+t
Cohort+conpop+t
593.483 4.399
0.015
34 Flg+conpop+t
Cohort+conpop+t
593.595 4.511
0.014
21 Flg+t
Flg+conpop+t
593.601 4.517
0.014
28 Cohort+flg+conpop+t
Flg+conpop+t
593.879 4.794
0.012
19 Flg+t
Cohort+flg+t
593.933 4.848
0.012
35 Flg+conpop+t
Flg+conpop+t
594.162 5.078
0.011
26 Cohort+flg+conpop+t
Cohort+flg+t
594.393 5.308
0.010
15 Cohort+flg+t
Cohort+flg+conpop+t 594.405 5.321
0.010
33 Flg+conpop+t
Cohort+flg+t
594.526 5.441
0.009
22 Flg+t
Cohort+flg+conpop+t 595.162 6.077
0.007
29 Cohort+flg+conpop+t
Cohort+flg+conpop+t 595.620 6.536
0.005
36 Flg+conpop+t
Cohort+flg+conpop+t 595.718 6.634
0.005
Stage 3: Effects of social rank and condition relative to male broodmates on natal survival
37 Rank+cohort+flg+t
585.977 0.000
0.190
t
39 Rank+cohort+flg+conpop+t t
586.751 0.773
0.129
38 Rank+flg+t
586.814 0.836
0.125
t
40 Rank+flg+conpop+t
586.976 0.999
0.116
t
41 Rank+cohort+flg+t
587.693 1.716
0.081
Conpop+t
42 Rank+cohort+flg+t
587.930 1.952
0.072
Cohort+t
43 Rank+cohort+flg+t
587.941 1.963
0.071
Flg+t
5 Cohort+flg+t
t
589.084 3.107
0.040
3 Flg+t
t
590.057 4.080
0.025
8 Cohort+flg+conpop+t
t
590.302 4.325
0.022

0.204
0.203
0.202
0.190
0.175
0.167
0.138
0.131
0.111
0.105
0.105
0.091
0.089
0.079
0.070
0.070
0.066
0.048
0.038
0.036

13
14
11
12
11
13
12
14
15
13
11
14
12
12
15
15
13
13
16
14

565.423
563.308
569.678
567.688
569.964
565.826
568.331
564.182
562.372
566.757
570.996
564.909
569.215
569.445
563.282
563.294
567.687
568.323
562.358
566.748

1.000
0.679
0.658
0.607
0.424
0.377
0.375
0.212
0.130
0.115

12
13
10
11
13
14
13
11
9
12

561.260
559.912
566.310
564.371
560.854
558.960
561.102
566.479
571.646
565.585
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7 Flg+conpop+t
t
590.626 4.649
0.019
11 Cohort+flg+t
Conpop+t
590.778 4.801
0.017
44 Conbro+cohort+flg+t
t
590.803 4.826
0.017
9 Cohort+flg+t
Cohort+t
591.021 5.043
0.015
10 Cohort+flg+t
Flg+t
591.035 5.058
0.015
45 Conbro+flg+t
t
591.757 5.779
0.011
46 Conbro+cohort+flg+conpop+t t
592.337 6.359
0.008
48 Conbro+cohort+flg+t
Conpop+t
592.502 6.524
0.007
47 Conbro+flg+conpop+t
t
592.686 6.709
0.007
49 Conbro+cohort+flg+t
Cohort+t
592.753 6.776
0.006
50 Conbro+cohort+flg+t
Flg+t
592.765 6.788
0.006
Stage 4: Effects of social rank and condition relative to male broodmates on natal dispersal
51 Rank+cohort+flg+t
579.237 0.000
0.237
Rank+t
53 Rank+cohort+flg+conpop+t Rank+t
580.021 0.784
0.160
52 Rank+flg+t
580.073 0.837
0.156
Rank+t
54 Rank+flg+conpop+t
580.234 0.998
0.144
Rank+t
55 Rank+cohort+flg+t
581.047 1.810
0.096
Rank+conpop+t
57 Rank+cohort+flg+t
Rank+flg+t
581.328 2.091
0.083
56 Rank+cohort+flg+t
Rank+cohort+t
581.510 2.273
0.076
37 Rank+cohort+flg+t
t
585.977 6.741
0.008
39 Rank+cohort+flg+conpop+t
t
586.751 7.514
0.006
38 Rank+flg+t
t
586.814 7.577
0.005
40 Rank+flg+conpop+t
t
586.976 7.740
0.005
41 Rank+cohort+flg+t
Conpop+t
587.693 8.456
0.003
58 Rank+cohort+flg+t
Conbro+t
587.896 8.659
0.003
42 Rank+cohort+flg+t
Cohort+t
587.930 8.693
0.003
43 Rank+cohort+flg+t
Flg+t
587.941 8.704
0.003
60 Rank+cohort+flg+conpop+t
Conbro+t
588.686 9.449
0.002
59 Rank+flg+t
Conbro+t
588.721 9.484
0.002
61 Rank+flg+conpop+t
Conbro+t
588.899 9.662
0.002
62 Rank+cohort+flg+t
Conbro+conpop+t
589.400 10.164
0.001

0.098
0.091
0.090
0.080
0.080
0.056
0.042
0.038
0.035
0.034
0.034

10
12
12
13
12
10
13
13
11
14
13

570.123
566.061
566.086
564.182
566.318
571.253
565.498
565.663
570.081
563.783
565.927

1.000
0.676
0.658
0.607
0.405
0.352
0.321
0.034
0.023
0.023
0.021
0.015
0.013
0.013
0.013
0.009
0.009
0.008
0.006

13
14
11
12
14
14
15
12
13
10
11
13
13
14
13
14
11
12
14

552.398
551.051
557.468
555.517
552.077
552.358
550.399
561.260
559.912
566.310
564.371
560.854
561.057
558.960
561.102
559.716
566.115
564.182
560.430
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63 Rank+cohort+flg+t
64 Rank+cohort+flg+t

Conbro+cohort+t
Conbro+flg+t

589.830 10.593
589.845 10.608

0.001
0.001

0.005
0.005

15 558.719
14 560.875

Models listed in order first by stage, then by QAICc rank. Models with ΔQAICc values < 2 (shown in bold) were retained for use in
proceeding stages (see main text Methods: Multistate mark-recapture model). A median-ĉ goodness-of-fit test on the starting model
(1) revealed minor overdispersion. AIC scores were manually adjusted for overdispersion (QAIC; ĉ=1.245) and corrected for small
sample size (QAICc). Models are shown with the QAICc score, change in QAICc score (ΔQAICc), ΔQAICc weight, model likelihood,
the number of estimable parameters (K) and model deviance (QDeviance). For all models, recapture probability was constrained as
constant across time (p(.)), probability of surviving in the dispersing state was constant over time (Φ D(.)), and probability of transition
from disperser to natal resident states was fixed at zero (Ψ DN(0)).
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APPENDIX B
Appendix B. 1 Mass for single-sex scenario
Rank No. Model
1 18 Age Cohort Male Brood
2 31 Age Cohort Male Brood Sex
3
8 Age Cohort Brood
4 32 Age Cohort Male Brood Sex Brood*Sex
5 37 Age Cohort Male Brood Sex Helpers
6 23 Age Cohort Brood Helpers
7 21 Age Cohort Brood Sex
8 38 Age Cohort Male Brood Sex Helpers Brood*Sex
9 22 Age Cohort Brood Sex Brood*Sex
10 33 Age Cohort Brood Sex Helpers
11 34 Age Cohort Brood Sex Helpers Brood*Sex
12
7 Age Cohort Male
13
2 Age Cohort
14 19 Age Cohort Male Sex
15
9 Age Cohort Sex
16 20 Age Cohort Male Helpers
17 10 Age Cohort Helpers
18 24 Age Cohort Sex Helpers
19 11 Age Male Brood
20
4 Age Brood
21 26 Age Male Brood Sex Brood*Sex
22 15 Age Brood Sex Brood*Sex
23 14 Age Brood Sex
24 25 Age Male Brood Sex
25 27 Age Male Brood Helpers
26 16 Age Brood Helpers
27 30 Age Brood Sex Helpers Brood*Sex

AICc
ΔAICc Model weight Model likelihood
5427.1
0.0
0.366
1.000
5428.7
1.6
0.164
0.449
5429.6
2.5
0.105
0.287
5429.8
2.7
0.095
0.259
5430.8
3.7
0.058
0.157
5430.9
3.8
0.055
0.150
5431.0
3.9
0.052
0.142
5431.9
4.8
0.033
0.091
5432.1
5.0
0.030
0.082
5432.3
5.2
0.027
0.074
5433.5
6.4
0.015
0.041
5442.5 15.4
0.000
0.000
5443.2 16.1
0.000
0.000
5443.7 16.6
0.000
0.000
5444.2 17.1
0.000
0.000
5444.3 17.2
0.000
0.000
5445.2 18.1
0.000
0.000
5446.2 19.1
0.000
0.000
5459.2 32.1
0.000
0.000
5459.2 32.1
0.000
0.000
5460.4 33.3
0.000
0.000
5460.4 33.3
0.000
0.000
5460.9 33.8
0.000
0.000
5461.0 33.9
0.000
0.000
5461.1 34.0
0.000
0.000
5461.1 34.0
0.000
0.000
5462.3 35.2
0.000
0.000

K -2log(L)
21 5384.2
22 5383.7
20 5388.8
23 5382.7
23 5383.7
21 5388.0
21 5388.1
24 5382.7
22 5387.1
22 5387.3
23 5386.4
20 5401.7
19 5404.5
21 5400.8
20 5403.4
21 5401.4
20 5404.4
21 5403.3
6 5447.1
5 5449.2
8 5444.3
7 5446.3
6 5448.8
7 5446.9
7 5447.0
6 5449.1
8 5446.2
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28
29
30
31
32
33
34
35
36
37
38

36
29
35
1
3
5
6
12
13
17
28

Age Male Brood Sex Helpers Brood*Sex
Age Brood Sex Helpers
Age Male Brood Sex Helpers
Age
Age Male
Age Sex
Age Helpers
Age Male Sex
Age Male Helpers
Age Sex Helpers
Age Male Sex Helpers

5462.4
5462.8
5462.9
5475.7
5476.9
5477.0
5477.6
5478.3
5478.3
5478.9
5479.7

35.3
35.7
35.8
48.6
49.8
49.9
50.5
51.2
51.2
51.8
52.6

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

9
7
8
4
5
5
5
6
6
6
7

5444.2
5448.7
5446.8
5467.6
5466.8
5466.9
5467.5
5466.2
5466.2
5466.8
5465.6
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Appendix B. 2 Mass for mixed-sex scenario
Rank No. Model
1 33 Age Cohort Brood Sex Helpers
2 34 Age Cohort Brood Sex Helpers Brood*Sex
3 37 Age Cohort Male Brood Sex Helpers
4 21 Age Cohort Brood Sex
5 38 Age Cohort Male Brood Sex Helpers Brood*Sex
6 22 Age Cohort Brood Sex Brood*Sex
7 31 Age Cohort Male Brood Sex
8 32 Age Cohort Male Brood Sex Brood*Sex
9
9 Age Cohort Sex
10 24 Age Cohort Sex Helpers
11 19 Age Cohort Male Sex
12 29 Age Brood Sex Helpers
13 30 Age Brood Sex Helpers Brood*Sex
14 14 Age Brood Sex
15 35 Age Male Brood Sex Helpers
16 36 Age Male Brood Sex Helpers Brood*Sex
17 15 Age Brood Sex Brood*Sex
18 25 Age Male Brood Sex
19 26 Age Male Brood Sex Brood*Sex
20
5 Age Sex
21 17 Age Sex Helpers
22 12 Age Male Sex
23 28 Age Male Sex Helpers
24 23 Age Cohort Brood Helpers
25
8 Age Cohort Brood
26 18 Age Cohort Male Brood
27
2 Age Cohort
28 10 Age Cohort Helpers

AICc
ΔAICc Model weight Model likelihood
11378.3
0.0
0.329
1.000
11379.3
1.0
0.199
0.607
11380.3
2.0
0.121
0.368
11380.4
2.1
0.115
0.350
11381.3
3.0
0.073
0.223
11381.4
3.1
0.070
0.212
11381.8
3.5
0.057
0.174
11382.8
4.5
0.035
0.105
11392.7 14.4
0.000
0.001
11394.2 15.9
0.000
0.000
11394.8 16.5
0.000
0.000
11398.3 20.0
0.000
0.000
11399.4 21.1
0.000
0.000
11400.1 21.8
0.000
0.000
11400.2 21.9
0.000
0.000
11401.2 22.9
0.000
0.000
11401.2 22.9
0.000
0.000
11401.9 23.6
0.000
0.000
11403.0 24.7
0.000
0.000
11413.7 35.4
0.000
0.000
11415.3 37.0
0.000
0.000
11415.6 37.3
0.000
0.000
11416.8 38.5
0.000
0.000
11438.6 60.3
0.000
0.000
11440.7 62.4
0.000
0.000
11442.1 63.8
0.000
0.000
11453.7 75.4
0.000
0.000
11455.3 77.0
0.000
0.000

K
22
23
23
21
24
22
22
23
20
21
21
7
8
6
8
9
7
7
8
5
6
6
7
21
20
21
19
20

-2Log(L)
11333.8
11332.7
11333.8
11337.9
11332.7
11336.9
11337.3
11336.3
11352.3
11351.8
11352.3
11384.3
11383.3
11388.0
11384.1
11383.1
11387.1
11387.9
11387.0
11403.7
11403.3
11403.5
11402.8
11396.1
11400.3
11399.7
11415.4
11414.9
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29
30
31
32
33
34
35
36
37
38

7
20
16
4
27
11
1
6
3
13

Age Cohort Male
Age Cohort Male Helpers
Age Brood Helpers
Age Brood
Age Male Brood Helpers
Age Male Brood
Age
Age Helpers
Age Male
Age Male Helpers

11455.8 77.5
11457.2 78.9
11459.8 81.5
11461.5 83.2
11461.6 83.3
11463.4 85.1
11475.8 97.5
11477.5 99.2
11477.7 99.4
11479.0 100.7

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000 20 11415.4
0.000 21 11414.8
0.000 6 11447.7
0.000 5 11451.5
0.000 7 11447.5
0.000 6 11451.4
0.000 4 11467.8
0.000 5 11467.4
0.000 5 11467.7
0.000 6 11467.0
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Appendix B. 3 Leg length for single-sex scenario
Rank No. Model name
1
9 Age Cohort Sex
2 21 Age Cohort Brood Sex
3 19 Age Cohort Male Sex
4 24 Age Cohort Sex HELPERS
5 22 Age Cohort Brood Sex Brood*Sex
6
2 Age Cohort
7 31 Age Cohort Male Brood Sex
8 33 Age Cohort Brood Sex HELPERS
9 32 Age Cohort Male Brood Sex Brood*Sex
10 34 Age Cohort Brood Sex Helpers Brood*Sex
11 10 Age Cohort HELPERS
12
8 Age Cohort Brood
13
7 Age Cohort Male
14 37 Age Cohort Male Brood Sex HELPERS
15 38 Age Cohort Male Brood Sex HELPERS Brood*Sex
16 23 Age Cohort Brood HELPERS
17 18 Age Cohort Male Brood
18 20 Age Cohort Male HELPERS
19
5 Age Sex
20
1 Age
21 12 Age Male Sex
22 14 Age Brood Sex
23 17 Age Sex HELPERS
24
3 Age Male
25
6 Age Helpers
26
4 Age Brood
27 15 Age Brood Sex Brood*Sex

AICc ΔAICc Model weight Model likelihood
596.5
0.0
0.279
1.000
598.3
1.8
0.113
0.407
598.4
1.9
0.108
0.387
598.5
2.0
0.102
0.368
598.6
2.1
0.097
0.350
600.1
3.6
0.046
0.165
600.2
3.7
0.044
0.157
600.4
3.9
0.040
0.142
600.7
4.2
0.034
0.122
600.7
4.2
0.034
0.122
601.8
5.3
0.020
0.071
601.9
5.4
0.019
0.067
602.0
5.5
0.018
0.064
602.4
5.9
0.015
0.052
602.9
6.4
0.011
0.041
603.8
7.3
0.007
0.026
603.9
7.4
0.007
0.025
604.0
7.5
0.007
0.024
615.1 18.6
0.000
0.000
615.6 19.1
0.000
0.000
616.6 20.1
0.000
0.000
617.2 20.7
0.000
0.000
617.2 20.7
0.000
0.000
617.2 20.7
0.000
0.000
617.5 21.0
0.000
0.000
617.7 21.2
0.000
0.000
618.7 22.2
0.000
0.000

K
7
8
8
8
9
6
9
9
10
10
7
7
7
10
11
8
8
8
5
4
6
6
6
5
5
5
7

-2LogL
582.0
581.6
581.7
581.9
579.7
587.7
581.4
581.6
579.6
579.7
587.3
587.4
587.5
581.4
579.6
587.2
587.3
587.3
604.8
607.4
604.2
604.8
604.8
606.9
607.3
607.4
604.2
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28
29
30
31
32
33
34
35
36
37
38

25
28
29
11
13
16
26
35
30
27
36

Age Male Brood Sex
Age Male Sex HELPERS
Age Brood Sex HELPERS
Age Male Brood
Age Male HELPERS
Age Brood HELPERS
Age Male Brood Sex Brood*Sex
Age Male Brood Sex Helpers
Age Brood Sex HELPERS Brood*Sex
Age Male Brood HELPERS
Age Male Brood Sex Helpers Brood*Sex

618.7
618.7
619.3
619.3
619.3
619.6
620.4
620.8
620.8
621.4
622.5

22.2
22.2
22.8
22.8
22.8
23.1
23.9
24.3
24.3
24.9
26.0

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

7
7
7
6
6
6
8
8
8
7
9

604.2
604.2
604.8
606.9
606.9
607.2
603.7
604.1
604.2
606.9
603.7
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Appendix B. 4 Leg length for mixed-sex scenario
Rank No. Model name
AICc
ΔAICc Model likelihood Model weight K -2LogL
1
9 Age Cohort Sex
1356.2
0.0
1.000
0.102 7 1342.0
2
5 Age Sex
1356.2
0.0
1.000
0.102 5 1346.0
3 15 Age Brood Sex Brood*Sex
1356.5
0.3
0.861
0.088 7 1342.2
4 24 Age Cohort Sex HELPERS
1356.7
0.5
0.779
0.079 8 1340.4
5 22 Age Cohort Brood Sex Brood*Sex
1356.9
0.7
0.705
0.072 9 1338.5
6 17 Age Sex HELPERS
1357.1
0.9
0.638
0.065 6 1344.9
7 34 Age Cohort Brood Sex Helpers Brood*Sex
1357.3
1.1
0.577
0.059 10 1336.9
8 30 Age Brood Sex HELPERS Brood*Sex
1357.5
1.3
0.522
0.053 8 1341.1
9 12 Age Male Sex
1358.2
2.0
0.368
0.037 6 1346.0
10 14 Age Brood Sex
1358.2
2.0
0.368
0.037 6 1346.0
11 21 Age Cohort Brood Sex
1358.3
2.1
0.350
0.036 8 1341.9
12 19 Age Cohort Male Sex
1358.3
2.1
0.350
0.036 8 1342.0
13 26 Age Male Brood Sex Brood*Sex
1358.5
2.3
0.317
0.032 8 1342.2
14 33 Age Cohort Brood Sex HELPERS
1358.8
2.6
0.273
0.028 9 1340.4
15 38 Age Cohort Male Brood Sex HELPERS Brood*Sex 1358.9
2.7
0.259
0.026 11 1336.3
16 32 Age Cohort Male Brood Sex Brood*Sex
1358.9
2.7
0.259
0.026 10 1338.4
17 28 Age Male Sex HELPERS
1359.0
2.8
0.247
0.025 7 1344.8
18 29 Age Brood Sex HELPERS
1359.1
2.9
0.235
0.024 7 1344.9
19 36 Age Male Brood Sex Helpers Brood*Sex
1359.4
3.2
0.202
0.021 9 1341.0
20 37 Age Cohort Male Brood Sex HELPERS
1360.1
3.9
0.142
0.014 10 1339.8
21 25 Age Male Brood Sex
1360.2
4.0
0.135
0.014 7 1346.0
22 31 Age Cohort Male Brood Sex
1360.3
4.1
0.129
0.013 9 1341.9
23 35 Age Male Brood Sex Helpers
1361.1
4.9
0.086
0.009 8 1344.8
24
2 Age Cohort
1366.6
10.4
0.006
0.001 6 1354.4
25
1 Age
1366.7
10.5
0.005
0.001 4 1358.6
26 10 Age Cohort HELPERS
1367.1
10.9
0.004
0.000 7 1352.8
27
6 Age Helpers
1367.7
11.5
0.003
0.000 5 1357.6
28 20 Age Cohort Male HELPERS
1368.3
12.1
0.002
0.000 8 1352.3
182

29
30
31
32
33
34
35
36
37
38

8
7
3
4
23
13
16
18
11
27

Age Cohort Brood
Age Cohort Male
Age Male
Age Brood
Age Cohort Brood HELPERS
Age Male HELPERS
Age Brood HELPERS
Age Cohort Male Brood
Age Male Brood
Age Male Brood HELPERS

1368.6
1368.6
1368.7
1368.7
1369.1
1369.6
1369.8
1370.6
1370.8
1371.7

12.4
12.4
12.5
12.5
12.9
13.4
13.6
14.4
14.6
15.5

0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

7
7
5
5
8
6
6
8
6
7

1354.3
1354.4
1358.6
1358.6
1352.8
1357.5
1357.6
1354.3
1358.6
1357.5
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