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ABSTRACT

THE BEHAVIORAL CAUSES OF REPRODUCTIVE SKEW IN COOPERATIVELY
POLYGYNANDROUS ACORN WOODPECKERS (MELANERPES FORMICIVORUS)

Anna C. Brownson

Old Dominion University, 2015
Director: Dr. Eric L. Walters

Reproductive skew, the degree to which reproduction is shared among same-sex
individuals in a social group, is a pattern affected by ecological conditions, sociality,
cooperation, and the inter- and intrasexual behavior of individuals in complex animal
societies. Transactional and compromise skew models assume that high skew is the
product of dominance hierarchies among cobreeders, yet this has rarely been tested. Both
model types fail to incorporate the decisions of more than two individuals, generally
overlooking the effect of female behavior on male reproductive success in multi-male
groups, and are ineffective at predicting skew in larger groups characterized by more than
two same-sex cobreeders. To test these assumptions, I examined the potential behavioral
causes of reproductive skew in acorn woodpeckers (Melanerpes formicivorus), a
cooperative polygynandrous species that lacks dominance hierarchies among closely
related cobreeding males despite highly skewed paternity.

I quantified male mate-guarding behavior by measuring overall attendance time
and successful follows of breeding females prior to egg-laying to determine if these
behaviors resulted in a breeding hierarchy reflected by realized paternity. Mate-guarding
behavior of small (two-male) and large (three or more male) cohort groups was compared

to examine the effect of larger group sizes on reproductive skew. Moreover, the potential



effect of female behavior on male reproductive skew was examined by investigating
female mating behavior in polyandrous social groups.

Reproductive competition among cobreeding males was high, as evidenced by
consistently high attendance behavior throughout the fertile period of breeding females.
Groups with three or more cobreeding males mate guarded for more days than groups
with two cobreeding males. Attendance and following behavior were good predictors of
reproductive skew in two-male groups, but did not predict paternity in groups with three
or more cobreeding males. I hypothesized that this species may use tree cavities in which
to copulate, and tested the prediction that the frequency and duration of tree cavity visits
by breeding females with breeding males determined the realized paternity of the
offspring of polyandrous groups. The timing and duration of cavity use behavior of males
and females in this study closely resembled the timing and duration of copulation
behavior in other polyandrous species. The cavity use behavior of females and males,
however, was not a good predictor of realized paternity. The ways in which acorn
woodpeckers agree with, and diverge from, the predictions of reproductive skew theory
highlight both the potential insight derived by, and the limitation in scope of, this theory

as a whole.
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CHAPTER I

INTRODUCTION

Reproductive skew is the degree to which reproduction is partitioned among two
or more individuals of the same sex in a social group that cooperates to reproduce and/or
rear young (Johnstone, 2000; Koenig et al., 2009). Reproduction that is shared equally is
referred to as "low skew," while unequal sharing is "high skew." In many species, skewed
parentage is a common feature of complex mating systems, such as polygamous species
(species in which individuals are the social mate of more than one member of the
opposite sex; Temrin & Sillén-Tullberg, 1994), or cooperatively breeding species
(Mulder et al., 1994; Whittingham et al., 1997; Haydock & Koenig, 2002; Williams,
2004; Charpentier et al., 2005; Gilchrist, 2007; Nelson-Flower et al., 2011).

In cooperatively breeding species, individuals often care for offspring that are not
directly related to them (Skutch, 1961; Cockburn, 1998; Koenig & Dickinson, 2004).
When helpers, as they are known, forego reproduction to provision non-descendant
individuals, reproduction becomes highly skewed toward the breeders (Clutton-Brock,
2002; Haydock & Koenig, 2002; Blackmore & Heinsohn, 2007; Koenig et al., 2011).

Distinct from cooperative breeding, reproductive cooperation (also referred to as
cobreeding; Diaz-Muiioz, 2014), occurs when two or more individuals of the same sex
cooperate to gain access to mating opportunities. This reproductive cooperation is the
defining characteristic of cooperative polygyny (groups with one male and multiple
females), cooperative polyandry (one female and multiple males), and cooperative
polygynandry (multiple males and females). Moreover, reproductive cooperation can take

many forms and can include males that participate in display coalitions to attract a mate,



as occurs in lekking wild turkeys (Meleagris gallopavo; Krakauer, 2005) and peafowl
(Pavo cristatus; Petrie et al., 1999). Male feral horses (Equus caballus) form competitive
coalitions that fight to gain access to females (Feh, 1999). In the alpine accentor
(Prunella collaris) and acorn woodpecker (Melanerpes formicivorus), multiple males and
females coexist and breed in social groups. These birds cooperate to raise the offspring of
multiple breeding birds of both sexes in the group (Davies et al., 1995; Koenig et al.,
1984). Species that cooperatively reproduce, by their very nature, often experience
greater variability in genetic parentage than do monogamous species (Li & Brown, 2000;
Gilchrist, 2007).

Due to the competition for parentage in animal societies characterized by high
skew, many species have evolved behavioral mechanisms by which individuals attempt
to increase their share of reproduction, safeguard future breeding opportunities, or gain
indirect fitness by helping close relatives breed successfully. In birds, males undertake
mate guarding to prevent female insemination by other males (Komdeur et al., 1999;
Chuang-Dobbs et al., 2001; Komdeur et al., 2007), engage in frequent copulation or
cloacal pecking to outcompete or displace sperm from other males (Davies, 1983; Davies,
1990; Hunter et al., 1992; Crowe et al., 2009), form dominance hierarchies to establish
relative access to mating opportunities (Lamprecht, 1986), or pursue extra-group mating
opportunities (Richardson et al., 2001; Hughes et al., 2003). Females destroy the eggs of
cobreeding females (Mumme et al., 1983; Koenig, Mumme, et al., 1995; Schmaltz et al.,
2008), form dominance hierarchies (Richardson et al., 2002; Dey et al., 2012), and

engage in extra-group copulations (Double & Cockburn, 2000).



The causes and consequences of skew are as varied as the species that are
influenced by it. The field of reproductive skew theory was developed in an effort to
determine common parameters that regulate reproductive success in animal societies
(Vehrencamp, 1983; Nonacs & Hager, 2011). Skew theory is an area of study that aims to
predict the ecological and social conditions under which individuals of the same sex will
share (or not share) reproduction. By identifying the parameters that influence the share
of direct and indirect fitness among individuals within animal societies, the ultimate goal
of skew theory is to conceive a model through which the formation of social groups, and
the evolution of sociality, can be explained (Reeve et al., 1998; Cant & Johnstone, 2000;
Johnstone, 2000; Haydock & Koenig, 2003).

Originally conceived by Vehrencamp (1983), early skew models, called
transactional models, are predicated on the notion that the allocation of reproduction is
affected by group stability; these models are subdivided into "concessions" and
"restraint" categories (Johnstone, 2000). In concessions models, one or more "dominant"
individuals control the share of reproduction allotted to "subordinate" members, and the
fraction of reproduction allocated is balanced against the risk of losing subordinate help if
subordinates have no reproductive incentive to stay in the group (Vehrencamp, 1983;
Reeve & Ratnieks, 1993; Reeve & Emlen, 2000). The fraction of reproduction
apportioned to subordinates by dominants is called the reproductive concession. If a
dominant individual affords too small a concession, subordinates have the option to leave
the group, eliminating subordinate help provided to the dominant individual and
disrupting group stability. In this model, dominants control the allocation of

reproduction, while subordinates control group membership. Subordinates must therefore



weigh the potential reproductive success they will achieve in the group against their
potential reproductive success if they choose the outside option and leave the group. If
their chance of reproducing outside the group is high, the dominant must concede a larger
share of reproduction to keep subordinates in the group, resulting in lower skew.
Conversely, if a subordinate's chance of reproducing on its own is low, dominants only
have to afford a small portion of reproduction to ensure group stability. When dominants
and subordinates are closely related, the concession is predicted to be smaller due to the
indirect fitness the subordinate gains when the dominant reproduces, resulting in higher
skew (Clutton-Brock, 1998; Johnstone & Cant, 1999).

Restraint models make the opposite prediction: subordinates control the allocation
of reproduction among members of the group, while the dominant members control
group membership (Johnstone & Cant, 1999). Under these parameters, subordinate
members must restrain the amount of reproduction they claim, lest the dominant
members evict them from the group for monopolizing too large a share (Clutton-Brock,
1998; Johnstone & Cant, 1999). The subordinate's share of reproduction therefore
represents a trade-off with the dominant to prevent the dominant from ejecting the
subordinate from the group. Because the subordinate individual makes the decision about
the partition of reproduction in this model, the predictions are reversed from concessions
models. When dominant and subordinate members are close relatives, or the potential to
reproduce successfully outside of a group is reduced by ecological constraints, or group
productivity is high, the subordinate can claim a greater share before the dominant will
risk losing fitness and disrupt the stability of the group by evicting the subordinate. As a

result, reproduction is shared by dominants and subordinates more equally. When



dominant and subordinate members are not closely related, or the potential to reproduce
successfully outside of a group is greater, or productivity in the group is low, the
subordinate must restrain itself from claiming too great a share of reproduction because
eviction and loss of group stability has less effect on the fitness of the dominant under
these conditions, which results in high reproductive skew that favors the dominant
(Johnstone & Cant, 1999; Reeve & Keller, 2001). An advantage of this model is that it
can account for the possibility that a subordinate might acquire dominant status at some
point in the future. Such a prospect acts as an incentive for the subordinate to claim a
smaller share of reproduction in order to safeguard a place in the group until the change
in status can occur (Johnstone & Cant, 1999).

Both concessions and restraint models assume that all members of the group have
complete knowledge of the reproductive opportunity of the other members, and
dominants or subordinates (depending on the model) exert complete control over the
allocation of reproduction among the other members of the group (Reeve & Keller,
2001). Neither model, however, accounts for intra- or intersexual conflict between
members of a group if all individuals compete for a greater share of reproduction (Zink &
Reeve, 2005; Nonacs & Hager, 2011).

Following the introduction of transactional models, compromise models were
proposed in order to account for uncertainty on the part of group members as to the true
allocation of reproduction (Reeve et al., 1998; Johnstone, 2000). In compromise models,
instead of reproductive incentives balanced against group stability, reproductive success
is determined by the competitive ability of each individual, with each individual claiming

as much reproduction as possible against the ability of the other members of the group to



do likewise. Here, dominance is established according to competitive ability and effort.
Group stability is not a factor in these models, though group productivity is significantly
affected by conflict between group members. In a prevailing compromise model — the
"tug-of-war" model — the more effort each member invests in competition, the lower the
group productivity. The benefits gained from competition for each individual must
therefore be weighed against the cost of intense competition that results in lower
productivity affecting all group members (Reeve et al., 1998).

Concessions and restraint models put great emphasis on the importance of group
stability on the reproductive success of its members. Compromise models account for
conflict among members of the group, but are limited in terms of predictions about
ultimate causes of skew in animal societies. Yet, all of these models make the same
assumption that skew is determined by dominance hierarchies (Keller & Reeve, 1994;
Kokko & Johnstone, 1999; Reeve & Keller, 2001). This is reflected in the universal
practice of labeling individuals as “dominant” and “subordinate” in skew models.

The definition of dominance is extremely varied in the scientific literature. In
concessions models, dominance takes the form of control over the reproduction of group
members, while in restraint models, dominance is determined by controlling group
membership. Compromise models define dominance according to the competitive ability
of an individual to exploit a larger share of reproduction than other members of the
group. Moreover, dominance can take the form of very different behavior according to
the species being studied, and the definition of such behavior by the researcher (Drews,

1993).



Despite the ubiquity of this assumption, there have been relatively few studies in
avian species that have explicitly tested if high skew is caused by the existence of a
dominance hierarchy within social groups (Dawson & Mannan, 1991; Jamieson, 1997;
Cant & Field, 2005). The lack of empirical tests of reproductive skew in dominance
hierarchies is further complicated by the fact that most reproductive skew models
exclusively address groups with only two cobreeders, in which one individual is the
dominant and the other the subordinate (Keller & Reeve, 1994; Reeve & Keller, 2001).
Limiting the breeding cohort to two individuals significantly simplifies the math in these
models and clarifies the predictions they make. As a consequence, however, these types
of models fail to accurately predict the complex behavior of cobreeding coalitions
consisting of more than two individuals (Johnstone et al., 1999). Thus, polyandrous,
polygynous, and polygynandrous species characterized by three or more same-sex
cobreeders are overlooked by skew theory, despite the fact that these species have the
potential to exhibit an intensification of the behavior predicted by skew models for
smaller groups resulting from the greater number of cobreeders.

A second assumption consistently made in skew theory — which is most likely
linked to the failure of most skew models to take into account a third individual — is that
the distribution of paternity among cobreeding males is determined by the behavior of the
males alone. In so doing, both transactional and compromise models often overlook the
possibility that females may exert considerable influence on the allocation of
reproductive skew in male cobreeding cohorts (Magrath & Heinsohn, 2000), as has been

shown in brown jays (Cyanocorax morio; Williams, 2004).



The objective of the study presented here was not to test a specific model of
reproductive skew, per se, but to qualitatively determine potential ways males and
females behaviorally influence reproductive skew in a cooperatively breeding, socially
polygynandrous species — the acorn woodpecker. In so doing, it was my goal to test the
two predominant assumptions of reproductive skew theory: skew is determined by
dominance hierarchies in social groups, and females do not significantly affect the
distribution of paternity among cobreeding males. In Chapter II, I tested the effect of
dominance hierarchies on paternity in polyandrous groups by determining if mate-
guarding behavior predicts the reproductive skew of paternity. In Chapter 111, I tested the
assumption that females do not play a role in determining paternity in polyandrous
groups by examining the relationship between female mating behavior during the fertile
period leading up to egg-laying, and the distribution of paternity of the offspring
produced in the resultant nests. Moreover, in both chapters I investigated the effect of
larger male cohorts, consisting of three or more cobreeders, on reproductive skew and
male and female behavior. Behavior and skew were examined in these groups to
determine whether the predictions of reproductive skew theory remain accurate for larger

groups.



CHAPTER II

THE EFFECT OF MATE GUARDING ON REPRODUCTIVE SKEW

INTRODUCTION

Mate-guarding behavior is defined as a close association between a male and a
female in conjunction with the fertile period of the female, and it is a tactic frequently
employed by males to prevent the female they are guarding from copulating with other
males. It can occur before the female is fertile (precopulatory; Mumme et al., 1983a),
during the fertile period (Morton, 1987; Gowaty et al., 1989; Meller & Birkhead, 1991;
Hatchwell & Davies, 1992; Chuang-Dobbs et al., 2001; Komdeur, 2001; Low, 2006; Dias
et al., 2009; Wilson & Swaddle, 2013), or after copulation has occurred (postcopulatory;
Elias et al., 2014). Mate guarding is highly dependent on a male's ability to assess when a
female becomes fertile and reaches peak fertility (Hérdling et al., 2004), as well as the
risk of potential sperm competition, which is competition between the sperm of two or
more males to fertilize a female's eggs (Birkhead et al., 1992; Komdeur, 2001).

Mate guarding is commonly described as a proximate cause of reproductive skew
among males. A male mate guards in order to prevent other males from fertilizing his
mate's eggs, and by doing so, he insures his own paternity and biases skew in his favor
(Komdeur et al., 1999; Chuang-Dobbs et al., 2001; Komdeur et al., 2007). Mate guarding
of females by males is quantified relative to other activities, such as the trade-off between
the time a male invests in guarding his mate, the time he must spend foraging, and the
time he spends soliciting extra-pair copulations with other females (Parker, 1974;

Chuang-Dobbs et al., 2001; Komdeur, 2001).
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A shortcoming of the body of mate guarding research on avian species to date is
that it has been disproportionately examined within the context of social monogamy
(Birkhead, 1982; Gowaty et al., 1989; Chuang-Dobbs et al., 2001; Komdeur, 2001; Dias
et al., 2009; Wilson & Swaddle, 2013). Relatively few studies focus on mate guarding in
more complex mating systems, such as cooperatively breeding species characterized by
variable numbers of male and/or female "helpers-at-the-nest" who participate in the care
of offspring not their own (alloparental care; Skutch, 1935; Woolfenden, 1975). Even in
cooperatively breeding species, mate guarding studies have concentrated on monogamous
pairs because the majority of cooperatively breeding avian species are characterized by a
monogamous pair and variable numbers of helpers (Legge & Cockburn, 2000; Koenig &
Dickinson, 2004).

Mate guarding studies that examine avian species that participate in reproductive
cooperation are even rarer (Mumme et al., 1983a; Hatchwell & Davies, 1992; Watts,
1998). Here I define reproductive cooperation, separate from cooperative breeding, as
mating systems in which two or more individuals of the same sex cooperate to gain
access to mating opportunities, also referred to as cobreeding (Diaz-Mufioz, 2014).
Reproductive cooperation is sometimes a prominent feature in socially polyandrous,
polygynous, or polygynandrous species, such as the Galapagos hawk (Buteo
galapagoensis; Faaborg et al., 1995), pukeko (Porphyrio porphyrio; Jamieson et al.,
1994), and acorn woodpecker (Melanerpes formicivorus; Koenig et al., 1984). Due to the
lack of male cobreeders, monogamous males guard against extra-group males. When two
or more males share a mate within the framework of a polyandrous mating system, the

role of mate-guarding behavior is consequently more complex than it is in monogamous
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species because polyandrous males are guarding against cobreeders, which are in some
cases close relatives, in addition to males outside the group (Griffin, 2003; Andersson &
Simmons, 2006).

Nonetheless, in many polyandrous species, cooperation between cobreeding
males to reproduce has been theorized to benefit breeders through the indirect fitness
gained when the males are closely related and therefore pass shared genes to their
offspring (Hamilton, 1963, 1964; Clutton-Brock, 2002; Diaz-Muiioz et al., 2014). When
cobreeding males are related, males that do not sire young are still able to accrue indirect
fitness by not constraining the reproduction of a close male relative, and/or by caring for
the offspring produced by a relative (Clutton-Brock, 2002). Cobreeding males can further
benefit from the increased lifetime reproductive success and survivorship sometimes
afforded by cooperating to reproduce, even when they are not closely related (Jamieson et
al., 1994; Haydock & Koenig, 2003).

Mate guarding within the context of cobreeding among relatives represents a
conflict between incurring direct fitness benefits through descendant offspring versus the
indirect fitness benefits and overall group cohesion gained by not limiting the
reproduction of cobreeders (Diaz-Mufioz et al., 2014). In some polyandrous and
polygynandrous species, this conflict is dealt with by forming dominance hierarchies in
which one or more individuals attain the majority of parentage (Eason & Sherman, 1995;
Kokko & Johnstone, 1999; Cant & Field, 2005), while individuals lower in the pecking
order achieve lower, or zero, reproductive success. Whether the "dominant" or
"subordinate" individuals constrain the reproduction and group membership of the other

individuals in the group is a subject of much debate, and forms the basis of reproductive
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skew theory (Reeve et al., 1998; Johnstone, 2000; Nonacs, 2000). Both transactional and
compromise models assume that individuals within a group form a dominance hierarchy
in which a single individual, or group of individuals, affects the distribution of
reproduction within the group (Johnstone, 2000; Reeve & Keller, 2001). Dominance is a
relative term, dependent on the behavior of two or more individuals, and is typically
established by an individual controlling the mating opportunities of cobreeders
(Whittingham et al., 1997), individuals participating in repeated agonistic behavior with a
consistent outcome (Drews, 1993), or by controlling the group membership of cobreeders
(Cant et al., 2000).

There have been many studies that have examined the role of mate guarding
within the context of mating strategies and evolutionary theory (Parker, 1974; Birkhead,
1979, 1982; Hatchwell & Davies, 1992; Wilson & Swaddle, 2013). Yet, few studies have
tested explicitly if breeding hierarchies, as predicted by reproductive skew theory,
determine genetic parentage within the framework of reproductive cooperation. This
study represents an empirical test to investigate if a breeding hierarchy, established by
mate-guarding behavior, truly influences the reproductive skew of polyandrous acorn

woodpecker groups comprising two or more cobreeding males mated to a single female.

Acorn Woodpeckers

The mating system of acorn woodpeckers is characterized by family groups that
vary from monogamous pairs to polygynous, polyandrous, and polygynandrous
compositions (Haydock et al., 2001), and the majority of family groups throughout its

range include non-breeding helpers of both sexes (Koenig et al., 1998). In California,
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these family groups reside year-round in semi-permanent territories closely associated
with oak-savannah habitat characterized by diverse oak species (MacRoberts &
MacRoberts, 1976; Koenig et al., 1995b). Acorns make up a substantial portion of the
acorn woodpecker diet, and this species spends a considerable amount of time and effort
harvesting acorns in the fall and storing them in specialized storage trees, called granaries
(Stacey & Ligon, 1987; Koenig et al., 2002). They excavate nest and roost cavities in
trees within their territories (Hooge et al., 1999).

Acorn woodpecker helpers are almost exclusively offspring from previous nests
that stay in their natal territory and participate in alloparental care (Koenig & Mumme,
1987; Hatchwell & Komdeur, 2000; Koenig & Walters, 2011). In some cases, the delay
of dispersal lasts for several years, even though helpers reach sexual maturity within their
first year (Koenig & Pitelka, 1981; Stacey & Koenig, 1990; Koenig et al., 2000; Koenig
& Walters, 2011).

Moreover, cobreeding birds of the same sex are not random aggregations of birds,
but related individuals, most typically close relatives such as sisters or mothers/daughters
that nest jointly, brothers or fathers/sons that cobreed, as well as other combinations of
uncles/nephews, aunts/nieces and cousins of varying degree that share breeding status
(Hannon et al., 1985; Koenig et al., 1998; Koenig & Walters, 2011). Given this
complexity, this species is ideal for examining how various combinations of same-sex
breeders, particularly individuals that are closely related, compete for breeding
opportunities while maintaining reproductive cooperation.

There is, for example, high competition among acorn woodpeckers to gain direct

fitness through reproduction, as the chances are generally low for first-year birds to
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acquire breeding status through dispersal or inheritance (Koenig et al., 2000). Only an
estimated 56% of males and females that survive to their first spring eventually achieve
breeding status (Koenig et al., 2000). Males, however, are five times more likely than
females to inherit breeding status with their same-sex parent in their natal territory when
the breeder of the opposite sex is replaced by an unrelated breeder from outside the group
(Koenig et al., 2000; Haydock et al., 2001).

Predominantly, investigators of cooperatively breeding avian species have argued
that the delay in dispersal of helpers is due to constraints on breeding vacancies and
limited availability of prime breeding territories with optimal resources. In the case of
acorn woodpeckers, these resources, termed "ecological constraints," include adequate
acorn storage, food supply, and nesting/roosting cavities (Emlen, 1982; Vehrencamp,
1983; Stacey & Koenig, 1990; Hatchwell & Komdeur, 2000; Haydock et al., 2001).

When multiple birds of the same sex occur within a social group, as is the case
when there are multiple cobreeders and helpers of the same sex in acorn woodpecker
family groups, it could be expected that there is high competition among all same-sex
individuals to reproduce, helpers and breeders alike. Yet Koenig et al. (1998)
demonstrated that incest avoidance plays a significant role in determining who will
reproduce. Despite the reduced chance that young birds will be able to fill a breeding
vacancy in their first year, sexually mature helpers actively eschew breeding with the
birds in their natal group when their opposite-sex parents are present (Koenig et al.,
1998). This effectively avoids inbreeding depression, but also delays an individual's own
reproduction for as many as five or six years (Koenig, 1987; Koenig et al., 1998;

Haydock et al., 2001). Nonetheless, competition is still readily apparent in the fierce
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power struggles that play out among helpers and breeders of different groups following
breeding vacancies (Koenig et al., 1984; Hannon et al., 1985).

Among females, there is evidence of competition in both polygynous and
polygynandrous groups, which are restricted to 2-3 breeding females. This competition is
manifested in their egg-destruction behavior (Koenig et al., 1998). Egg-destruction
occurs when one female of a joint-nesting pair is ready to begin laying eggs and the other
female is not. The non-laying female will remove any egg from the nest cavity when she
discovers it, thus delaying clutch initiation. Females can only lay one egg per day, so this
behavior usually continues on subsequent days until the day before the egg-destroying
female is ready to lay eggs herself (Koenig, Mumme, et al., 1995). Egg destruction also
functions to prevent the initiation of two simultaneous nests within a single family group
(Mumme et al., 1983b; Koenig, Mumme, et al., 1995).

Despite the fact that egg-destroying females are killing potential offspring that are
closely related to them, this behavior ensures that a single female is not able to gain an
advantage over her cobreeder by laying her eggs early, which would result in older, larger
chicks than those eggs laid later. Accordingly, behavioral observation demonstrates that
egg destruction results in synchronization of egg-laying, and ensures equal reproductive
opportunities among joint-nesting females (Mumme et al., 1983b; Koenig, Mumme, et
al., 1995; Koenig et al., 1998). Moreover, egg destruction results in a lifetime
reproductive success in joint-nesting females that does not differ significantly from that
of females who nest singly (Stacey & Koenig, 1990; Koenig, Mumme, et al., 1995), or
may, in fact, result in a slightly higher lifetime reproductive success than singleton

females (Mumme et al., 1983b).
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Subsequent genotyping of the young from polygynous and polygynandrous acorn
woodpecker groups confirmed the results garnered by behavioral observation: joint-
nesting females share reproduction equally (Dickinson et al., 1995; Haydock et al., 2001).
Paternity among cobreeding males, however, is not equal. In fact, paternity of the
offspring in the majority of polyandrous nests is predominated by a single male and with
no evidence of extra-group paternity (Haydock et al., 2001; Haydock & Koenig, 2002,
2003).

Past work has demonstrated that polyandrous males mate guard breeding females,
while monogamous males generally do not (Mumme et al., 1983a). Yet despite many
years of observation, there is still relatively little known about the behavioral mechanism
by which male cobreeders partition reproduction among the two to five males typical of
polyandrous groups (Haydock et al., 2003). Genetic analyses show the high reproductive
skew typical of polyandrous acorn woodpecker group nests is not consistent among nests
or years. This is true even when the composition of breeding birds remains unchanged
(Haydock et al., 2001; Haydock & Koenig, 2003). Thus, the male with the majority of
paternity often varies from nest to nest (Haydock et al., 2001; Haydock & Koenig, 2003).

In a study to determine the effect of limiting the potential for reproductive success
on the behavior of males, Koenig (1990) removed single polyandrous breeder males from
eight groups prior to egg-laying. These removals resulted in the destruction of four (50%)
experimental nests following the release of the males back to their groups during
incubation (Koenig, 1990). These results suggested that breeding males have a means of
ensuring that they at least are competitive for paternity in a manner similar to joint-

nesting females by destroying nests when access to the breeding female during her fertile
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period is denied. Paradoxically, the high skew revealed by genotyping offspring of
polyandrous groups (Haydock & Koenig, 2002, 2003) suggests the opposite pattern: in
the majority of cases, one male was able to achieve disproportionately higher paternity
compared to their cobreeders even though all males were present during the female's
fertile period. Thus, competition for reproduction appears to be high among breeding
males.

Polyandrous acorn woodpecker groups consist of variable numbers of males in
the breeding cohort, and offspring produced by these groups are almost never sired by
males outside of the social group (Haydock et al., 2001). This means, by definition, that
mate guarding serves a different function for the males in these groups. Instead of
protecting against extra-pair paternity, mate-guarding behavior represents within-group
competition for paternity among closely related breeding males (Mumme et al., 1983a;
Koenig et al., 1998). Again, this is reinforced by evidence that male acorn woodpeckers
in monogamous pairs generally do not guard their mates (Mumme et al., 1983a).

By examining skew through the lens of compromise models, competition between
males is thought to play a significant role in the way paternity is distributed among
cobreeders (Reeve et al., 1998; Johnstone, 2000). I hypothesized that the more acorn
woodpecker males mate guarded, the more likely they would father a greater proportion
of offspring relative to other cobreeders in the group, and that inequality in mate-
guarding behavior among cobreeding males would be reflected in a similar degree of
skewed paternity. Thus, mate-guarding behavior likely forms the basis of breeding
hierarchies in these groups. Moreover, as an extension of the Mumme et al. (1983a)

study, which found that 2-male breeding groups mate guarded significantly more than
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single-male groups, I hypothesized that males in groups with three or more cobreeding
males would mate guard longer and with more frequency than males in 2-male groups,
due to the increased competition caused by additional breeding males. These hypotheses

are represented in the following three predictions:

1. Breeding males that mate guard more relative to their cobreeders will father more
offspring than their cobreeders.

2. The duration of mate guarding will be longer in groups with three or more
breeding males than groups with two breeding males, due to increased conflict
caused by additional cobreeding males.

3. The proportion of successful follows and attendance time of males in 3+ male

groups will be higher than that of males in 2-male groups.

I examined mate-guarding behavior using three years of observational data, and
determined if mate-guarding behavior and reproductive skew differed according to the
size of the male cobreeding cohort in a group. Finally, I tested the relationship between
mate-guarding behavior and paternity based on the genetic parentage of offspring

produced during the years mate-guarding behavior was observed.

METHODS

The population of acorn woodpeckers at the Hastings Natural History Reservation

in Carmel Valley, California has been studied continuously and extensively since 1971.
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Forty-four years of study have yielded a population that has been color-marked (N =
5,736 birds as of February 2015), from which blood samples from each individual caught
have been collected since 1985.

Because the composition of acorn woodpecker groups can change across years,
particularly during the breeding season, it was necessary to determine which groups at
Hastings were polyandrous. To accomplish this, the entire acorn woodpecker population
at Hastings was assessed at the beginning of each breeding season from 2009 to 2011 to
determine the breeding composition of each group. This was accomplished by visiting
every active territory on the Reservation in February and March in order to census each
group and determine group composition.

Acorn woodpeckers are cooperative breeders that live in social groups that often
include one or more non-breeding helpers of either sex. Helpers are identical in
appearance to breeders, their status can only be inferred by their relationship to opposite-
sex breeders. Breeding status is obtained by helpers in one of two ways: when one or
more individuals disperse to a new territory to fill a breeding vacancy or by inheriting the
natal territory should all opposite-sex breeders die or disperse (Hannon et al., 1985).
Incest is rare and thus breeders mate with all non-related members of the opposite sex
within the group (Koenig et al., 1998; Haydock et al., 2001).

Following the identification of polyandrous groups, these groups were visited at
least once every week to determine when mate guarding was initiated. Observations of
acorn woodpecker mate-guarding behavior in polyandrous groups were carried out
annually during the spring breeding season at Hastings during three years (2009-2011;

Table 1). The dates of onset, duration, and conclusion of mate guarding were recorded for
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all nest attempts in 2010 and 2011. These data were not recorded in a consistent manner
in the 2009 pilot year. In addition, the onset and duration of mate-guarding behavior was
noted for thirteen nest attempts at nine groups in 2012 to supplement the data on the
mean length and date of initiation of mate guarding in polyandrous groups, though mate-
guarding behavior was not quantified during the 2012 breeding season (Table 2).

Once initiation of mate-guarding behavior was confirmed, the group was
subjected to 3-9 observational watches (mean = 4). Watches were three hours in duration
and were conducted on separate days during the mate guarding period. The length of time
males spent mate guarding varied by group, ranging from 7 to 32 days. Consequently the
total number of watches at each group varied according to the number of days the
behavior persisted. Watches were conducted on non-consecutive days to distribute them
as evenly throughout the mate guarding period as possible given the variable duration of
the behavior across groups, and to facilitate observation of as many groups as possible
when mate guarding happened concurrently at multiple groups.

Each family group at Hastings defends a discrete territory surrounding one or
more granary trees where they store their acorns. The breeding birds were viewed near
their territories from a canvas blind using a spotting scope and binoculars, and
observations were recorded by dictation into a voice recorder. Observations were
centered on the granaries and nest trees within each group's territory, where the birds

spent the majority of their time.
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Table 1. Nesting attempts for which attendance and following behaviors were observed at
groups by year for 2009-2011. Only following behavior was observed at the group in

bold.
Year Nest Group No. Cobreeding
No. Males
2009 1 Cabin 3
2009 1 Central Canyon 2
2009 2 Central Canyon 2
2009 1 Hay-Blom 2
2009 1 MacRoberts 3
2009 2 MacRoberts 3
2010 1 Central Canyon 2
2010 1 Dipsy 4
2010 1 Knoll 2
2010 1 MacRoberts 3
2010 2 MacRoberts 3
2010 1 Mike 3
2011 1 Mike 3
2011 1 Gate 2
2011 2 Gate 2
2011 1 Knoll 5
2011 2 Knoll 5
2011 1 Plaque 3




Table 2. Nesting attempts for which mate guarding initiation dates and durations were

recorded in 2012.
Year Nest Group Males
2012 1 ArfToo 2
2012 2 ArfToo 2
2012 1 Blompond 2
2012 2 Blompond 2
2012 1 Cavity 3
2012 2 Cavity 3
2012 1 Gate 2
2012 2 Gate 2
2012 1 Knoll 5
2012 1 Mike 2
2012 1 Middle Long Field 2 3
2012 1 Plaque 2
2012 2 Plague 2
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Mate guarding was quantified using a modification of the methods employed by
Mumme et al. (1983a). The behavior was characterized by quantifying following
behavior and attendance time. Successful follows were defined as the number of times
the breeding female flew more than 15 m away from a breeding male and the male
followed within 30 sec of her departure during a 3-hr observation period. This was
compared to the number of times the male failed to follow the female during each watch
for that group. Following behavior was expressed as a proportion of follows out of the
total number of opportunities the male had to follow the female when she flew more than
15 m away during all observation periods. A male was considered to be guarding a
female as long as the female was within 15 m of him and within his view.

Attendance time constituted the total amount of time each breeding male was
within 15 m of the breeding female while both were in sight of the observer during a 3-hr
observation period. Attendance was then expressed as a proportion of the total time the
female and each male were within the observer's view during all 3-hr periods. The
following and attendance behavior of males in 2-male groups and those of 3+ male
groups were compared with Mann-Whitney U tests using SPSS software. The same test
was used to compare the mate guarding duration, and the reproductive skew of the two
types of groups.

Mate-guarding behavior data were standardized across groups relative to the first
egg date (day 0) by plotting them according to days before (a negative number) and days
after (a positive number) the first egg was laid. Following each behavioral observation,
all tree cavities within the territory that the birds visited were checked for the presence of

an egg by inserting a wireless camera into the cavity. Observations continued until mate-
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guarding behavior ceased, which coincided with the onset of incubation around day 2 or
3, although some groups mate guarded longer.

21-day offspring were captured, banded, and bled using California Department of
Fish and Game Scientific Collecting Permit SC-7368 (11 April 2012 to 11 April 2014),
Federal Bird Banding Permit 21508 (15 April 2010 to 30 June 2013), and IACUC
protocol 12-001 (issued 23 April 2012 to 23 April 2015). Parentage was assigned using
the blood was sampled from the brachial vein of 21-day offspring using 22 microsatellite
markers according to the methods employed by Haydock et al. (1996) and Haydock et al.
(2001). Blood samples obtained from all adults and nests in 2009-2011 were used to
analyze all possible parent pair combinations within the group, including helpers.
Furthermore, genetic analyses also included any possible parent combinations using
samples genotyped from the population as a whole.

To ascertain if there was a relationship between mate-guarding behavior and
realized paternity, the males were ranked according to their overall attendance and
following behavior. Ranks were established by averaging the proportions for attendance
and following across all watches for a given nest attempt. A rank was given for
attendance behavior, and a separate rank was given for following behavior. Males with
the longest mean attendance and highest mean successful follows were ranked the
highest. These ranks were then compared to each male's proportion of paternity in the
resultant nest using a concordance correlation in SPSS to determine if there was

concordance between following or attendance rank of males and their realized paternity.
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RESULTS

Mate Guarding Initiation and Duration

Acorn woodpecker mate guarding begins in early April, peaks in May, and ends
in June following the conclusion of egg-laying in second nests (Mumme et al., 1983a,
Koenig et al., 1984). Mate guarding is not initiated synchronously across the population
at Hastings, therefore during the breeding season all polyandrous groups were observed
at least once every week to determine when each group began exhibiting the behavior.
Mate-guarding behavior is readily evident and begins abruptly, demonstrated by males
flying in close groups behind the breeding female, males spending 70-100% of their time
in close proximity to the female (within 3-4 m), frequent visits to tree cavities, and
increased vocalizations (Mumme et al., 1983a; pers. obs.).

A total of 18 nest attempts from 9 groups were observed during the 2009, 2010,
and 2011 breeding seasons (Table 1). Manpower and time constraints did not allow the
inclusion of all polyandrous groups within the population in this study, particularly when
mate guarding occurred simultaneously across groups. Six nesting attempts were
observed at four groups in 2009, six nesting attempts were observed at five groups in
2010, and six nesting attempts were observed at four groups in 2011 (Table 1). The
timing and duration of mate-guarding behavior was documented for 26 nest attempts
from the 2010, 2011, and 2012 breeding seasons (Tables 1 & 2), 18 of which were first
nests and 8 were second nests. These data were not available from the 2009 breeding
season. During 2010-2012, mate guarding initiation ranged from 15 Mar to 02 May
(median = 17 Apr) for first nests. The range for second nests was 6 May to 13 Jun

(median = 30 May). The latest record of birds mate guarding was 5 Jul at the Knoll group
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during a final nest attempt, which was preceded by multiple failed nests in 2011. The
mean duration of mate guarding for all nest attempts across these three years was 15.5 £
7.1 days, with a median of 13.5 days.

Overall, the duration of mate guarding was significantly shorter for groups with
two cobreeding males as opposed to groups with three or more males (Fig. 1; U=43.5, N
=26, P <0.05). Males in 2-male groups began mate guarding 10.6 + 6.9 days, on
average, before the female laid her first egg, while males in 3+ male groups began mate

guarding 16.9 + 9.3 days, on average, before the first egg date (Fig. 2).



27

25 -+
%
m
& 20 -
a
C
o
© 15 -
a T
5 1
T© 10 -
[4°]
=}
G)
Q
w® 5 -
=
14
0 .
2 Males 3+ Males

Breeding Males

Figure 1. Mean mate guarding duration in days, with standard error bars and sample

sizes, in groups with two males versus groups with three or more males during the 2010-
2012 breeding seasons. The sample sizes represent the number of nest attempts for which
mate-guarding behavior durations were recorded. Males in 3+ male groups mate guarded

significantly longer than those in 2-male groups (U =43.5, N =26, P <0.05).
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Figure 2. Mean duration of mate-guarding behavior by males in 2-male groups versus that of groups with three or more males, relative
to the day in the laying cycle. Day 0 represents the first day a female laid an egg. Standard error bars are shown around the mean start

and end dates of mate guarding for the two types of group.
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Mate-Guarding Behavior

The proportional mean attendance across watches of 2-male groups was
significantly higher than that of 3+ male groups (Fig. 3; U=133.0, N=45, P <0.05)
whereas the proportional mean following across watches of 2-male groups was not
significantly different than that of 3+ male groups (Fig. 3; U =226.5, N =48, P =0.78).

Mean attendance behavior by males began high (mean > 90%) as early as day -25
and remained so until approximately day -7 when mean attendance dipped as low as
66%, but then increased as the first egg date approached. Attendance eventually tapered
off following day 3, which roughly coincided with initiation of incubation (Fig. 4). In
contrast, the mean following behavior of males exhibited far more variability, and no

clear pattern (Fig. 5).
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Figure 3. Proportional mean successful following and attendance of males in 2-male and
3+ male groups, showing standard error bars and sample sizes. The sample sizes
represent the total number of males observed at all nest attempts according to group
composition. Males in 2-male groups attended significantly more than males in 3+ male
groups (U =133, N =45, P <0.05), while there was no significant difference in

following across group composition.
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Paternity

Of the 18 nest attempts that were observed in this study, young successfully
fledged from 14 nests (Table 3), yielding a total of 55 offspring that were genotyped. Out
of these 14 nests, 12 produced 2 or more chicks. The mean number of chicks produced
per nest was 3.9 (N = 14).

Reproductive skew of paternity for all nests in this study was determined by
ranking the males according to their share of paternity for each nest. Males with the
highest percentage of paternity in a nest were ranked o, males with the second highest
percentage of paternity were ranked [, and males with the third highest percentage of
paternity were ranked 9. Percentage of paternity was determined for the breeding males
according to each individual nest, and the mean values indicate the mean percentage of
paternity for males of that rank according to the number of offspring produced in each
nest.

Paternity was highly skewed in nearly all nests (Fig. 6). In groups with 3-5
cobreeding males, the highest number of males to share paternity in a single nest was 3.
Complete monopolization of paternity by one male occurred in 9 (64.3%) nests (high
skew), paternity was skewed among males in 4 (28.6%) nests (moderate skew), and
paternity was shared equally in only 1 (7.1%) of the 14 nests (no skew).

For 2-male groups, there was a very good strength of agreement between
attendance rank and paternity rank (rc = 0.941, df =9, P <0.0001). Similarly, in 2-male
groups, there was a good strength of agreement between follow rank and paternity rank
(re=0.857,df =9, P <0.01). Though there was concordance between mate guarding and

paternity in these groups, the overall mate guarding behavior and paternity in some
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groups switched from nest to nest, as shown in the Central Canyon group (Table 4). In 3+
male groups, there was no significant concordance between attendance rank and paternity
rank (re=-0.052, df = 28, P = 0.55), or follow rank and paternity rank (rc= 0.164, df =

28, P =0.32).



Table 3. Number of nests and offspring produced by males in 2-, 3-, 4-, and 5-male

cohort groups.

No. Breeding Nests Offspring
Males
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N
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Total 14 55
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Figure 6. Mean percent offspring sired per nest, with standard error bars, by males in 2-
male groups versus 3+ male groups relative to paternity rank during 2009-2011. Males
ranked o had the highest percentage paternity, males ranked  had the second-highest
percentage paternity, and males ranked 6 had the lowest percentage paternity of the
offspring in a nest. Sample sizes represent the number of males in each rank.



Table 4. Changes in paternity and mate guarding ranks for males 3327 and 4447 across
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three nests at the Central Canyon group during a two-year period. Nests 1 and 2 were in

2009, and nest 3 was in 2010. Where o = 3, both males shared a rank.

Male Nest Paternity Rank Attendance Rank Follow Rank
3327 1 B B a=B
4447 a a a=B
3327 5 a a a
4447 B B B

3327 3 a o=PB a=pB
4447 B o=pB a=B
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DISCUSSION

Acorn woodpeckers represent an evolutionary enigma when viewed through the
lens of reproductive skew theory. Both transactional and compromise models assume that
dominance hierarchies exist in social groups wherein one or more individuals control the
reproduction of other individuals within the group, or outcompete all others. Paternity in
polyandrous acorn woodpecker groups is often skewed yet also inconsistent across nests,
which is not predicted by either of these models. Perplexingly, even though the species
has been studied for more than 40 years, no discernable social, behavioral or
physiological correlate appears to predict reproductive skew or indicate any breeding
hierarchy among breeding males (Haydock & Koenig, 2003; Koenig et al., 2011). Larger
fledglings have been found to be dominant over smaller brood-mates (Stanback, 1994),
yet this finding is not maintained when brood-mates reach maturity and share breeding
status (Haydock & Koenig, 2003; Koenig & Walters, 2011). The present study postulates
that the act of mate guarding in polyandrous and polygynandrous acorn woodpecker
groups represents the effort to compete for, and mediate, access to the female relative to
other cobreeding males, which in turn determines a type of ephemeral breeding hierarchy.

I confirmed that reproductive competition among males was high, as evidenced
by the consistently high proportional mean attendance behavior throughout the fertile
period of breeder females, regardless of the number of cobreeding males. High
competition was further reflected in the significantly longer mate guarding duration of
groups with three or more cobreeders compared with that of 2-male groups, revealing that
an increase in the number of males is manifested as an increase in the length of time

males will guard (Figs. 1 & 2). These findings indicate that the lack of a discernible
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breeding hierarchy is not a result of indifference on the part of the males, which has been
suggested for other polygynandrous species such as the pukeko (Jamieson & Craig,
1987).

Two possibilities are suggested by the significant difference in mate guarding
duration across group composition. First, the increased competition caused by the extra
males in 3+ male groups may be interfering with the ability of cobreeders to successfully
copulate with the breeding female, thereby prolonging the time it takes for fertilization
and laying to occur. Second, breeding females in 3+ male groups may indicate their
receptivity to the males before they are fertile in order to obscure paternity, similar to
long-tailed macaque females (Macaca fascicularis) whose period of sexual attractiveness
to males is significantly longer than their period of fertility (De Ruiter et al., 1994). This
pattern is thought to be an adaptation to reduce aggression among males and obscure a
male's perception of paternity, thereby reducing the risk of infanticide (Engelhardt et al.,
2004). Other advantages resulting from the obfuscation of paternity would be to
encourage parental care from all male breeders (Moller & Birkhead, 1993), or to
strengthen social bonds (Westneat et al., 1990). Paternity uncertainty to elicit parental
investment has been demonstrated in barn swallows (Hirundo rustica; Meller, 1985) and
house sparrows (Passer domesticus; Wetton & Parkin, 1991). The role breeding females
play in influencing the copulation behavior and reproductive success of males in
polyandrous groups is explored in greater detail in the following chapter.

The overall proportional attendance and, particularly, the successful proportion of
follows by males in 2-male groups in this study were considerably lower than those

reported by Mumme et al. (1983a) in their study of acorn woodpecker mate-guarding
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behavior in 2-male polyandrous groups. The reason for the discrepancy in proportional
attendance reported here versus that reported by Mumme may be due to a difference in
sampling method: Mumme measured attendance by counting how often each male was in
proximity to the breeding female in 5-min increments, while I continuously measured the
total duration of time each male was in proximity to the breeding female during 3-hr
observation periods. The cause of the discrepancy in following behavior across the two
studies is less clear because I used the same method to measure following behavior as
that used by Mumme.

Concessions (but not restraint or compromise) models predict that highly-skewed
paternity is more likely to occur when cobreeding males are close relatives, due to the
increased indirect fitness gained when group productivity is high (Vehrencamp, 1983;
Reeve et al., 1998; Reeve & Emlen, 2000). All males in the breeding coalitions in this
study were highly related to one another, and paternity in 64.3% of the nests were
completely monopolized by a single male within each breeding cohort, representing high
reproductive skew, as predicted by concessions models. This level of skew corroborates
the degree of observed skew for cobreeding males reported by Haydock and Koenig
(2003). Furthermore, the degree of skew was higher in groups with three or more
cobreeding males than the skew in 2-male groups (Fig. 6).

Most importantly, I found that there was a high strength of agreement between
mate-guarding behavior of males in 2-male groups and the relative reproductive success
of each cobreeder, suggesting that males in these groups were able to exert some measure
of control through competition over the distribution of paternity among cobreeders by

mate guarding. Perhaps breeding hierarchies in these groups can be established by
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guarding breeding females, as predicted by compromise models. Interestingly, contrary to
expectation, the attendance behavior of males in 2-male groups was significantly higher
than that of 3+ male groups (Fig. 1), perhaps due to the increased variability in mate-
guarding behavior among males in 3+ male groups, though there was no significant
difference in following behavior across the two types of groups (Fig. 1). The finding that
males in 2-male groups stay in close proximity of breeding females significantly longer
than males in 3+ male groups, combined with the discovery that there is a significant
relationship between attendance behavior and reproductive skew in 2-male groups,
suggests that males in smaller groups invest more in mate guarding. Perhaps these males
invest more because doing so consistently results in greater direct fitness.

Yet the ability of a single male to prevent his cobreeders from mating with the
female appears tenuous at best because subsequent nest attempts are sometimes
characterized by a shift in the mate-guarding behavior of the males in the group, and a
consequent change in reproductive skew among male cobreeders (Table 4). Haydock and
Koenig (2002) posit that the high, variable skew in this species is most likely due to
chance, determined on a clutch-by-clutch basis, and not by any particular characteristic or
strategy of males in polyandrous groups. The relationship between mate guarding and
paternity in 2-male groups in this study suggests otherwise. Yet the question still remains:
if mate guarding influences the allocation of paternity in 2-male groups, why does the
reproductive skew and mate-guarding behavior change across nests and years (Table 4)?

Unlike 2-male groups, there was no relationship between mate-guarding behavior
and reproductive skew in 3+ male groups. The absence of a relationship between mate-

guarding behavior and reproductive success in groups with large coalitions of males
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indicates that this behavior does not determine dominance rank because males that mate
guard the most were unable to influence the allocation of reproduction for themselves or
among their cobreeders.

It is unusual for a species that exhibits high reproductive skew to lack a
dominance hierarchy that determines the share of reproduction among members of social
groups. Polyandrous species such as Arabian babblers (Turdoides sqamiceps; Zahavi,
1990; Lundy et al., 1998), pied babblers (Turdoides bicolor; Nelson-flower et al., 2011),
white-winged trumpeters (Psophia leucoptera; Eason & Sherman, 1995), white-browed
scrubwrens (Sericornis frontalis; Whittingham et al., 1997), and alpine accentors
(Nakamura, 1998) are all characterized by high reproductive skew and a clear dominance
hierarchy. Alternative causes of the variable high skew characteristic of large coalitions
of polyandrous acorn woodpecker males could be incomplete control of reproduction by
dominants and subordinates, which prevents the formation of a stable breeding hierarchy
(Reeve et al., 1998). Another cause of acorn woodpecker skew could be short-term
variation in long-term social queuing, which is represented by variation in breeding
success across breeding seasons that nevertheless yields relatively equal lifetime
reproductive success over multiple years for most cobreeders (Wiley & Rabenold, 1984;
Heinsohn et al., 2000; Alberts et al., 2003; Cant & English, 2006; Buston & Zink, 2009).

The fact that males in 3+ male groups continue to mate guard despite evidence
that this behavior has not been shown to predict paternity suggests that the increased
number of males in these groups likely disrupts the ability of individual males to control
access to the female. Yet incomplete control of reproduction among males cannot explain

why the reproductive skew of offspring in 3+ male groups is higher than that of 2-male
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groups (Fig. 6). If no male is able to control their share of paternity, the resultant skew
would be predicted to be lower and proportionate to the number of males than that of 2-
male groups. These results suggest a hidden mechanism that has yet to be determined that
may be influencing the highly uneven distribution of paternity among males in groups
with large breeding cohorts.

A factor not yet fully examined in this study is the behavior of the breeding
females in polyandrous groups. Sexual selection theory posits that females stand to gain
from competition among males, both on the behavioral and molecular (sperm
competition) level (Jennions et al., 2000; Klemme et al., 2014). Thus, the lack of
concordance between mate-guarding behavior and paternity in 3+ male groups could
suggest some type of influence or manipulation by the female. This could be achieved by
mating with specific males when she is fertile (Double & Cockburn, 2000), mating with
other males outside her fertile period (Briskie, 1992), furtive copulation behavior that
results in uncertainty of paternity on the part of the males (Gowaty et al., 1989), or
increasing the difficulty for males to achieve successful copulations (Pizzari, 2001).

Additionally, sperm storage has been demonstrated in every avian species
examined to date (Birkhead, 1998; Briskie, 1992; Johnsen et al., 2012), which suggests
that sperm storage could potentially affect parentage for many species, particularly those
that practice extra-pair copulation or cooperative reproduction. There have been,
however, very few observations of copulations in acorn woodpeckers, despite hundreds
of hours of surveillance (pers. obs.). Determining the role of sperm storage in this species

is challenging given the dearth of direct observations of mating, which would clarify the
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relationship between copulatory behavior during the fertile period of the female and the
distribution of paternity.

Parentage lies at the intersection of mating behavior and genetics. Sperm
competition, which is directly affected by both of these variables, as well as female
choice, could play significant roles in determining paternity in acorn woodpeckers.
Future research that compares the behavior of breeding birds with the sperm present on
the resultant eggs, as described by Carter et al. (2000), could reveal a direct link between
behavior and genetics in the young of polyandrous groups.

Mate guarding is energetically costly (Komdeur, 2001; Low, 20006). If this
behavior does not accord direct fitness to males in large cohorts, what purpose could it
serve? In Chapter III, I explore the possibility that females are affecting the outcome of
paternity for cobreeding males. Just as the polyandrous dunnock (Prunella modularis)
female adapts her copulation behavior with a and § males in order to enlist the parental
assistance of both males (Hatchwell & Davies, 1992; Davies et al., 1996), acorn
woodpecker females could play a role in determining the distribution of paternity in a
way that safeguards the help of multiple mates. As demonstrated by Koenig (1990),
female acorn woodpeckers can risk the destruction of an entire clutch of eggs by a male
when that male is denied access to the female during her fertile period prior to, and
during, egg laying. Females therefore gain from increasing the uncertainty of males as to
the outcome of mating behavior. In the following chapter I investigate the ways in which

female behavior could determine skew in this species.
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CHAPTER III

THE EFFECT OF FEMALE CHOICE ON REPRODUCTIVE SKEW

INTRODUCTION

The role females play in determining the reproductive success of males has
historically been predicated on the Darwinian notion of "coy" females that choose males
based on fighting ability, ornaments, and courtship behavior (Darwin, 1871), thus
implying that males experience more selection pressure than females to reproduce.
During the mid-20" century, nearly 80 years later, male reproductive success was
hypothesized to be a function of the number of females with which a particular male was
able to mate successfully (Bateman, 1948). According to this paradigm, females were
thought not to increase their success as much as males when mating multiply because
females are constrained by the number of eggs they can produce and cannot engender

more offspring by mating with more males.

The concept of sperm competition in insects first appeared in 1970, wherein
competition was said to occur after copulation between the ejaculates of two or more
males to fertilize the ova within females (Parker, 1970). This concept broadened the
study of sexual selection to include selection pressure on females to not only choose the
highest quality mate, but to also choose whether to mate with more than one male, or, as
in the case of cryptic female choice, to influence which sperm fertilizes her eggs by
behavioral or physiological means after copulation has occurred (Eberhard, 1996;
Birkhead, 2000). Moreover, females have been shown to make choices about their

investment in offspring after fertilization has occurred according to their choice of mate,
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such as investing less in egg-production when mated to a less attractive male

(Cunningham & Russell, 2000).

Female choice, which occurs both pre- and post-copulation, has a significant
effect on the fitness of both sexes (Mgller, 1988; Eberhard, 1996; Kempenaers et al.,
1997; Burley & Foster, 2006). The ways in which females influence their own
reproductive success, as well as that of males, are typically subtler than the conspicuous
mating behavior and sexual characteristics of males, and have thus received far less
attention until recent years (Griffith et al., 2002; Westneat & Stewart, 2003). For
example, in a survey published in 1968, 93% of bird species were deemed monogamous
based on behavioral observations (Lack, 1968). In the years following, greater attention
on the behavior of females, as well as genetic testing of offspring, revealed 86% of bird
species exhibited varying degrees of extra-pair paternity, a finding that had previously

gone undetected (Griffith et al., 2002; Westneat & Stewart, 2003).

The last thirty years of avian research have been characterized by a tremendous
upsurge of interest in female choice and the selection pressures that affect it, remaining
the subject of heated debate to this day (Ah-King, 2011; Parker & Birkhead, 2013). The
majority of this research, however, has concentrated on the role of female choice within
the framework of a female-male pairing, and the ecological, social, physiological, and
genetic factors that motivate each sex to mate outside their social pairing (Arnqvist &
Kirkpatrick, 2005; Griffith et al., 2002). Comparatively, there have been fewer studies
that explore female choice in polyandrous mating systems, which are characterized by
larger social groups in which multiple males are the social mates of a single female.

Female choice in polyandrous mating systems has been studied in dunnocks (Prunella
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modularis; Hartley & Davis, 1994), wattled jacanas (Jacana jacana; Emlen & Wrege,
2004), pukekos (Porphyrio porphyrio; Dey et al., 2012), brown jays (Cyanocorax morio;
Williams, 2004), and relatively few other avian species. Most likely, this bias is due to
the comparative scarcity of this type of mating system. For example, a current estimate
places the prevalence of cooperative breeding at about 9% for all avian species
(Cockburn, 2006), and only a fraction of cooperative breeders exhibit reproductive
cooperation (Temrin & Sillén-Tullberg, 1994). Yet cooperative polyandry is an ideal
system in which to study the direct effect of female behavior on male reproductive
success, as well as the factors that influence female choice, because the social complexity
that is characteristic of polyandrous groups engenders increased inter- and intrasexual
conflict and selection pressure that may not be present in species that reproduce in pairs.
Moreover, despite increased interest in female behavior, prevailing models of
reproductive skew theory consistently fail to make predictions about the influence of
female behavior on male reproductive skew, as discussed in Chapters I and II. To remedy
these gaps in the literature, this study examines the effect of female mating behavior on
male reproductive success using polyandrous acorn woodpeckers (Melanerpes

formicivorus) as a focal species.

Male Mating Behavior

In oviparous — particularly avian — species, eggs and offspring often require a
significant investment of parental care by both sexes in the form of incubation or
provisioning (Meller & Thornhill, 1998; Liker & Székely, 2005). Consequently, there are

numerous tactics males employ to ensure their paternity, given the cost of uncertain
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parentage (Moller & Cuervo, 2000). Males may engage in frequent copulation with their
mate, for example, to increase the number of sperm within the female to outcompete
sperm from potential extra-pair copulations, particularly when the threat of kleptogamy is
high (Hunter et al., 1992; Crowe et al., 2009). Males may also engage in copulations that
coincide with peak female fertility on specific days and times in the day (Briskie, 1992;
Akcay et al., 2011). Dunnocks employ cloacal pecking to induce mated females to expel
the sperm of other males (Davies, 1983; Davies, 1990). In some species, males increase
their territory defense (Tobias & Seddon, 2000), or increase their song output when their
mates become fertile (Currie et al., 1998). Some males safeguard their paternity through
dominance interactions with other males (Lamprecht, 1986). Many species mate guard to
prevent extra-pair males from copulating with the female while she is fertile (Cheng &

Burns, 1988; Gowaty et al., 1989; Harts & Kokko, 2013), as discussed in Chapter I1.

Paternity assurance behaviors rely on the ability of males to successfully fertilize
as many eggs as possible while also preventing other males from copulating with their
mate(s) through mate guarding, territory defense, and dominance interactions. In
addition, given the prevalence of extra-pair copulation and paternity in a large proportion
of bird species, many paternity assurance behaviors have evolved as reproductive
strategies in response to sperm competition (Davies, 1983; Birkhead et al., 1992; Michl et
al., 2002; Wedell et al., 2002; Crowe et al., 2009). Sperm competition could play a
significant role in determining paternity in many avian species because every species
examined to date has been shown to possess sperm storage tubules within the female
reproductive tract that enable the storage of sperm (Bakst, 1993; Birkhead & Moller,

1998; Sasanami et al., 2013). The ability of birds to store sperm considerably increases
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the likelihood of sperm competition when a female mates with more than one male, even

when copulations occur days or even weeks apart.

Much of the body of research centered on paternity assurance behavior has
focused on the "anti-cuckoldry" — prevention of extra-pair paternity — aspect of socially
monogamous pairs (Zeh & Zeh, 2003). More complex strategies are used by males and
females in species that lek, mate promiscuously, exhibit convenience or sequential
polyandry and polygyny, form complex cooperative polygynandrous groups, or simply
live in colonies in which the maternity and paternity of offspring are more likely to be
uncertain (Schleicher et al., 1997; Mgller & Ninni, 1998). Paternity assurance in
polyandrous species in which females form multiple pair bonds with males is often
thought of as a trade-off relative to maintaining group stability in order to accrue benefits
associated with breeding communally (Jamieson, 1997; Kokko & Johnstone, 1999). To
do so, individuals offset maximizing individual fitness with minimizing conflict and
increasing cooperation and care of offspring when multiple members of the same sex co-
occur in cooperatively reproducing social groups, as predicted by transactional models

(Jamieson, 1997; Kokko & Johnstone, 1999; Haydock & Koenig, 2003; Widdig, 2013).

Conlflict between males in polyandrous and polygynandrous species can take the
form of dominance interactions wherein one or more males impede or outright prevent
the reproduction of subordinate males (Mumme et al., 1983; Clutton-Brock & Huchard,
2013). Males that have reduced or no opportunities to copulate with their social mate(s)
in some cases provide little or no care for the offspring produced by the group in species
such as the alpine accentor (Davies et al., 1996). Males denied access to the female(s)

may destroy her offspring if they have little confidence of their own paternity (Koenig,
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1990; Forstmeier et al., 2014). Furthermore, copulation rates among polyandrous species
are generally quite high when compared to many monogamous species, which could be
an adaptation in response to potential sperm competition (Davies, 1985; Jamieson &

Craig, 1987; Briskie, 1992; Nakamura, 1998).

Female Mating Behavior

There have been many hypotheses postulating the potential benefits of extra-pair
copulation for females. For example, according to the “sexy-son” hypothesis, females
mated with less attractive males gain by mating with more attractive extra-pair males
despite the risks associated with extra-pair copulation, resulting in sons that inherit more
attractive secondary sexual characteristics (Weatherhead & Robertson, 1979; Johnsen et
al., 1998). This concept has been expanded to the "sexy sperm" hypothesis, which posits
that sperm competition results in male offspring with traits that increase fertilization
efficiency, while also selecting for females who mate with multiple males (Keller &
Reeve, 1995; Pizzari & Birkhead, 2002; Klemme et al., 2014). Females may copulate
with extra-pair males to reduce the risk of unfertilized eggs if their mates are sterile
(Walker, 1980; Sheldon, 1994; Keller & Reeve, 1995). Moreover, extra-pair copulations
have been proposed to increase the genetic diversity of a female's offspring (Petrie et al.,
1998), and to safeguard against genetic incompatibility (Johnsen et al., 2000; Griffith &

Immler, 2009).

Extra-pair copulation isn't the only method by which females influence the

reproductive success of their mates, and the viability of their offspring. Female mallards
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(Anas platyrhynchos), for example, will invest more in offspring sired by high-quality
males by laying larger eggs, and will lay smaller eggs when mated to a less-preferred
male (Cunningham & Russell, 2000). Similarly, acorn woodpecker females have been
shown to lay larger clutch sizes when assisted by female helpers, thus counterbalancing
the increased cost of maternal investment against the benefits afforded by female helpers

in the form of provisioning young (Koenig et al., 2009).

For socially polyandrous species, as a consequence of the conflict that can be
generated by multiple mates, females sometimes incur energetic costs associated with
chasing, harassment, and forced copulations by breeding males (Hartley & Davies, 1994;
Castro et al., 1996). These costs may result in reduced female condition, decreased clutch
sizes, and the loss of offspring in cases where males destroy the clutch (Davies, 1985;
Koenig, 1990; Forstmeier et al., 2014; Liker et al., 2014). In fact, eggs from polygynous,
polyandrous, and polygynandrous acorn woodpecker groups have been shown to exhibit
significantly lower hatchability than those produced by monogamous pairs, most likely
due to interference during egg-laying and incubation (Koenig, 1982). Consequently, the
evolution of more aggressive or extreme tactics of paternity assurance among breeding
males could result in selection for female behavior that avoids the costs imposed by male
mating tactics (Chapman et al., 2003). Some females mate secretly (Double & Cockburn,
2000), solicit copulations with multiple males (Johnson & Burley, 1998), or, as in the
superb fairy-wren (Malurus cyaneus) engage in pre-dawn forays to mate outside of their
social group (Dunn et al., 1995; Double & Cockburn, 2000). All of these behaviors
increase uncertainty on the part of males as to their proportion of realized paternity, but

also function to elicit parental care from multiple males who have had access to the
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female during her fertile period (Burke et al., 1989; Davies et al., 1996). Thus, females
benefit directly by ameliorating some of the risks associated with polyandry while

significantly influencing male reproductive success at the same time.

Acorn Woodpeckers

As discussed in Chapter II, acorn woodpeckers are a cooperatively breeding,
polygynandrous species with a variable mating system. Polyandrous acorn woodpecker
males mate guard intensely as early as 25 days before the female lays her first egg.
Genetic analyses have revealed no extra-group paternity, which suggests that cobreeding
males are guarding the female from copulating with the other males within the social
group instead of males outside of the group (Haydock et al., 2001). Further, offspring
produced by polyandrous groups exhibit highly skewed paternity (Chapter II; Haydock &
Koenig, 2002, 2003). Though skew is high in individual nests, the male who fathers the
most young in one nest does not necessarily sire the majority of the offspring in
subsequent nests (Haydock & Koenig, 2002, 2003). In other words, the "reproductive
winner" in polyandrous groups switches to different males from nest to nest, even when

the group composition remains the same across multiple nests and years.

How, then, does the behavior of females and males influence the paternity of
offspring in multi-male groups? In the previous chapter, I examined the role of mate-
guarding behavior by males as a way of controlling access to the female, thereby skewing
paternity in favor of the best guarders. I found that even though all males in polyandrous

groups mate guard for weeks at a time, an energetically costly endeavor (Komdeur, 2001;
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Low, 20006), this behavior only predicts paternity in 2-male groups, and fails to do so in

3+ male groups.

Acorn woodpeckers do not engage in loud, conspicuous copulation behavior like
the cooperatively polygynandrous pukeko (Jamieson & Craig, 1987) or Galapagos hawk
(Buteo galapagoensis; Faaborg & Bednarz, 1990), nor do they appear to copulate at the
high rates characteristic of other polyandrous and polygynandrous species (Birkhead et
al., 1987; Birkhead et al., 1993; Briskie, 1992). In fact, direct observation of a successful
copulation in acorn woodpeckers is relatively rare. In a 3-yr study of mate-guarding
behavior, Mumme et al., (1983a) observed a total of 18 nest attempts during which only
eight attempted copulations were witnessed, two of which were deemed successful.
Mumme et al.’s observations are consistent with my experience closely observing
polyandrous groups over three breeding seasons. During more than 500 hours of
observation, I witnessed 11 mating attempts, of which three appeared to involve cloacal
contact. I observed that when a female gave her pre-mounting display, one of the
breeding males would try to mount her and the other males would interfere by mounting
both birds, flying into them, and generally physically forcing the male off the female,

preventing cloacal contact.

Interestingly, I observed more same-sex mounting between breeding males during
mate guarding (16 occurrences) than I saw attempted copulations between a breeding
male and female (11 occurrences). Acorn woodpeckers have been observed engaging in
"pre-roost mounting" in which all group members, including helpers and breeders of both
sexes, mount each other prior to entering roost cavities for the night (MacRoberts &

MacRoberts, 1976; Cockburn, 2004). It is unclear if cloacal contact is achieved through
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this behavior because individuals mount each other extremely quickly, and same-sex
mounting appears to occur as frequently as opposite-sex mounting, including reverse-sex
mounting (pers. obs.). Moreover, pre-roost mounting appears to increase during the mate
guarding period (Cockburn 2004). Perhaps pre-roost mounting and same-sex mounting
during mate guarding is a result of the increase in hormones in males and females during
the breeding season, or is an expression of dominance (Wagner, 1996). Moreover, same-
sex mounting has been shown to be more common in polygamous birds (MacFarlane et
al., 2007)). More research on this phenomenon would help clarify the origins of this

behavior.

Why are so few successful copulations observed? Perhaps multiple copulations
aren’t necessarily required, especially if sperm can be stored for multiple days in order to
fertilize all eggs. In domesticated fowl such as turkeys (Meleagris gallopavo), a single
copulation has been shown to fertilize an entire clutch (Lake, 1975). Yet low copulation
frequency is more common for socially monogamous species with small clutch sizes than

for polyandrous species (Birkhead et al., 1987).

Although acorn woodpeckers do not engage in conspicuous copulation behavior,
all polyandrous groups exhibit a marked affinity for tree cavities during the mate
guarding period, which leads up to, and coincides with, the breeding female's fertile
period (pers. obs.). This behavior is characterized by an increase in the number of times
breeders land at cavity entrances, inspect cavities, enter cavities together, and excavate
cavities. In this species, tree cavities are used year-round for nightly communal roosting
and for nesting during the breeding season, hence all group territories contain one or

more — sometimes as many as twenty — cavities for this purpose (Fig. 7; Hooge et al.,
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1999). Throughout the year, all members of a group, including nonbreeding helpers of
both sexes, participate in tree cavity excavation and maintenance (MacRoberts &
MacRoberts, 1976; pers. obs.). In the 1-3 weeks leading up to egg-laying, however,
maintenance and surveillance of the tree cavities in a group's territory is taken over by the
breeding birds, while helpers are generally chased away from cavity entrances by the
breeders throughout the day, though they are not prevented from communal roosting at

night (pers. obs.).

Once mate guarding has begun, breeding females make numerous visits to tree
cavities, enter them, and perch at the entrances. Breeding males similarly visit tree
cavities often during this period, but the majority of the time they will only enter a tree
cavity if a breeding female is nearby. In fact, the most common type of agonistic
behavior I observed between breeding males during the mate guarding period occurred at
cavity entrances, almost always when a breeding female was already inside the cavity
(Fig. 8). This agonistic behavior consisted of males pecking each other on the head and
neck, increased vocalizations, and physically forcing other males away from a cavity
entrance when a breeding female was in close proximity. In the majority of cases,
females entered tree cavities first, and were then followed by one or more males, though I

observed some females enter cavities after a breeding male was already inside.



57

Figure 7. Tree cavities excavated by acorn woodpeckers in a black locust (Robinia
pseudoacacia) tree in the "Knoll" group territory at the Hastings Natural History
Reservation. This picture was taken in the spring of 2012. The cavity in the upper-right
corner of the picture (indicated by the arrow) was a nest cavity for the group in previous
years, and is distinguished by a triangular cut in the wood below the cavity entrance,
which was used to remove nestlings to sample their blood, take measurements, and to

attach color bands to their legs.
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Figure 8. Grouping behavior of breeding males at an artificial nest cavity during the mate
guarding period at a polyandrous social group named "Middle Long Field 2", which
consisted of one breeding female and three cobreeding males. At the time this photograph
was taken in April 2012, the breeding female was inside the cavity with a breeding male
(who is looking out of the cavity entrance), while the remaining two males perched at the

cavity entrance.
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Agonistic behavior around tree cavities was common across all polyandrous
groups I observed, which led me to hypothesize that this species could be mating within
tree cavities. A literature review of the mating behavior of birds yielded only a single
paper, Birkhead et al. (1987), that reports copulation behavior inside nest cavities, though
they only report bird species that exhibit this behavior without any supporting data.
Birkhead et al. hypothesized that some avian taxa are expected to copulate within nest
cavities when predation risk is high. Paradoxically, they determined that colonially-
nesting species, species that they suggest should be under less predation pressure, were
more likely to mate within nest cavities than non-colonial cavity nesters, but again, a
description of the data these observations are based on is unclear. Birkhead et al. argued
that colonial nesters likely experience less predation than non-colonial nesters due to the
presence of other birds nesting nearby, and concluded that predation risk, therefore, does

not adequately explain cavity copulation behavior.

If copulations occur primarily inside a nest cavity, this would dramatically change
the way males negotiate access to the female when she is fertile, and suggests ways in
which females could control the timing and frequency of copulations in the presence of
multiple breeding males within a social group. By copulating inside tree cavities, females
might be able to exert greater control over the days and times during the laying cycle she
mates, and the frequency with which she mates with males, thereby directly influencing
the distribution of paternity among her offspring. Furthermore, mating within cavities
may serve to hide copulatory activity from other breeding males. Doing so may enhance
paternity uncertainty among males, which could in turn influence their parenting

behavior.
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Here I tested the hypothesis that female acorn woodpeckers copulate in tree
cavities as a mating strategy to mitigate the costs associated with social polyandry. As a
method to facilitate copulation, I predicted that the frequency with which breeding
females entered tree cavities with breeding males, and the duration of time females spent
within cavities with males during their fertile periods, would match the overall

reproductive skew of paternity in polyandrous groups.

METHODS

This study was conducted in 2012 as part of a long-term project examining the
life histories of acorn woodpeckers at the Hastings Natural History Reservation in Carmel
Valley, CA, a study which began in 1968 and continues to the present day (MacRoberts
& MacRoberts, 1976). During the spring of 2012, cavity use behavioral data were
gathered from 13 nest attempts at nine polyandrous groups at Hastings.

Polyandrous groups were identified according to the methods described in
Chapter II. Once they were identified, all polyandrous group territories were visited at
least weekly beginning in early March to determine when mate guarding initiated. Mate-
guarding behavior is characterized by breeding males remaining in close proximity
(within 15 m) of the breeding female, following the breeding female every time she flies
more than 15 m away, increased vocalizations by all group members, and increased
activity in and around tree cavities by all breeding birds, as described in Chapter II. Once
mate guarding was detected at a group, 3-hr cavity watches were conducted every two to

three days until the birds stopped mate guarding, which generally coincided with the
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onset of incubation about 2-3 days following clutch initiation, though some groups
guarded longer.

Cavity watches involved the use of a spotting scope and a canvas blind centrally
positioned within the territory of each group, and within view of all tree cavities in order
to observe the birds at close range. In some cases, branches were minimally trimmed in
order to improve the visibility of each cavity. In territories where all cavities were not
visible from a single vantage point, two observers conducted watches simultaneously in
order to record woodpecker behavior at all cavities. When mate guarding was confirmed
at a group, a preliminary watch was conducted to determine which cavities the breeding
birds visited. These cavities were given unique identification numbers that remained
consistent throughout the breeding season, and cavity use behavior was recorded for each
cavity.

Each watch lasted exactly 3 hrs, during which the focal tree cavities were
observed continuously. Unlike the mate guarding study (Chapter II), in which the time of
day watches were conducted was not standardized, the time that cavity watches were
conducted at each group was randomly assigned from among four pre-determined start
times (0600, 0900, 1200, and 1500 PST) in order to observe cavity use behavior at all
points in the day in case there was temporal variation in the behavior (Briskie, 1992).

Cavity use data were collected as follows:

1. The number of times each breeding bird landed at or moved within 15 cm of a
cavity entrance.

2. The number of times each breeding bird entered a cavity
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3. The duration of time each breeding bird remained in a cavity.
4. The number of times a breeding female went into a cavity with a breeding male.

5. The duration of time a breeding female spent in a cavity with a breeding male.

Data from #1-3 were used to measure the activity of the birds around tree cavities
throughout the mate guarding period in order to determine when females and males
started showing an interest in tree cavities. Data from #4-5 were used as a proxy for
mating access. Males that spent more time in tree cavities with breeding females were
assumed to be more successful at gaining mating access to the female than males that
spent less time in the cavity with the female, given the absence of any observations of
copulatory behavior outside of cavities. Each group was subjected to a minimum of four
3-hr watches conducted every 2-3 days during the mate guarding period. Following each
watch, a camera was inserted into each cavity that the breeding birds had visited to
determine if egg-laying had begun. Finally, parentage of all offspring from groups in this
study was determined according to the same methods described in Chapter II. Again, 21-
day offspring were captured, banded, and bled using California Department of Fish and
Game Scientific Collecting Permit SC-7368 (11 April 2012 to 11 April 2014), Federal
Bird Banding Permit 21508 (15 April 2010 to 30 June 2013), and IACUC protocol 12-
001 (issued 23 April 2012 to 23 April 2015).

To determine if cavity use behavior, as a proxy for mating access, predicts
paternity, the frequency with which a breeding female entered a tree cavity with a
cobreeding male, and the duration of time females spent in tree cavities with each

cobreeding male, was compared with each male's realized paternity in the resultant nest
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using a concordance test. Cavity use behavior was analyzed by ranking the breeding
males according to the total number of times each male went into a tree cavity with a
breeding female across all watches for a group. Males with the most cavity visits with a
female were ranked o, males with the second-most cavity visits were ranked 3, and so on.
A similar ranking system was used for the duration of time breeding females spent in tree
cavities with each breeding male. Males were then ranked according to the proportion of
paternity each achieved in the resultant nests. Males who sired the highest proportion of
offspring were ranked a, and so on. Cavity use ranks were thus compared with paternity

ranks through the use of concordance tests using SPSS.

RESULTS

Cavity Use

Both breeding males and females increased the frequency with which they visited
(landed within 15 cm of) tree cavities in their territories in the days leading up to the first
egg date (day 0). On average, this behavior increased on day -6, peaked on day 1, and
tapered off by day 3 for both sexes. The frequency that males landed at cavity entrances
closely mirrored the frequency that females landed at cavities (Fig. 9).

Moreover, all breeding females refrained from entering cavities with males during
watches until day -9, despite the fact that mate-guarding behavior in most groups had
initiated days, or even weeks, prior (Fig. 10). Cavity use behavior peaked on day -2,
tapered off by day 2, and then spiked again on day 3 (Figs. 10 and 11). According to
Koenig, Stacey, et al. (1995), incubation in monogamous and polyandrous acorn

woodpecker groups begins sporadically and increases gradually throughout egg-laying,
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while full incubation is typically achieved on the day the penultimate egg is laid. For
most groups, I observed that the birds began to exhibit an increase in incubation behavior
(spending significantly longer periods of time in the nest cavity) by day 3, which is
reflected in the spike in time females spent in nest cavities with males on that day (Fig.
11). As opposed to the activity of the birds during mate guarding, incubation was
characterized by one bird entering the cavity, occasionally followed by a second bird that
would sit at the cavity entrance, looking out for long periods of time (5+ min.). No cavity
use data following day 3 were included in the analyses because breeding females and
males were presumably using the nest cavities to incubate eggs rather than to mate.

There was no significant difference in the frequency with which females went into
tree cavities with males in 2-male groups versus 3+ male groups (Fig. 12; U =73, N =31,
P =0.126). Females in 2-male groups, however, spent significantly more time in tree
cavities with breeding males than females in 3+ male groups (Fig. 13; U=39,N=31,P

<0.01).
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Figure 12. Mean frequency breeding females went into tree cavities with breeding males
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Standard error bars and sample sizes are shown.
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Figure 13. Mean duration of time (min) breeding females spent in tree cavities with males
relative to the number of males in the breeding cohort during the mate guarding period.
Females spent significantly longer durations of time in tree cavities with males in 2-male
groups compared to 3+ male groups (U =39, N =31, P <0.01). Standard error bars and

sample sizes are shown.
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Paternity

Of the 13 nests that were initiated as part of this study, 10 successfully produced
offspring. Three nests failed due to the disappearance of eggs and/or nestlings caused by
nest predation or failure to hatch. Of the 10 successful nests, 8 were produced by groups
with two cobreeding males, and the remainder came from groups with 3+ cobreeding
males. The total number of chicks yielded by all nests in this study was 27, and the mean
number of offspring per nest was 2.7 £+ 1.3 chicks.

In six nests, paternity of all of the chicks was assigned to a single breeding male.
Both of the nests produced by the groups composed of 3+ males contained only a single
chick. In four nests, paternity of all chicks could be attributed to one male when multiple
nestlings were present. The remaining four nests that contained multiple offspring
exhibited multiple paternity (Table 5).

There was no strength of concordance between the frequencies females went into
cavities with breeding males and the realized paternity of the males in 2-male groups (rc<
0.01, df =15, P > 0.05) or 3+ male groups (rc=0.21, df =7, P > 0.05). Similarly, there
was no strength of concordance between the duration of time females spent in tree
cavities with males and the realized paternity of the males in 2-male groups (rc=-0.67, df

=15, P > 0.05) or 3+ male groups (rc= 0.26, df =7, P > 0.05).
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Table 5. Mean percent offspring sired by the first ranked (o) and second ranked () male
per nest during 2012. Males were ranked relative to their relative success at siring young

in a particular nest. N represents the number of males within each rank.

Male Cohort Mean Percent Sired + SE (n)
(Mean N Offspring + SE) a B
2 Males (3.13 £ 0.35) 75.56 + 6.06 (9) 14.14 £ 6.67 (7)

3+ Males (1.00 + 0.00) 100.00 + 0.00 (2) 0.00 + 0.00 (6)
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DISCUSSION

From the perspective of an acorn woodpecker male in a polyandrous group,
copulating with a female in a cavity likely reduces potential interference by other
cobreeding males relative to copulation attempts that occur in view of those males. This
is demonstrated by the high degree of mate-guarding vigilance reported in the previous
chapter, as well as the high ratio of interrupted versus completed copulations observed in
this species. All polyandrous breeding males mate guard in this species, a behavior that
likely decreases the opportunities for successful mating attempts by any one male. Within
the protection of a cavity, however, a male is presumably able to copulate with a female

without interference.

From a breeding female’s perspective, using cavities for mating could be a
strategy to reduce the potential for injury or stress sustained by copulating in the presence
of other cobreeding males given the frequency with which males in this species
physically interfere with copulation attempts. For example, polyandrous female dunnocks
that are chased excessively and harassed by multiple males during the mate guarding
period tend to provision nestlings less, and this harassment is often correlated with
reduced fitness in the form of infertile eggs (Davies, 1985). Additionally, a direct benefit
of copulating within tree cavities may be a reduction in conflict among multiple breeding
males. As described in Chapter II, because males spend a significant amount of time
following and staying within close proximity to breeding females throughout the majority
of their fertile periods, perhaps the only way for a female to copulate successfully with

any male is to do so in a cavity. And because males are forced to wait for the female to
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enter a cavity before they are able to copulate with her, aggressive interactions are
aborted when the female fails to enter the cavity. According to my observations, pecking
and jostling between males at cavity entrances typically occurs after the female has
already entered the cavity. In this way, the behavior of females may disrupt dominance
interactions among cobreeding males, which could explain why mate guarding does not

predict paternity in 3+ male groups (Chap. II).

The peak in the distributions of both cavity-visit frequency and duration of time
spent in cavities by breeding acorn woodpeckers in this study, which started on day -9
and tapered off by day 2 (Figs. 10 & 11), are highly reminiscent of the distribution of
copulation frequency in other polyandrous and polygynandrous species, such as Smith's
longspurs (Calcarius pictus; Briskie, 1992), dunnocks (Hatchwell & Davies, 1992), and
alpine accentors (Prunella collaris; Nakamura, 1990). Across all groups, the frequency
with which acorn woodpecker breeding females entered tree cavities with breeding males
increased dramatically about nine days before females laid their first eggs, and peaked
around the time first eggs were laid (Fig. 10). This was also reflected in the distribution
of time females spent within tree cavities with breeding males (Fig. 11). In comparison,
Smith's longspurs begin copulation around day -5, reach the peak number of copulations
when the female lays her first egg, and then the rate tapers off by the time the female lays
her penultimate egg around day 3 (Briskie, 1992). In dunnocks, males begin copulating
with females around day -9, and continue to do so until the initiation of incubation, on
day 3 (Hatchwell & Davies, 1992). Alpine accentors begin copulation around day -7, and

conclude on day 2, around the time of clutch completion (Nakamura, 1990).
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Thus, the pattern of cavity use behavior of acorn woodpeckers closely resembles
the pattern of copulation frequency in other polyandrous species, which suggests that
cavity use behavior could be a reliable proxy for mating access in this species. According
to my findings, however, cavity use does not appear to predict reproductive skew in
polyandrous acorn woodpecker groups. Nevertheless, the lack of a causal link between
cavity use and paternity does not necessarily preclude the possibility that copulation
behavior occurs within cavities. This study was hampered by small sample sizes caused
by the lack of successful nests in groups with three or more cobreeders, as well as by the
relatively small number of offspring produced per nest (mean offspring =2.7 + 1.3).

Additional paternity data for such groups would be invaluable.

An alternative explanation for the observed cavity use behavior in this species is
that females and males are entering tree cavities together in order to prepare the cavities
for nesting, and to check for the presence of eggs once the breeding female begins to lay.
In other polyandrous species, such as the dunnock, an egg in the nest has been shown to
be a cue that the female is fertile, and results in an increase in copulation rate (Hatchwell
& Davies, 1992). It follows that this might be an important cue for acorn woodpecker
males as well, which is reflected in the increase in tree cavity visits around the time
breeding females lay their first eggs (Figs. 9 & 10). More work needs to be done to

determine what is actually occurring inside the nest cavities of polyandrous groups.

This study assumed that acorn woodpeckers, like other polygynandrous species,
copulate at high frequency within tree cavities. The lack of concordance between cavity
use and paternity suggests that this assumption may be false. In fact, the rarity of

copulations observed in this species may be a clue. As mentioned previously, some avian
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species require very few copulations to fertilize a clutch of eggs (Birkhead & Moller,
1992). If the breeding males in this species are only able to copulate with breeding
females infrequently, the extremely uneven distribution of paternity in polyandrous and
polygynandrous groups could be a product of chance, based on which male is nearest to
the female in the event that she signals her receptivity, and copulation is completed
without interruption by other males. Moreover, the effect of copulation interruption by
other breeding males would most likely be greater in groups with three or more

cobreeders, resulting in higher skew.

Finally, molecular methods to extract sperm from the perivitelline layer of eggs
laid by a polyandrous female would determine the proportion of sperm contributed by
each breeding male (Birkhead et al., 1994; Michl et al., 2002). Doing so could reveal how
mating behavior is correlated with sperm competition and realized paternity.
Furthermore, by comparing copulation behavior with the genetic identities of sperm
present on the eggs laid by the female, one could test if factors such as sperm
morphology and viability, or cryptic female choice play a role in determining

reproductive skew in this species.
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CHAPTER IV

CONCLUSIONS

All individuals vary according to a variety of properties that could include their
fighting ability, physical traits, genetic predisposition, access to resources, attractiveness
to potential mates, relatedness to others, gender, social status, and all the innumerable
disparities between individuals that genetic and environmental variation can supply. As a
consequence of these variables, it is inevitable that resources such as mating
opportunities will not be shared equally. One member of a group can always be expected
to claim a larger share, which creates a hierarchy of possession. Predicting who that
individual will be based on reproductive skew theory, or some other

physical/behavioral/genetic correlate, however, can be a challenging task.

In Chapter II, I tested the assumption that species in which reproduction is highly
skewed form dominance hierarchies that influence each individual's share of
reproduction. The mate-guarding behavior of cobreeding acorn woodpecker (Melanerpes
formicivorus) males was quantified and compared with the paternity of nestlings in each
social group in order to determine if cobreeding males form breeding hierarchies defined
by each male's ability to guard breeding females. There was a significant strength of
concordance between paternity and mate guarding (attendance and following) behavior in
2-male groups, but mate-guarding behavior failed to predict paternity in larger groups
consisting of three or more cobreeding males, suggesting that breeding hierarchies break

down in the presence of additional cobreeders.
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Concessions models of reproductive skew theory predict high reproductive skew
in groups consisting of close relatives. This prediction was corroborated by my finding
that mate guarding in 2-male groups reliably predicts paternity. The model fails to predict
skew, however, when applied to 3+ male groups. Compromise models predict that
reproductive skew is a product of each individual's competitive ability relative to that of
the other group members. Competition between acorn woodpecker males was evident in
the significant increase of mate guarding duration in 3+ male groups compared to 2-male
groups. The degree of reproductive skew in compromise models is determined by the
relative competitive ability of the subordinate (Johnstone, 2000). Complete
monopolization of paternity occurred in the majority of the nests in this study, indicating
a high degree of skew, which in turn indicates subordinates had significantly weaker
competitive ability. Yet this conclusion isn't supported by the fact that acorn woodpecker
males who sire the majority of young in a nest often fail to do so in a second nest
separated by only a matter of weeks — which functionally means the "dominant" and
"subordinate" individuals in these groups change dramatically from nest-to-nest and year-
to-year (Table 4). Does that mean their relative competitive abilities go through such
drastic changes for each nest attempt as well? The mate guarding results garnered from

the 3+ male groups seem to suggest a hidden variable at play.

In Chapter III, I tested the assumption made by many skew models that females
do not influence the distribution of reproductive skew among cobreeding males. The tree
cavity use behavior of breeding females during their fertile period was used as a proxy
for mating access to test if female behavior affects the paternity of her offspring. The

frequency and distribution of cavity use behavior by females across the laying cycle
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closely resembled the frequency and distribution of copulation behavior of females in
other polyandrous species. Yet this behavior did not predict the relative reproductive
success of the male cobreeders in these groups. Contrary to my assumption that acorn
woodpeckers engage in frequent copulation (albeit in tree cavities) because it is a
common trait in polygynandrous species, the lack of concordance between cavity use and
paternity, coupled with the high, variable skew characteristic of the majority of the nests,

suggests females may actually be copulating extremely infrequently.

Future research of the mating behavior of acorn woodpeckers requires more direct
experimental methods. The results from this study demonstrate the need to observe the
behavior of males and females inside their tree cavities in order to directly quantify
potential copulation behavior. To that end, I placed motion-sensing cameras in three
artificial acorn woodpecker cavities at the Hastings Reserve in the spring of 2014, two of
which were successfully adopted as nest cavities by the woodpeckers in those territories
during that breeding season. The behavior of the birds in the weeks leading up to, and
during, egg-laying was recorded, and the results from this preliminary study will be
analyzed for future publication. Nest cameras allow a level of observational access never
before possible in the study of this species. Placing cameras in the nests of monogamous,
polyandrous, polygynous, and polygynandrous acorn woodpecker groups would reveal
how the mating, incubating, and provisioning behavior of birds in these different group
compositions differ from one other. This could in turn provide information about the
proximate causes of the skewed paternity that characterizes polyandrous acorn

woodpecker groups.



79

REFERENCES

Ah-King, M. (2011). Female sexual selection in light of the Darwin-Bateman paradigm.
Behavioral Ecology, 22(6), 1142-1143.

Akcay, C., Searcy, W. A., Campbell, S. E., Reed, V. A., Templeton, C. N., Hardwick, K.
M., & Beecher, M. D. (2012). Who initiates extrapair mating in song sparrows?
Behavioral Ecology, 23(1), 44-50.

Alberts, S. C., Watts, H. E., & Altmann, J. (2003). Queuing and queue-jumping: long-
term patterns of reproductive skew in male savannah baboons, Papio cynocephalus.
Animal Behaviour, 65(4), 821-840.

Andersson, M., & Simmons, L. W. (2006). Sexual selection and mate choice. Trends in
Ecology & Evolution, 21(6), 296-302.

Arngvist, G., & Kirkpatrick, M. (2005). The evolution of infidelity in socially
monogamous passerines: the strength of direct and indirect selection on extrapair
copulation behavior in females. American Naturalist, 165(S5), S26-S37.

Bakst, M. (1993). Oviductal sperm storage in poultry: a review. Reproduction, fertility
and development, 5(6), 595-599.

Bateman, A. J. (1948). Intra-sexual selection in Drosophila. Heredity, 2(Pt. 3), 349-368.

Birkhead, T. R. (1979). Mate guarding in the magpie Pica pica. Animal Behaviour, 27(3),
866-874.

Birkhead, T. R. (1982). Timing and duration of mate guarding in magpies, Pica pica.
Animal Behaviour, 30(1), 277-283.

Birkhead, T. R. (1998). Cryptic female choice: criteria for establishing female sperm
choice. Evolution, 52(4), 1212-1218.

Birkhead, T. R. (2000). Defining and demonstrating postcopulatory female choice —
again. Evolution, 54(3), 1057-1060.



80

Birkhead, T. R., Atkin, L., & Moller, A. (1987). Copulation behaviour of birds.
Behaviour, 101(1-3), 101-138.

Birkhead, T. R., Briskie, J., & Mpgller, A. (1993). Male sperm reserves and copulation
frequency in birds. Behavioral ecology and sociobiology, 32(2), 85-93.

Birkhead, T. R., & Moller, A. (1992). Numbers and size of sperm storage tubules and the
duration of sperm storage in birds: a comparative study. Biological Journal of the
Linnaean Society, 45(4), 363-372.

Birkhead, T. R., & Mgller, A. (1998) Sperm competition and sexual selection. London:
Academic Press.

Birkhead, T. R., Moller, A. P., & Quinn, D. (1992). Sperm competition in birds:
evolutionary causes and consequences. London: Academic Press.

Birkhead, T. R., Sheldon, B., & Fletcher, F. (1994). A comparative study of sperm—egg
interactions in birds. Journal of Reproduction and Fertility, 101(2), 353-361.

Blackmore, C., & Heinsohn, R. (2007). Reproductive success and helper effects in the
cooperatively breeding grey-crowned babbler. Journal of Zoology, 273(3), 326-332.

Briskie, J. V. (1992). Copulation patterns and sperm competition in the polygynandrous
Smith's longspur. Auk, 109(3), 563-575.

Briskie, J. V., Montgomerie, R., Pdldmaa, T., & Boag, P. T. (1998). Paternity and
paternal care in the polygynandrous Smith's longspur. Behavioral Ecology and
Sociobiology, 43(3), 181-190.

Burley, N. T., & Foster, V. S. (2006). Variation in female choice of mates: condition
influences selectivity. Animal Behaviour, 72(3), 713-719.

Buston, P. M., & Zink, A. G. (2009). Reproductive skew and the evolution of conflict
resolution: a synthesis of transactional and tug-of-war models. Behavioral Ecology,
20(3), 672-684.



81

Cant, M. A., & English, S. (2006). Stable group size in cooperative breeders: the role of
inheritance and reproductive skew. Behavioral Ecology, 17(4), 560-568.

Cant, M. A., & Field, J. (2005). Helping effort in a dominance hierarchy. Behavioral
Ecology, 16(4), 708-715.

Cant, M. A., & Johnstone, R. A. (2000). Power struggles, dominance testing, and
reproductive skew. American Naturalist, 155(3), 406-417.

Carter, K. L., Robertson, B. C., & Kempenaers, B. (2000). A differential DNA extraction
method for sperm on the perivitelline membrane of avian eggs. Molecular Ecology,
9(12), 2149-2150.

Castro, 1., Minot, E. O., Fordham, R. A., & Birkhead, T. R. (1996). Polygynandry, face-
to-face copulation and sperm competition in the Hihi Notiomystis cincta (Aves:
Meliphagidae). Ibis, 138(4), 765-771.

Charpentier, M., Peignot, P., Hossaert-McKey, M., Gimenez, O., Setchell, J. M., &
Wickings, E. J. (2005). Constraints on control: factors influencing reproductive success
in male mandrills (Mandrillus sphinx). Behavioral Ecology, 16(3), 614-623.

Cheng, K. M., & Burns, J. T. (1988). Dominance relationship and mating behavior of
domestic cocks: a model to study mate-guarding and sperm competition in birds. Condor,
90(3), 697-704.

Chuang-Dobbs, H. C., Webster, M. S., & Holmes, R. T. (2001). The effectiveness of
mate guarding by male black-throated blue warblers. Behavioral Ecology, 12(5), 541-
546.

Clutton-Brock, T. H. (1998). Reproductive skew, concessions and limited control. Trends
in Ecology & Evolution, 13(7), 288-292.

Clutton-Brock, T. H. (2002). Breeding together: kin selection and mutualism in
cooperative vertebrates. Science, 296(5565), 69-72.

Clutton-Brock, T. H., & Huchard, E. (2013). Social competition and selection in males
and females. Philosophical Transactions of the Royal Society B: Biological Sciences,
368(1631), 1-15.



82

Cockburn, A. (1998). Evolution of helping behavior in cooperatively breeding birds.
Annual Review of Ecology and Systematics, 29(1), 141-177.

Cockburn, A. (2004). Mating systems and sexual conflict. In W. Koenig & J. Dickinson
(Eds.), Ecology and evolution of cooperative breeding in birds (pp. 81-101). Cambridge:
Cambridge University Press.

Cockburn, A. (2006). Prevalence of different modes of parental care in birds.
Proceedings of the National Academy of Sciences, 273(1592), 1375-1383.

Crowe, S. A., Kleven, O., Delmore, K. E., Laskemoen, T., Nocera, J. J., Lifjeld, J. T., &
Robertson, R. J. (2009). Paternity assurance through frequent copulations in a wild
passerine with intense sperm competition. Animal Behaviour, 77(1), 183-187.

Cunningham, E. J., & Russell, A. F. (2000). Egg investment is influenced by male
attractiveness in the mallard. Nature, 404(6773), 74-77.

Darwin, C. (1871). The descent of man and selection in relation to sex. London: John
Murray.

Davies, N. (1983). Polyandry, cloaca-pecking and sperm competition in dunnocks.
Nature, 302(5906), 334-336.

Davies, N. (1985). Cooperation and conflict among dunnocks, Prunella modularis, in a
variable mating system. Animal Behaviour, 33(2), 628-648.

Davies, N. (1990). Dunnocks: cooperation and conflict among males and females in a
variable mating system. In P. Stacey &W. Koenig (Eds.), Cooperative breeding in birds
(pp. 456-485) Cambridge: Cambridge University Press.

Davies, N., Hartley, 1., Hatchwell, B., Desrochers, A., Skeer, J., & Nebel, D. (1995). The
polygynandrous mating system of the alpine accentor, Prunella collaris. I. Ecological
causes and reproductive conflicts. Animal Behaviour, 49(3), 769-788.

Davies, N., Hartley, 1. R., Hatchwell, B., & Langmore, N. (1996). Female control of
copulations to maximize male help: a comparison of polygynandrous alpine accentors,
Prunella collaris, and dunnocks, P. modularis. Animal Behaviour, 51(1), 27-47.



83

Dawson, J. W., & Mannan, R. W. (1991). Dominance hierarchies and helper
contributions in Harris' Hawks. Auk, 108(3), 649-660.

De Ruiter, J. R., van Hooff, J. A., & Scheffrahn, W. (1994). Social and genetic aspects of
paternity in wild long-tailed macaques (Macaca fascicularis). Behaviour, 129(3/4), 203-
224.

Dey, C. J., Jamieson, 1. G., & Quinn, J. S. (2012). Reproductive skew and female trait
elaboration in a cooperatively breeding rail. Ibis, 154(3), 452-460.

Dias, R., Salles, P., & Macedo, R. (2009). Mate guarding and searching for extra-pair
copulations: Decision-making when interests diverge. Ecological Informatics, 4(5), 405-
412.

Diaz-Muioz, S. L., DuVal, E. H., Krakauer, A. H., & Lacey, E. A. (2014). Cooperating
to compete: altruism, sexual selection and causes of male reproductive cooperation.
Animal Behaviour, 88(1), 67-78.

Dickinson, J., Haydock, J., Koenig, W., Stanback, M., & Pitelka, F. (1995). Genetic
monogamy in single-male groups of acorn woodpeckers, Melanerpes formicivorus.
Molecular Ecology, 4(6), 765-770.

Drews, C. (1993). The concept and definition of dominance in animal behaviour.
Behaviour, 125(3), 283-313.

Dunn, P. O., Cockburn, A., & Mulder, R. A. (1995). Fairy-wren helpers often care for
young to which they are unrelated. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 259(1356), 339-343.

Eason, P. K., & Sherman, P. T. (1995). Dominance status, mating strategies and
copulation success in cooperatively polyandrous white-winged trumpeters, Psophia
leucoptera (Aves: Psophiidae). Animal behaviour, 49(3), 725-736.

Eberhard, W. G. (1996). Female control: sexual selection by cryptic female choice.
Princeton: Princeton University Press.



84

Elias, D. O., Sivalinghem, S., Mason, A. C., Andrade, M. C. B., & Kasumovic, M. M.
(2014). Mate-guarding courtship behaviour: tactics in a changing world. Animal
Behaviour, 97(1), 25-33.

Emlen, S. T. (1982). The evolution of helping. I. An ecological constraints model.
American Naturalist, 119(1), 29-39.

Engelhardt, A., Pfeifer, J.-B., Heistermann, M., Niemitz, C., van Hooff, J. A., & Hodges,
J. K. (2004). Assessment of female reproductive status by male longtailed macaques,
Macaca fascicularis, under natural conditions. Animal Behaviour, 67(5), 915-924.

Faaborg, J., & Bednarz, J. (1990). Galapagos and Harris’ hawks: divergent causes of
sociality in two raptors. In P. Stacey & W. Koenig (Eds.), Cooperative breeding in birds:
long-term studies of ecology and behavior (pp. 359-383). Cambridge: Cambridge
University Press.

Faaborg, J., Parker, P. G., DeLay, L., de Vries, T., Bednarz, J. C., Maria Paz, S., Naranjo,
J., Waite, T. A. (1995). Confirmation of cooperative polyandry in the Galapagos hawk
(Buteo galapagoensis). Behavioral ecology and sociobiology, 36(2), 83-90.

Feh, C. (1999). Alliances and reproductive success in Camargue stallions. Animal
Behaviour, 57(3), 705-713.

Forstmeier, W., Nakagawa, S., Griffith, S. C., & Kempenaers, B. (2014). Female extra-
pair mating: adaptation or genetic constraint? Trends in Ecology & Evolution, 29(8), 456-
454,

Gilchrist, J. S. (2007). Cooperative behaviour in cooperative breeders: costs, benefits, and
communal breeding. Behavioural Processes, 76(2), 100-105.

Gowaty, P. A., Plissner, J. H., & Williams, T. G. (1989). Behavioural correlates of
uncertain parentage: mate guarding and nest guarding by eastern bluebirds, Sialia sialis.
Animal Behaviour, 38(2), 272-284.

Griffin, A. S., & West, S. A. (2003). Kin discrimination and the benefit of helping in
cooperatively breeding vertebrates. Science, 302(5645), 634-636.



85

Griffith, S. C., & Immler, S. (2009). Female infidelity and genetic compatibility in birds:
the role of the genetically loaded raffle in understanding the function of extrapair
paternity. Journal of Avian Biology, 40(2), 97-101.

Griffith, S. C., Owens, 1. P., & Thuman, K. A. (2002). Extra pair paternity in birds: a
review of interspecific variation and adaptive function. Molecular Ecology, 11(11), 2195-
2212.

Hamilton, W. D. (1963). The evolution of altruistic behavior. American Naturalist,
97(896), 354-356.

Hamilton, W. D. (1964). The genetical evolution of social behaviour. 1. Journal of
Theoretical Biology, 7(1), 1-16.

Hannon, S. J., Mumme, R. L., Koenig, W. D., & Pitelka, F. A. (1985). Replacement of
breeders and within-group conflict in the cooperatively breeding acorn woodpecker.
Behavioral Ecology and Sociobiology, 17(4), 303-312.

Hérdling, R., Kokko, H., & Elwood, R. W. (2004). Priority versus brute force: when
should males begin guarding resources? American Naturalist, 163(2), 240-252.

Hartley, I. R., & Davies, N. B. (1994). Limits to cooperative polyandry in birds.
Proceedings of the Royal Society of London, 257(1348), 67-73.

Harts, A. M., & Kokko, H. (2013). Understanding promiscuity: when is seeking
additional mates better than guarding an already found one? Evolution, 67(10), 2838-
2848.

Hatchwell, B., & Davies, N. (1992). An experimental study of mating competition in
monogamous and polyandrous dunnocks, Prunella modularis: I. Mate guarding and
copulations. Animal Behaviour, 43(4), 595-609.

Hatchwell, B. J., & Komdeur, J. (2000). Ecological constraints, life history traits and the
evolution of cooperative breeding. Animal Behaviour, 59(6), 1079-1086.

Haydock, J., & Koenig, W. D. (2002). Reproductive skew in the polygynandrous acorn
woodpecker. Proceedings of the National Academy of Sciences, 99(10), 7178-7183.



86

Haydock, J., & Koenig, W. D. (2003). Patterns of reproductive skew in the
polygynandrous acorn woodpecker. American Naturalist, 162(3), 277-289.

Haydock, J., Koenig, W., & Stanback, M. (2001). Shared parentage and incest avoidance
in the cooperatively breeding acorn woodpecker. Molecular Ecology, 10(6), 1515-1525.

Haydock, J., Parker, P. G., & Rabenold, K. N. (1996). Extra-pair paternity uncommon in
the cooperatively breeding bicolored wren. Behavioral Ecology and Sociobiology, 38(1),
1-16.

Heinsohn, R., Dunn, P., Legge, S., & Double, M. (2000). Coalitions of relatives and
reproductive skew in cooperatively breeding white-winged choughs. Proceedings of the
Royal Society of London. Series B: Biological Sciences, 267(1440), 243-249.

Hooge, P. N., Stanback, M. T., & Koenig, W. D. (1999). Nest-site selection in the acorn
woodpecker. Auk, 116(1), 45-54.

Hughes, J. M., Mather, P. B., Toon, A., Ma, J., Rowley, 1., & Russell, E. (2003). High
levels of extra-group paternity in a population of Australian magpies Gymnorhina
tibicen: evidence from microsatellite analysis. Molecular Ecology, 12(12), 3441-3450.

Hunter, F., Burke, T., & Watts, S. e. E. (1992). Frequent copulation as a method of
paternity assurance in the northern fulmar. Animal Behaviour, 44(1), 149-156.

Jamieson, I. G. (1997). Testing reproductive skew models in a communally breeding
bird, the pukeko, Porphyrio porphyrio. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 264(1380), 335-340.

Jamieson, I. G., & Craig, J. L. (1987). Dominance and mating in a communal
polygynandrous bird: Cooperation or indifference towards mating competitors? Ethology,
75(4), 317-327.

Jamieson, I. G., Quinn, J. S., Rose, P. A., & White, B. N. (1994). Shared paternity among
non-relatives is a result of an egalitarian mating system in a communally breeding bird,
the pukeko. Proceedings of the Royal Society of London. Series B: Biological Sciences,
257(1350), 271-277.



87

Jennions, M. D., & Petrie, M. (2000). Why do females mate multiply? A review of the
genetic benefits. Biological Reviews, 75(1), 21-64.

Johnsen, A., Andersen, V., Sunding, C., & Lifjeld, J. T. (2000). Female bluethroats
enhance offspring immunocompetence through extra-pair copulations. Nature,
406(6793), 296-299.

Johnsen, A., Carter, K. L., Delhey, K., Lifjeld, J. T., Robertson, R. J., & Kempenaers, B.
(2012). Laying-order effects on sperm numbers and on paternity: comparing three
passerine birds with different life histories. Behavioral Ecology and Sociobiology, 66(2),
181-190.

Johnson, K., & Burley, N. T. (1998). Mating tactics and mating systems of birds.
Ornithological Monographs, 49(1), 21-60.

Johnstone, R. A. (2000). Models of reproductive skew: a review and synthesis (invited
article). Ethology, 106(1), 5-26.

Johnstone, R. A., & Cant, M. A. (1999). Reproductive skew and the threat of eviction: a
new perspective. Proceedings of the Royal Society of London. Series B: Biological
Sciences, 266(1416), 275-279.

Johnstone, R. A., Woodroffe, R., Cant, M., & Wright, J. (1999). Reproductive skew in
multimember groups. American Naturalist, 153(3), 315-331.

Keller, L., & Reeve, H. K. (1994). Partitioning of reproduction in animal societies.
Trends in Ecology & Evolution, 9(3), 98-102.

Keller, L., & Reeve, H. K. (1995). Why do females mate with multiple males? The
sexually selected sperm hypothesis. Advances in the Study of Behavior, 24(1), 291-315.

Kempenaers, B., Verheyen, G. R., & Dhondi, A. A. (1997). Extrapair paternity in the
blue tit (Parus caeruleus): female choice, male characteristics, and offspring quality.
Behavioral Ecology, 8(5), 481-492.

Klemme, I., Baumer, J., Eccard, J. A., & Ylonen, H. (2014). Polyandrous females
produce sons that are successful at post-copulatory competition. Journal of Evolutionary
Biology, 27(3), 457-465.



88

Kleven, O., Fossay, F., Laskemoen, T., Robertson, R. J., Rudolfsen, G., & Lifjeld, J. T.
(2009). Comparative evidence for the evolution of sperm swimming speed by sperm

competition and female sperm storage duration in passerine birds. Evolution, 63(9), 2466-
2473.

Koenig, W. D. (1982). Ecological and social factors affecting hatchability of eggs. Auk,
99(3), 526-536.

Koenig, W. D. (1987). Population ecology of the cooperatively breeding acorn
woodpecker. Princeton: Princeton University Press.

Koenig, W. D. (1990). Opportunity of parentage and nest destruction in polygynandrous
acorn woodpeckers, Melanerpes formicivorus. Behavioral Ecology, 1(1), 55-61.

Koenig, W. D., & Benedict, L. S. (2002). Size, insect parasitism, and energetic value of
acorns stored by acorn woodpeckers. Condor, 104(3), 539-547.

Koenig, W. D., & Dickinson, J. (2004) Ecology and evolution of cooperative breeding in
birds. Cambridge: Cambridge University Press.

Koenig, W. D., Haydock, J., & Stanback, M. T. (1998). Reproductive roles in the
cooperatively breeding acorn woodpecker: incest avoidance versus reproductive
competition. American Naturalist, 151(3), 243-255.

Koenig, W. D., Hooge, P. N., Stanback, M. T., & Haydock, J. (2000). Natal dispersal in
the cooperatively breeding acorn woodpecker. Condor, 102(3), 492-502.

Koenig, W. D., Mumme, R. L., & Pitelka, F. A. (1983). Female roles in cooperatively
breeding acorn woodpeckers. In S. K. Wasser (Ed.), Social behavior of female
vertebrates (pp. 235-261). New York: Academic Press.

Koenig, W. D., Mumme, R. L., & Pitelka, F. A. (1984). The breeding system of the acorn
woodpecker in central coastal California. Zeitschrift fir Tierpsychologie, 65(4), 289-308.

Koenig, W. D., Mumme, R. L., Stanback, M. T., & Pitelka, F. A. (1995). Patterns and
consequences of egg destruction among joint-nesting acorn woodpeckers. Animal
Behaviour, 50(3), 607-621.



89

Koenig, W., & Pitelka, F. (1981). Ecological factors and kin selection in the evolution of
cooperative breeding in birds. In R. D. Alexander & D. W. Tinkle (Eds.), Natural
selection and social behavior: recent research and new theory (pp. 261-280). New York:
Chiron.

Koenig, W. D., Shen, S.-F., Krakauer, A. H., & Haydock, J. (2009). Reproductive skew
in avian societies. In R. Hager & C. B. Jones (Eds.), Reproductive skew in vertebrates:
Proximate and ultimate causes (pp. 227-264). Cambridge: Cambridge University Press.

Koenig, W. D., Stacey, P. B., Stanback, M. T., & Mumme, R. L. (1995). Acorn
woodpecker (Melanerpes formicivorus), The Birds of North America online (A. Poole,
Ed.). Cornell Lab of Ornithology: Ithaca; retrieved from the Birds of North America
Online: http://bna.birds.cornell.edu/bna/species/194

Koenig, W. D., & Walters, E. L. (2011). Age-related provisioning behaviour in the
cooperatively breeding acorn woodpecker: testing the skills and the pay-to-stay
hypotheses. Animal Behaviour, 82(3), 437-444.

Koenig, W. D., & Walters, E. L. (2012). An experimental study of chick provisioning in
the cooperatively breeding acorn woodpecker. Ethology, 118(6), 566-574.

Koenig, W. D., Walters, E. L., & Haydock, J. (2009). Helpers and egg investment in the
cooperatively breeding acorn woodpecker: testing the concealed helper effects
hypothesis. Behavioral Ecology and Sociobiology, 63(11), 1659-1665.

Koenig, W. D., Walters, E. L., & Haydock, J. (2011). Fitness consequences of within-
brood dominance in the cooperatively breeding acorn woodpecker. Behavioral Ecology
and Sociobiology, 65(12), 2229-2238.

Kokko, H., & Johnstone, R. A. (1999). Social queuing in animal societies: a dynamic
model of reproductive skew. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 266(1419), 571-578.

Komdeur, J. (2001). Mate guarding in the Seychelles warbler is energetically costly and
adjusted to paternity risk. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 268(1481), 2103-2111.



90

Komdeur, J., Burke, T., & Richardson, D. (2007). Explicit experimental evidence for the
effectiveness of proximity as mate-guarding behaviour in reducing extra-pair fertilization
in the Seychelles warbler. Molecular Ecology, 16(17), 3679-3688.

Komdeur, J., Kraaijeveld-Smit, F., Kraaijeveld, K., & Edelaar, P. (1999). Explicit
experimental evidence for the role of mate guarding in minimizing loss of paternity in the
Seychelles warbler. Proceedings of the Royal Society of London. Series B: Biological
Sciences, 266(1433), 2075-2081.

Krakauer, A. H. (2005). Kin selection and cooperative courtship in wild turkeys. Nature,
434(7029), 69-72.

Krokene, C., Anthonisen, K., Lifjeld, J. T., & Amundsen, T. (1996). Paternity and
paternity assurance behaviour in the bluethroat, Luscinia s. svecica. Animal Behaviour,
52(2), 405-417.

Lack, D. L. (1968). Ecological adaptations for breeding in birds. London: Metheun.

Lake, P. (1975). Gamete production and the fertile period with particular reference to
domesticated birds. Symposia of the Zoological Society of London, 35(1), 225-244.

Lamprecht, J. (1986). Social dominance and reproductive success in a goose flock (Anser
indicus). Behaviour, 97(1/2), 50-65.

Legge, S., & Cockburn, A. (2000). Social and mating system of cooperatively breeding
laughing kookaburras (Dacelo novaeguineae). Behavioral Ecology and Sociobiology,
47(4), 220-229.

Li, S.-H., & Brown, J. L. (2000). High frequency of extrapair fertilization in a plural
breeding bird, the Mexican jay, revealed by DNA microsatellites. Animal Behaviour,
60(6), 867-877

Liker, A., Freckleton, R. P., & Székely, T. (2014). Divorce and infidelity are associated
with skewed adult sex ratios in birds. Current Biology, 24(8), 880-884.

Liker, A., & Székely, T. (2005). Mortality costs of sexual selection and parental care in
natural populations of birds. Evolution, 59(4), 890-897.



91

Low, M. (2006). The energetic cost of mate guarding is correlated with territorial
intrusions in the New Zealand stitchbird. Behavioral Ecology, 17(2), 270-276.

Lundy, K., Parker, P., & Zahavi, A. (1998). Reproduction by subordinates in
cooperatively breeding Arabian babblers is uncommon but predictable. Behavioral
Ecology and Sociobiology, 43(3), 173-180.

MacFarlane, G. R., Blomberg, S. P., Kaplan, G., & Rogers, L. J. (2007). Same-sex sexual
behavior in birds: expression is related to social mating system and state of development
at hatching. Behavioral Ecology, 18(1), 21-33.

MacRoberts, M. H., & MacRoberts, B. R. (1976). Social organization and behavior of the
acorn woodpecker in central coastal California. Ornithological Monographs, 21(1), iii-
115.

Magrath, R. D., & Heinsohn, R. G. (2000). Reproductive skew in birds: models,
problems and prospects. Journal of Avian Biology, 31(2), 247-258.

Michl, G., Tordk, J., Griffith, S. C., & Sheldon, B. C. (2002). Experimental analysis of
sperm competition mechanisms in a wild bird population. Proceedings of the National
Academy of Sciences, 99(8), 5466-5470.

Moller, A. P. (1985). Mixed reproductive strategy and mate guarding in a semi-colonial
passerine, the swallow Hirundo rustica. Behavioral Ecology and Sociobiology, 17(4),
401-408.

Moller, A. P. (1988). Female choice selects for male sexual tail ornaments in the
monogamous swallow. Nature, 332(6165), 640-642.

Mpller, A., & Birkhead, T. R. (1991). Frequent copulations and mate guarding as
alternative paternity guards in birds: a comparative study. Behaviour, 118(3), 170-186.

Moller, A. P., & Birkhead, T. R. (1993). Certainty of paternity covaries with paternal care
in birds. Behavioral Ecology and Sociobiology, 33(4), 261-268.

Moller, A. P., & Cuervo, J. J. (2000). The evolution of paternity and paternal care in
birds. Behavioral Ecology, 11(5), 472-485.



92

Mpller, A. P., & Ninni, P. (1998). Sperm competition and sexual selection: a meta-
analysis of paternity studies of birds. Behavioral Ecology and Sociobiology, 43(6), 345-
358.

Moller, A. P., & Thornhill, R. (1998). Male parental care, differential parental investment
by females and sexual selection. Animal Behaviour, 55(6), 1507-1515.

Morton, E. S. (1987). Variation in mate guarding intensity by male purple martins.
Behaviour, 101(1), 211-224.

Mulder, R. A., Dunn, P. O., Cockburn, A., Lazenby-Cohen, K. A., & Howell, M. J.
(1994). Helpers liberate female fairy-wrens from constraints on extra-pair mate choice.
Proceedings of the Royal Society of London. Series B: Biological Sciences, 255(1344),
223-229.

Muller, M. N., & Mitani, J. C. (2005). Conflict and cooperation in wild chimpanzees.
Advances in the Study of Behavior, 35(1), 275-331.

Mumme, R. L., Koenig, W. D., & Pitelka, F. A. (1983a). Mate guarding in the acorn
woodpecker: within-group reproductive competition in a cooperative breeder. Animal
Behaviour, 31(4), 1094-1106.

Mumme, R. L., Koenig, W. D., & Pitelka, F. A. (1983b). Reproductive competition in the
communal acorn woodpecker: sisters destroy each other's eggs. Nature, 306(1), 583-584.

Nakamura, M. (1998). Multiple mating and cooperative breeding in polygynandrous
alpine accentors. II. Male mating tactics. Animal Behaviour, 55(2), 277-289.

Nelson-Flower, M. J., Hockey, P. A., O'Ryan, C., Raihani, N. J., du Plessis, M. A., &
Ridley, A. R. (2011). Monogamous dominant pairs monopolize reproduction in the
cooperatively breeding pied babbler. Behavioral Ecology, 22(3), 559-565.

Nonacs, P. (2000). Measuring and using skew in the study of social behavior and
evolution. American Naturalist, 156(6), 577-589.

Nonacs, P., & Hager, R. (2011). The past, present and future of reproductive skew theory
and experiments. Biological Reviews, 86(2), 271-298.



93

Parker, G. A. (1970). Sperm competition and its evolutionary consequences in the
insects. Biological Reviews, 45(4), 525-567.

Parker, G. A. (1974). Courtship persistence and female-guarding as male time investment
strategies. Behaviour, 48(1), 157-184.

Parker, G. A., & Birkhead, T. R. (2013). Polyandry: the history of a revolution.
Philosophical Transactions of the Royal Society B: Biological Sciences, 368(1613), 1-13.

Petrie, M., Krupa, A., & Burke, T. (1999). Peacocks lek with relatives even in the
absence of social and environmental cues. Nature, 401(6749), 155-157.

Pizzari, T. (2001). Indirect partner choice through manipulation of male behaviour by
female fowl, Gallus gallus domesticus. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 268(1463), 181-186.

Pizzari, T., & Birkhead, T. (2000). Female feral fowl eject sperm of subdominant males.
Nature, 405(6788), 787-789.

Pizzari, T., & Birkhead, T. (2002). The sexually-selected sperm hypothesis: sex-biased
inheritance and sexual antagonism. Biological Reviews of the Cambridge Philosophical
Society, 77(2), 183-2009.

Reeve, H. K., & Emlen, S. T. (2000). Reproductive skew and group size: an N-person
staying incentive model. Behavioral Ecology, 11(6), 640-647.

Reeve, H. K., Emlen, S. T., & Keller, L. (1998). Reproductive sharing in animal
societies: reproductive incentives or incomplete control by dominant breeders?
Behavioral Ecology, 9(3), 267-278.

Reeve, H. K., & Keller, L. (2001). Tests of reproductive-skew models in social insects.
Annual Review of Entomology, 46(1), 347-385.

Reeve, H., & Ratnieks, F. (1993). Queen-queen conflicts in polygynous societies: mutual
tolerance and reproductive skew. In L. Keller (Ed.), Queen number and sociality in
insects. (pp. 45-85). Oxford: Oxford University Press.



94

Richardson, D. S., Burke, T., & Komdeur, J. (2002). Direct benefits and the evolution of
female-biased cooperative breeding in Seychelles warblers. Evolution, 56(11), 2313-
2321.

Richardson, D. S., Jury, F., Blaakmeer, K., Komdeur, J., & Burke, T. (2001). Parentage
assignment and extra-group paternity in a cooperative breeder: The Seychelles warbler
(Acrocephalus sechellensis). Molecular Ecology, 10(9), 2263-2273.

Robertson, R. J., & Stutchbury, B. J. (1988). Experimental evidence for sexually selected
infanticide in tree swallows. Animal Behaviour, 36(3), 749-753.

Sasanami, T., Matsuzaki, M., Mizushima, S., & Hiyama, G. (2013). Sperm storage in the
female reproductive tract in birds. Journal of Reproduction and Development, 59(4), 334-
338.

Schleicher, B., Hoi, H., Valera, F., & Hoi-Leitner, M. (1997). The importance of different
paternity guards in the polygynandrous penduline tit (Remiz pendulinus). Behaviour,
134(11/12), 941-959.

Schmaltz, G., Quinn, J. S., & Lentz, C. (2008). Competition and waste in the communally
breeding smooth-billed ani: effects of group size on egg-laying behaviour. Animal
Behaviour, 76(1), 153-162.

Sheldon, B. (1994). Male phenotype, fertility, and the pursuit of extra-pair copulations by
female birds. Proceedings of the Royal Society of London. Series B: Biological Sciences,
257(1348), 25-30.

Skutch, A. F. (1935). Helpers at the nest. Auk, 52(3), 257-273.

Skutch, A. F. (1961). Helpers among birds. Condor, 63(3), 198-226.

Stacey, P. B., & Koenig, W. D. (1990). Cooperative breeding in birds: long-term studies
of ecology and behavior. Cambridge: Cambridge University Press.

Stacey, P. B., & Ligon, J. D. (1987). Territory quality and dispersal options in the acorn
woodpecker, and a challenge to the habitat-saturation model of cooperative breeding.
American Naturalist, 130(5), 654-676.



95

Stanback, M. T. (1994). Dominance within broods of the cooperatively breeding acorn
woodpecker. Animal Behaviour, 47(5), 1121-1126.

Temrin, H., & Sillén-Tullberg, B. (1994). The evolution of avian mating systems: a
phylogenetic analysis of male and female polygamy and length of pair bond. Biological
Journal of the Linnean Society, 52(2), 121-149.

Tobias, J., & Seddon, N. (2000). Territoriality as a paternity guard in the European robin,
Erithacus rubecula. Animal Behaviour, 60(2), 165-173.

Vehrencamp, S. L. (1983). A model for the evolution of despotic versus egalitarian
societies. Animal Behaviour, 31(3), 667-682.

Wagner, R. H. (1996). Male-male mountings by a sexually monomorphic bird: mistaken
identity or fighting tactic? Journal of Avian Biology, 27(3), 209-214.

Walker, W. F. (1980). Sperm utilization strategies in nonsocial insects. American
Naturalist, 115(6), 780-799.

Weatherhead, P. J., & Robertson, R. J. (1979). Offspring quality and the polygyny
threshold: "The sexy son hypothesis". American Naturalist, 113(2), 201-208.

Wedell, N., Gage, M. J. G., & Parker, G. A. (2002). Sperm competition, male prudence
and sperm-limited females. Trends in Ecology & Evolution, 17(7), 313-320

Westneat, D. F., Sherman, P. W., & Morton, M. L. (1990). The ecology and evolution of
extra-pair copulations in birds. Current Ornithology, 7(1), 331-369.

Westneat, D. F., & Stewart, [. R. (2003). Extra-pair paternity in birds: causes, correlates,
and conflict. Annual Review of Ecology, Evolution, and Systematics, 34(1), 365-396.

Wetton, J. H., & Parkin, D. T. (1991). An association between fertility and cuckoldry in
the house sparrow, Passer domesticus. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 245(1314), 227-233.



96

Whittingham, L. A., Dunn, P. O., & Magrath, R. D. (1997). Relatedness, polyandry and
extra-group paternity in the cooperatively-breeding white-browed scrubwren (Sericornis
frontalis). Behavioral Ecology and Sociobiology, 40(4), 261-270.

Widdig, A. (2013). The impact of male reproductive skew on kin structure and sociality
in multi-male groups. Evolutionary Anthropology: Issues, News, and Reviews, 22(5),
239-250.

Wiley, R. H., & Rabenold, K. N. (1984). The evolution of cooperative breeding by
delayed reciprocity and queuing for favorable social positions. Evolution, 38(3), 609-621.

Williams, D. A. (2004). Female control of reproductive skew in cooperatively breeding
brown jays (Cyanocorax morio). Behavioral Ecology and Sociobiology, 55(4), 370-380.

Wilson, L. C., & Swaddle, J. P. (2013). Manipulating the perceived opportunity to cheat:
an experimental test of the active roles of male and female zebra finches in mate guarding
behavior. Behavioral Ecology and Sociobiology, 67(7), 1077-1087.

Woolfenden, G. E. (1975). Florida scrub jay helpers at the nest. Auk, 92(1), 1-15.

Zahavi, A. (1990). Arabian babblers: the quest for social status in a cooperative breeder.
In W. D. Koenig, & P. B. Stacey (Eds.), Cooperative Breeding in Birds: Long-term
Studies of Ecology and Behaviour (pp. 105-130). Cambridge: Cambridge University
Press.

Zeh, J. A., & Zeh, D. W. (2003). Toward a new sexual selection paradigm: Polyandry,
conflict and incompatibility (Invited article). Ethology, 109(12), 929-950.

Zink, A. G., & Reeve, H. K. (2005). Predicting the temporal dynamics of reproductive
skew and group membership in communal breeders. Behavioral Ecology, 16(5), 880-888.



97

VITA

Anna C. Brownson

Old Dominion University
Department of Biological Sciences
Norfolk, VA 23529

Education
2015 M.S. Old Dominion University, Norfolk, Virginia
Biology
2009 B.A. Hope College, Holland, Michigan
Biology
Publications

Manuscripts in Preparation

Brownson, A. C., Walters, E. L., Haydock, J., & Koenig, W. D. The behavioral
causes of reproductive skew in cooperatively polygynandrous acorn
woodpeckers (Melanerpes formicivorus).

Brownson, A. C., Taank, V. K., Voegeli, V., & Walters, E. L. Design and
construction of a novel web-streaming, motion-sensing nest monitoring
system using Raspberry Pi micro-computers.

Awards

2014 North American Bluebird Society grant ($1,000)

Presentations

2014 Sigma Xi Student Research Poster Session, Newport News, VA

2014 Hastings Reservation Spring Seminar Series, Carmel Valley,

2013 Old Dominion University BGSO Research Symposium, Norfolk, VA
2013 William and Mary Graduate Research Symposium, Williamsburg, VA
2013 Wilson Society Meeting, Williamsburg, VA

2012 Dept. of Biology Seminar Series, Old Dominion University, Norfolk, VA
2012 North American Ornithologist Conference, Vancouver, BC

2012 Hastings Reservation Spring Seminar Series, Carmel Valley, CA

2011 Hastings Reservation Spring Seminar Series, Carmel Valley, CA

2007 Hope College Undergraduate Research Symposium, Holland, MI



