Costs and Benefits of Intrasexual Aggression in Females: an Experimental Approach
by
Kimberly A. Rosvall
Department of Biology
Duke University

Date:_______________________
Approved:
___________________________
Stephen Nowicki, Supervisor
___________________________
Susan Alberts
___________________________
Sonke Johnsen
___________________________
Will Wilson
___________________________
Greg Wray

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctorate
of Philosophy in the Department of
Biology in the Graduate School
of Duke University
2009

ABSTRACT
Costs and Benefits of Intrasexual Aggression in Females: an Experimental Approach
by
Kimberly A. Rosvall
Department of Biology
Duke University

Date:_______________________
Approved:
___________________________
Stephen Nowicki, Supervisor
___________________________
Susan Alberts
___________________________
Sonke Johnsen
___________________________
Will Wilson
___________________________
Greg Wray

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctorate of Philosophy in the Department of
Biology in the Graduate School
of Duke University
2009

Copyright by
Kimberly A. Rosvall
2009

Abstract
A long-held assumption in animal behavior is that females and males differ
fundamentally in their mating strategies. Females are thought to be more choosy
because female reproduction typically is limited by parental investment. Males, on the
other hand, are expected to compete among themselves for access to females or
resources, since male reproduction is limited primarily by mating access. This
dichotomy is challenged by the increasing realization that males can be choosy and
females also compete aggressively. It remains unclear, however, if and how selection
acts on aggressive behavior in the context of intrasexual competition among females
(reviewed in Chapter 1). In this thesis, I use a population of free-living tree swallows
(Tachycineta bicolor) to test predictions about the selective pressures shaping aggressive
behavior in females. First, using an experimental manipulation of nest site availability, I
demonstrate that more aggressive females have a competitive edge in acquiring
nestboxes, a critical limiting resource required for breeding (Chapter 2). This result
shows that more aggressive females are more likely to breed and, thus, that females
experience direct selection to be aggressive in the context of competition for mating
opportunities. Next, I demonstrate a fitness cost of female aggression (Chapter 3): high
levels of aggression in females are not associated with the quantity of offspring, but
instead, more aggressive females had offspring of lower quality (i.e. reduced mass).
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Using a cross-fostering approach, I explore the causal link between female aggression
and offspring mass, and I find that a trade-off between female aggression and maternal
care best accounts for this cost of aggression. Site differences may create variation in
how selection shapes female aggression, but the overall finding that more aggressive
females have lower quality offspring indicates that this cost may work counter to
selection favoring aggressive behavior in the context of competition over nestboxes.
Understanding the evolution of female aggressiveness in a biparental system is
incomplete without examining how males may alter the selective environment shaping
female behavior. In Chapter 4, I explore the potential role of a female’s mate in offsetting
the costs of aggression. Males appear to mitigate these costs for their female partners,
but not by compensating for poor parenting by aggressive females. Instead, females
invest more heavily in reproduction, laying more and larger eggs, when mated to a male
that is more different from her own phenotype. If this differential investment outweighs
the cost of aggressiveness in terms of offspring quality, then male phenotype may play a
key role in understanding the selective pressures shaping the evolution of aggressive
behavior in females. Altogether, this dissertation explores the costs and benefits of
female aggressive behavior. The focus on aggressiveness as a sexually selected trait in
females provides a much needed parallel to the wealth of information already known
about the selective pressures shaping sexually selected traits in males.
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1. Why should females be aggressive?
1.1 Introduction
“The sexual struggle is of two kinds; in the one it is between individuals of the same sex,
generally the males, in order to drive away or kill their rivals, the females remaining passive,
whereas in the other, the struggle is likewise between the individuals of the same sex, in order to
excite or charm those of the opposite sex, generally the females, which no longer remain passive,
but select the more agreeable partners.”
- Charles Darwin, Descent of Man, p. 614

Darwin originally emphasized two distinct forms of sexual selection: competition
among males for access to females (intrasexual selection) and female mate choice
(intersexual selection, Darwin 1859; 1871). Much empirical and theoretical work in
recent decades has demonstrated that sexual selection encompasses a broader array of
selective processes, including post-copulatory (cryptic) female choice, sperm
competition, male mate choice and intrasexual competition among females (Andersson
1994; Eberhard 1996; Wiley & Poston 1996; Birkhead & Møller 1998; Clutton-Brock 2007;
2009). Accordingly, evolutionary biologists typically recognize that sexual selection is a
more complex issue than Darwin’s original explanation suggested 150 years ago. Recent
reviews have focused on some of these more broad aspects of sexual selection, although
lacking is a comprehensive review of the incidence of female-female competition,
including the function of intrasexual aggression among females and its implications in a
sexual selection framework.
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1.1.1 Historical background
Darwin proposed the theory of sexual selection to account for the occurrence of
exaggerated male secondary sexual characters that seemed to contradict the theory of
natural selection. Natural selection favors traits that enhance survival and reproduction,
whereas sexual selection depends “not on a struggle for existence, but on a struggle
between males for possession of the females, [where] the result is not death to the
unsuccessful competitor, but few or no offspring” (Darwin 1859). Therefore, sexual
selection encompasses the subset of natural selection limited to differences in
reproductive success related to competition for mates.
Over time, sexual selection theory has been fleshed out to emphasize how
differences in reproduction, ecology and life history can predict sexual differences and
macroevolutionary patterns in the distribution of secondary sexual traits. A
fundamental difference between females and males is the size and supply of their
gametes: eggs are large and relatively expensive, whereas sperm is presumably cheap
and unlimited. Therefore, males and females inherently differ in their initial parental
investment (Trivers 1972). In accordance with this view, female reproduction tends to be
most limited by resources and male reproduction tends to be limited by the number of
females with which a male can mate (Bateman 1948). As a result, the road to
reproductive success usually differs between males and females. Males benefit from
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traits that most influence their ability to outcompete other males or successfully attract
females. Females, on the other hand, benefit from continued investment in their
offspring, as well as carefully choosing a mate that will provide the most direct or
indirect benefits to themselves or their offspring. With females occupied with investing
in offspring, the availability of ready-to-mate males outpaces female availability, biasing
the operational sex ratio towards males (Emlen & Oring 1977). Females become a
resource that limits male reproductive success, and so males compete with each other for
access to those females. Male secondary sexual traits, therefore, have evolved due to
their link with a male’s competitive edge against other males (i.e. in scrambles, contests,
endurance rivalry) or because females use those traits to choose mates (Andersson 1994).
Females also can exhibit traits and behaviors that do not appear to confer any
survival advantage and that resemble male secondary sexual traits. These traits were
traditionally thought not to benefit females, since female reproductive success should
not depend strongly on competition for mates. Recent reviews have described the
variation in and likely functional significance of several of these male-like traits
(Clutton-Brock 2007; 2009), especially focusing on female ornamentation (Amundsen
2000; Amundsen & Parn 2006), vocalization (Langmore 1998), and weaponry (Estes
1991). An often overlooked male-like trait that is pervasive among female animals is
aggressive behavior directed at other females. Aggression is a key aspect of intrasexual
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competition; yet, whether or not female-female aggressive competition constitutes
intrasexual selection among females remains an open question. Traditional theory
suggests that female-female competition is simply competition over resources and thus,
is under natural selection. However, sexual selection also may act on female aggression
if females are competing with each other for mates.
In the following pages, I review the evidence regarding the role of sexual and
natural selection in the evolution of aggressive behavior in females. Many definitions of
sexual selection exist, yet the specifics of the definition are critical to interpreting the
patterns of female aggression described below. At one end of the spectrum, sexual
selection describes all non-survival selection, including differential fertility and
fecundity (Huxley 1938; Selander 1972). This extremely broad definition typically is not
favored today, probably because it is thought not to adhere to the essence of Darwin’s
original distinction between sexual and natural selection (Wade & Arnold 1980; Endler
1986; Andersson 1994). At the more narrow end of the spectrum, sexual selection
describes differences in reproductive success that map onto the number of mates
(Arnold 1994). While this definition more closely matches the process described by
Darwin, it has the unfortunate effect of biasing its applicability to males, since male
reproductive success typically depends more on the number of mates than does female
reproductive success (Bateman 1948). I advocate a middle ground that distinguishes
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sexual selection from ecological selection (e.g. mortality selection, fecundity selection),
but remains broad enough so as to not bias its applicability towards males alone. Using
Darwin’s own words:

“[Sexual selection concerns] the advantage which certain individuals have over others of
the same sex and species, in exclusive relation to reproduction.”
- Charles Darwin, Descent of Man, p. 256

1.2 Why should females not be aggressive?
Sexually selected traits typically are assumed to be costly to produce or maintain
(reviewed in Searcy & Nowicki 2005). In males, the mating benefits presumably
outweigh the costs of these traits, but in females, these costs are thought to be
prohibitive, since without a mating benefit to a costly trait, natural selection should act
to decrease its magnitude. Sexual differences in the net profit of exaggerated traits and
behaviors may explain why these traits tend to be more prevalent and more exaggerated
in males.
Intrasexual aggression is likely to be associated with a suite of costs that may
reduce the net benefit females obtain from aggression, and ultimately, may influence
whether or not selection favors aggressive behavior in females. Aggression may directly
threaten female viability if females are injured or killed during a fight (e.g. Gavish et al.
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1981; Leffelaar & Robertson 1985; Clark et al. 1999; Valero et al. 2005). Similarly, to the
extent that aggressive interactions include conspicuous displays and behaviors, females
may become more noticeable to predators as well (Lima & Dill 1990).
Even if female viability is not threatened during a fight, aggressive behavior may
prove costly to females through trade-offs with other behaviors, such as foraging or
parental care (Stearns 1992). If female aggression is mediated by testosterone (see Section
1.3.2), a suite of additional behavioral and physiological costs may ensue. For example,
high levels of testosterone may be associated with greater physiological stress and
reduced immune function (Folstad & Karter 1992; Braude et al. 1999; Wingfield et al.
2001; Ketterson et al. 2005, but see Roberts et al. 2004). In females in particular,
testosterone may interfere with behaviors that are critical to female reproductive
success, such as a female’s ability to choose a mate (McGlothlin et al. 2004) or care for
her young (O'Neal et al. 2008). Furthermore, testosterone may directly influence female
fecundity by delaying breeding (Clotfelter et al. 2004) or reducing clutch size
(Rutkowska et al. 2005). In summary, female aggression may entail various costs that
could potentially reduce female survival or reproductive success
Rarely have researchers measured the costs of aggression in females themselves
(but see exceptions above, and Knapton & Falls 1983; Ketterson et al. 2005) or directly
compared these costs to the benefits of intrasexual aggression in females. While females
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may face a high cost of aggression, understanding the net profit of intrasexual
aggression within each sex is the critical test of whether selection should favor high
levels of aggression altogether. If an exaggerated trait provides a net benefit to females
in acquiring mates or resources, selection should favor that trait, even if the magnitude
of the trait’s exaggeration or the magnitude of the trait’s fitness benefit is smaller than it
is in males. We have traditionally assumed that because female sexual traits are less
developed that they serve little to no benefit to female reproductive success. Instead,
these traits may be less developed because females face a narrower margin in the tradeoff between natural and sexual selection than do males. Recognizing these differences in
males and females is important in confirming the Bateman-Trivers paradigm of sexual
selection, but it does not address the extent to which females themselves experience
selection for exaggerated traits and behaviors.

1.3 Proximate mechanisms
The evolutionary significance of aggressive behavior in females cannot be
completely understood without considering the proximate mechanisms of this behavior
in each sex, since these mechanisms may shed light onto the relative costs and benefits
of aggression. On the one hand, there is evidence that males and females share some, but
not all, genes associated with aggression. On the other hand, there are a growing
number of cellular and neuroendocrine mechanisms uniquely associated with female
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aggression, suggesting that female-female aggression, while outwardly similar to male
aggression, may be underpinned by mechanisms that are not entirely the same as those
found in males.

1.3.1 Genetics of aggression
Beginning with Darwin, male-like traits that are found in females have
traditionally been attributed to “the laws of inheritance,” (Darwin 1871) or the reality
that males and females share the vast majority of their genes. Therefore, any trait that is
favored in one sex is likely to exist in the other sex via correlational selection (Lande
1980). In spite of the historical argument that exaggerated female traits exist as nonadaptive byproducts of selection on males, empirical tests have demonstrated a range of
intersexual genetic correlations (e.g. for ornamentation, range: -0.09 to + 0.91, reviewed
in Kraaijeveld et al. 2007), and only one such study has demonstrated a high intersexual
genetic correlation paired with opposing selection gradients in the two sexes (Price
1996). More specific to aggressive behavior in females, a few studies demonstrating high
repeatability in female aggression (e.g. Rosvall 2008; Sinn et al. 2008) suggest a high
potential for genetic variance, since repeatability provides a maximum value for
heritability (Falconer 1989). Likewise, offspring that have been cross-fostered share
similar levels of aggression with their genetic mothers (Maestripieri 2003), implying that
genetics influence aggression, although maternal effects may inflate this effect.
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Artificial selection provides a more direct test of the assumption that aggressive
behavior in females is a non-adaptive byproduct of selection favoring greater male
aggression. Laboratory studies in Drosophila melanogaster have recently found that
female aggression increased in lines that were selected for high levels of male aggression
(Edwards et al. 2006), providing experimental support for the assumption of a high
intersexual genetic correlation. Oddly, heritability of aggression was rather low in this
study (~0.10), owing to a large environmental component of variance. In fact, at least one
of the genes underlying aggressive behavior in male Drosophila appears to be upregulated through both artificial selection and environmental induction (Dierick &
Greenspan 2006; Wang et al. 2008). Furthermore, high throughput genetic analyses are
beginning to identify genes that map onto aggressive behavior (e.g. Zhou & Rao 2008),
including some genes that differ among the sexes (Lee & Hall 2000). Together, these
studies suggest that aggression in males and females may be mediated by some common
genetic mechanism, but they leave open the possibility that different genes or different
processes (e.g. genes versus environment) also may contribute to aggressive behavior in
the two sexes.

1.3.2 Neuroendocrine mechanisms
While we are just beginning to understand the genetics of aggression, more is
known about the hormonal mechanisms modulating aggressive behavior. In insects,
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there is some evidence that juvenile hormone (JH) influences aggression, as treatment
with JH analogs increases aggressive behavior in at least the Hymenoptera (Pearce et al.
2001) and Coleoptera (Scott 2006), and higher JH titers temporally correspond with high
levels of aggressiveness in burying beetles (Trumbo 1997). It remains unknown,
however, if natural levels of JH predict individual or sexual variation in aggressive
behavior. In vertebrates, on the other hand, much work points to the sex hormone
testosterone (T) as a proximate source of aggression (Adkins-Regan 2005), although
evidence is mixed as to whether T influences aggression in females in the same way that
it does in males. Circulating T levels do not necessarily predict the level of aggression a
female expresses (Chapman et al. 1998; Woodley & Moore 1999; Zysling et al. 2006;
Sandell 2007, but see De Ridder et al. 2002, Davis & Marler 2003), and female T levels do
not always rise in response to a challenge from a same-sex rival, as they do in males
(Langmore et al. 2002; Desjardins et al. 2006; Gill et al. 2007, but see Elekonich &
Wingfield 2000, Jawor et al. 2006)
Finding that circulating T levels often poorly predict female aggression suggests
that additional mechanisms may influence short-term or seasonal changes in this
behavior in females. One possibility is that female intrasexual aggression is mediated
instead by other hormones or neuropeptides, including estrogen, progesterone,
serotonin, or arginine vasopressin (Stribley & Carter 1999; Woodley et al. 2000;
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Rubenstein & Wikelski 2005; Goymann et al. 2008). Another, non-mutually exclusive
hypothesis is that females modulate aggressive behavior by altering the T-sensitivity of
neural target tissue (e.g. nucleus taeniae, medial pre-optic area). For example, the
density of androgen and estrogen receptors, and the expression of enzymes that convert
testosterone to estrogen, may play a key role in explaining the magnitude of an
individual’s phenotypic response to testosterone (Ball & Balthazart 2002; 2008). Thus,
females may control aggression more by altering cellular properties of neural tissue than
by altering hormone levels, although this hypothesis has not been tested directly.
Providing some preliminary support for this hypothesis, previous research has shown
that target tissue sensitivity differs temporally (Riters et al. 2001; Silverin et al. 2004;
Canoine et al. 2007) and between the sexes (Forlano et al. 2006; Voigt & Goymann 2007)
and that this cellular variation maps onto variation in T-mediated behavior (Silverin et
al. 2004; Forlano & Bass 2005; Forlano et al. 2006; Canoine et al. 2007; Voigt & Goymann
2007). Finding even slight differences among males and females in the mechanisms of
aggressive behavior provides further support that a simple genetic correlation may not
account for female aggression.
It may not be surprising that females use different cellular mechanisms to
mediate aggression, as selection may act to decouple female aggression from
testosterone, favoring instead other mechanisms that would still give females a
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competitive advantage in intrasexual competition, while avoiding the behavioral and
physiological costs of high levels of testosterone. Many open questions remain in
understanding whether similar genetic and neuroendocrine mechanisms mediate
aggression in males and females. However, growing evidence suggests that a genetic
correlation is unlikely to explain fully the widespread occurrence and frequency of
aggressive competition among females. Understanding the function of female-female
aggression will shed light onto a more complete understanding of the ultimate pressures
shaping the evolution of aggressive behavior in females.

1.4 Why should females be aggressive?
Aggressive competition among females may serve a number of functions, from
acquiring food resources, to predation protection, to securing access to a mate or nesting
site. Here, I review the evidence for several possible functions of female-female
aggression, emphasizing taxonomic patterns whenever possible. Furthermore, I make
several predictions about the nature of intrasexual aggression in females based on the
operational sex ratio, relative parental investment, and the potential direct and indirect
benefits obtained from winning an aggressive interaction. More specifically, I draw
attention to the contrast between competition for resources and competition for males,
and ultimately, I speculate upon differences in the nature of intrasexual competition in
males and females.
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Ideally, a first step in understanding the function of female intrasexual
aggression would be to contrast evidence advocating a functional significance of this
behavior with evidence demonstrating no benefit at all. However, this latter category is
likely to suffer from a double publication bias against negative results in general and,
moreover, against the long-held assumptions that (a) females typically are not very
aggressive and that (b) female aggression is non-adaptive. Accordingly, few studies
before the 1990’s empirically tested functional hypotheses for female aggression,
although several published papers do describe cases of aggressive interactions among
females (Hurly & Robertson 1984; Derrickson 1989; Hobson & Sealy 1989; Martin et al.
1990; Secunda & Sherry 1991; Kopachena & Falls 1993a; Alworth & Scheiber 1999; Tuttle
2003; Desjardins et al. 2006).
One key question in discerning the function of female aggression is whether
females direct this behavior specifically at other females. If females are competing for
food resources, they may also behave aggressively towards males and heterospecifics in
the same ecological niche. Instead, females frequently respond more aggressively to
females than to males (birds: Slagsvold 1993; Sandell & Smith 1997; Mays & Hopper
2004, fish: Whiteman & Cote 2003, Wong et al. 2008, mammals: Decanini & Macedo 2008,
but see French & Snowdon 1981, Parmigiani et al. 1988, McDonough 1994), and they
respond more aggressively to conspecifics than heterospecifics (French & Snowdon
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1981; Elekonich 2000). Accordingly, female aggression is likely to function in intrasexual
conflicts, such as competition for mates, rather than more general intersexual or
interspecific competition for resources. This observation provides a first clue that sexual
selection may shape female-female aggression, rather than simply natural selection for
competition over resources.

1.4.1 Female-female competition for males
1.4.1.1 Prediction: As the operational sex ratio becomes more female biased, females
should compete aggressively for access to males.
If the operational sex ratio (OSR) determines which sex will compete for access to
the other sex, we should not expect much female competition for access to males in most
species, as available males typically outnumber ready-to-mate females (Emlen & Oring
1977). On the other hand, we should expect frequent female-female competition in
species where males are limiting, such as sex-role reversed species (Eens & Pinxten
2000). In such species, males typically care for the young, and as a result, males have a
lower potential reproductive rate (Clutton-Brock & Vincent 1991), thus biasing the OSR
towards females. For example, in the sex-role reversed tidewater goby (Eucyclogobius
newberryi), females aggressively compete for access to territorial males and their
associated burrows. Intrasexual competition in females is more intense than that among
males, perhaps because males only mate with one female per brooding cycle (Swenson
1997).
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In species with dynamic operational sex ratios, we should expect female-female
aggression to increase as the OSR becomes more female biased. In short, if there are
fewer available males, or more females with which to compete, female aggression
should increase in intensity or frequency. In sand gobies (Pomatoschistus minutus),
operational sex ratio, not density, predicts the frequency of female-female aggressive
interactions, just as it does with males (Kvarnemo et al. 1995). The observation that
higher densities do not increase the incidence of female aggression also suggests that
female sand gobies do not compete primarily for density-dependent resources (e.g.
food). Instead, they appear to compete for access to males themselves, or potentially also
for male-held nest sites. Likewise, in the two-spotted goby (Gobiusculus flavescens),
female-female aggression becomes more common as OSRs switch from male-biased
early in the breeding season to female-biased late in the season (Forsgren et al. 2004).
Similar patterns of female aggression are also found in species where males do not
provide parental care for offspring. For example, female house mice (Mus musculus)
modulate female aggression in accordance with OSR. Pairs of captive females are more
aggressive towards each other when presented with one male than when presented with
three males (Rusu & Krackow 2004), again suggesting that females vie for mating access
to males themselves. Further evidence supporting this prediction comes from species
where female aggression increases in the presence of males (Weckerly et al. 2001; Bales
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& Carter 2003; Razzoli & Valsecchi 2006) and when more females are in estrous
(Hohmann & Fruth 2003; Bebie & McElligott 2006).
In the sand goby case described above, female aggression, but not mating
success, changed as the OSR ratio became more female biased; all females were able to
find a mate (Kvarnemo et al. 1995). When the OSR was male-biased, however, some
males were excluded from breeding altogether. This sexual disparity in the impact of
OSR on mating success draws into focus a key question: If the outcome of female-female
competition does not predict female mating success, why should females compete? Or,
stated another way, why do females appear to compete for males if males are not
limiting? One solution to this question is that females do not necessarily compete for
access to the number of mates. Instead, females may compete for access to the direct and
indirect benefits that males provide.
1.4.1.2 Prediction: If males provide direct benefits to females, females should compete
aggressively for access to males.
If females do not aggressively compete for the number of males, they may
instead benefit from accessing males who will provide the most direct benefits, such as
high quality territories, nesting sites, or access to male parental care. As the following
section demonstrates, females appear to compete aggressively with other females for
access to males, although not necessarily for control of a number of males. This
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difference in the outcome of competition among the sexes may explain key differences in
the operation of intrasexual selection in males and females.
1.4.1.2.1 Competition for male parental care.
In polygynous and monogamous species in which males provide parental care,
intrasexual female aggression may function to deter additional females from pairing
with a female’s mate, thus ensuring exclusive social access to that male and the parental
care he provides (Wittenberger & Tilson 1980). This prediction has been extensively
considered in birds and fish, where several lines of evidence suggest that female-female
aggression functions to maintain monogamy. First, secondary females typically receive
less paternal care than primary or monogamously-mated females (Breiehagen &
Slagsvold 1988; reviewed in Slagsvold & Lifjeld 1994; Kokita & Nakazono 2001) and this
reduction in care can lead to decreased nesting success (reviewed in Clutton-Brock 1991;
Kokita & Nakazono 2001). For example, in the facultatively polygynous longnose filefish
(Oxymonacanthus longirostris), females respond aggressively to prospecting females, and
polygynously-mated males provide less territorial defense than monogamously-mated
males. Females mated to polygynous males compensate by increasing their territorial
defense, but they then feed offspring less, leading to reduced nesting success (Kokita &
Nakazono 2001). Thus, maintaining monogamy can have a dramatic influence on female
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reproductive success, and so, selection should act on females to aggressively repel rival
females that may diminish the direct benefits they receive from their mates.
The tight link between female mating status and aggression provides a second
line of evidence supporting the prediction that females compete for access to male care.
Primary females initiate more aggressive interactions (Hobson & Sealy 1989) and are
more aggressive relative to secondary females (Williams 2004, but see Breiehagen &
Slagsvold 1988). Likewise, more aggressive females are more likely to be monogamously
mated (Sandell 1998). When primary females are naturally less aggressive, or when
female aggression is experimentally reduced (i.e. by caging or otherwise restraining
females), female intruders are more successful in establishing themselves as a secondary
female (Walter & Trillmich 1994; Slagsvold et al. 1999; Kokita 2002).
If female-female aggression functions to prevent polygyny, aggression should be
more prevalent when and where intruding females are likely to attempt to settle. In
species such as the pied flycatcher (Ficedula hypoleuca), where males may attract a second
mate at a location faraway from their primary female’s site, females aggressively harass
other females up to hundreds of meters from their own nesting site (Breiehagen &
Slagsvold 1988; but see Kilpimaa et al. 1995). If the threat of rival females were unrelated
to the amount of parental care received and instead related to the likelihood of, say,
infanticide or nest usurpation, female-female aggression would decrease with increasing
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distance from the primary female’s nest, eggs, or offspring. On the other hand, in species
where a secondary female is most likely to settle nearby, the presence of additional
nearby nesting sites may increase the potential for polygyny (Dubois et al. 2006),
prompting those females to respond more aggressively than females whose territories
would not support a second female (Sandell & Smith 1997).
If females compete aggressively for direct benefits from males, female-female
aggression should be more intense when vying for a male whose phenotype suggests
that he will provide more parental care. In the sharknose goby (Elacatinus evelynae), for
example, more aggressive females are more likely to mate with a larger male, and larger
males typically provide more parental care (Whiteman & Cote 2003). Similarly, female
green poison dart frogs (Dendrobates auratus) appear to selectively mate guard certain
males, implying that females compete not for the number of males, but for exclusive
access to particular males and the parental care those males can provide (Summers
1989).
A natural continuation of this logic, of course, is that when males do not provide
any direct benefits, female-female aggression should be rare or should occur for
different reasons, such as for access to food or indirect benefits. Consistent with this
view, it is notable that the temporal patterns of female aggression in birds and fish (i.e.
species in which males provide care) differ markedly from mammals, where males
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typically provide no care at all for offspring. In nearly all species of birds studied to date,
female aggression peaks prior to egg laying (Gowaty 1981; Breiehagen & Slagsvold 1988;
Langston et al. 1990; Rosvall, unpub. data, Slagsvold et al. 1992; Slagsvold 1993; Cristol
& Johnsen 1994; Sandell & Smith 1997; Elekonich 2000; Garcia & Arroyo 2002; Gill et al.
2007) but is rather low during the nestling period (but see Brunton et al. 2008) and
during the non-breeding season (Elekonich 2000). Working under the assumption that
female aggression is most intense at times when it is most relevant, an early season peak
in female aggression is consistent with females attempting to deter additional females
from settling, thus securing exclusive social access to a particular male. For example, in
the polygynous red-winged blackbird (Agelaius phoeniceus), the spring peak of femalefemale aggression corresponds precisely with the arrival dates of additional females
(Cristol & Johnsen 1994). Other interpretations of the significance of high early season
aggression are possible, such as female competition for access to other direct benefits
(e.g. nest sites, territories) or indirect benefits (e.g. exclusive mating access to high
quality males). However, distinguishing among these possibilities may be difficult in
systems where female competition, mate choice and territory acquisition co-occur in
time.
The temporal pattern of female-female aggression in most mammals is almost
completely opposite that of birds, with females becoming most aggressive during the

20

offspring-rearing period (Boness et al. 1982; McDonough 1994; Kapusta & MarchlewskaKoj 1998; Wolff & Peterson 1998; Rodel et al. 2008). This temporal pattern is not
consistent with female competition for access to males or the direct or indirect benefits
they provide, but instead it is consistent with aggression functioning to prevent
infanticide or to gain access to food during lactation (see sections 1.4.2.2 and 1.4.3.2 for
more detail). In any case, the finding that female-female aggression in mammals does
not coincide temporally with mating provides some preliminary evidence that female
aggression for access to males (and their direct benefits) exists primarily in species
where males provide direct benefits to females (but see Derix et al. 1993). To fully
explore this hypothesis, phylogenetically controlled tests are needed in taxonomic
groups where species vary in the extent of male care. One such study comes from a
comparison of two species of burying beetles. In the biparental species Nicrophorus
quadripunctatus, females frequently compete for access to carcasses on which they rear
their young, whereas in Ptomascopus morio, a species without parental care, femalefemale aggression is nearly nonexistent (Suzuki et al. 2005). With the limited number of
studies investigating the function of female-female aggression, it may be too soon to
draw any definitive conclusions as to whether the incidence of male parental care
predicts the extent to which females compete for access to males, although preliminary
findings are promising.
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While several studies have suggested that female-female aggression functions to
maintain monogamy (Slagsvold & Lifjeld 1994; Sandell 1998; Smith & Sandell 2005),
others suggest that it may not be sufficient to deter additional females from settling
(Ratti et al. 1994; Kilpimaa et al. 1995; Ford 1996), or that polygyny may not be all that
costly to primary females (Dunn & Hannon 1991). Furthermore, males may attempt to
intervene in female-female conflicts if the optimal mating system differs among the
sexes (i.e. polygyny favored by males, monogamy favored by females, Walter &
Trillmich 1994; Kahlenberg et al. 2008a), therefore minimizing the effectiveness of female
aggression in securing sole access to males. As such, aggression among females may
serve additional functions as well.
1.4.1.2.2 Competition for male-held resources.
Access to defended space (i.e. territories) is one of the primary direct benefits
females may obtain from their mates, since territories provide many potential fitness
benefits, including access to food, nesting sites, or protection from predators (Orians
1969; Jones 1981; Andersson 1994). The question of whether females compete for access
to territories can be difficult to answer empirically because females typically choose or
compete for a mate at the same time that females acquire a territory. Theoretically, the
primary difference between these two scenarios is whether the female directly assesses
territory quality and competes with other females for the best territory, or whether she
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bases her decision upon some male trait that signals the quality of the male or the
territory he has acquired. As such, I will consider evidence for this particular direct
benefit in another section discussing the resources over which females may compete (see
section 1.4.2).
1.4.1.3 Prediction: Females should compete aggressively for males that will provide
indirect (genetic) benefits.
Independent of female-female competition for access to males and the direct
benefits they provide, females may also compete for indirect (genetic) benefits. Indirect
benefits do not relate to the number of mates acquired or even the number of offspring;
instead, females benefit by mating with males whose genes confer a viability advantage
to offspring (good genes hypothesis) or whose genes are linked with female preferences
(sexy sons hypothesis, Fisher 1930; Weatherhead & Robertson 1979; Pomiankowski et al.
1991). In short, females may compete for the most successful males because of genes that
successful males will pass on to their offspring.
If sperm availability is limited (Dewsbury 1982; Wedell et al. 2002) or if males
attempt to conserve their sperm for new or preferred females (e.g. Pizzari et al. 2003),
and females receive some indirect genetic benefit from mating with the best male
(Kirkpatrick & Ryan 1991), more aggressive females could potentially benefit by
acquiring more sperm from the best male. Evidence suggests that preferred males are
more likely to be sperm-limited (Jones 2001), especially later in the mating season
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(Preston et al. 2001). Therefore, more aggressive females should benefit from mating
earlier with high quality males, or they may risk reduced fertility as males become more
sperm limited (Royer & McNeil 1993). Likewise, if more aggressive females are
inseminated by preferred males, they will indirectly benefit by their offspring acquiring
good genes from these high quality males.
If females compete aggressively for genes from the best males, we should expect
intense female-female aggression on leks, where males contribute no direct benefits to
females at all. Several examples of female-female competition in lekking birds provide
insight into the potential function of aggression in competition for males. On black
grouse (Tetrao tetrix) leks, intrasexual aggressive encounters among females are more
frequent on the territory of the best male and when more females are present (Saether et
al. 2001). While this finding may imply that females attempt to mate guard high quality
males, aggressors do not secure matings with higher ranking males, and chased females
do not flee the lek. Aggressors do breed marginally earlier, so these females may have
benefited primarily through reduced harassment from other females or earlier access to
preferred males (Saether et al. 2001). Similarly, higher ranking female peahens (Pavo
cristatus) are more aggressive towards other females in defense of the best males on the
lek, relative to the less preferred males (Petrie et al. 1992). Unlike the black grouse
example, though, more aggressive peahens also receive more courtships, suggesting that
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they may receive increased mating access to high quality males. Female great snipes
(Gallinago media) also compete aggressively for repeated copulations with the best male
on the lek, but the top male often refuses to mate with a female with whom he has
mated already (Saether et al. 2001), making it unclear if the outcome of aggressive
interactions influences mating access. Females in non-lekking bird species may also
compete for access to good genes (e.g. Hasselquist et al. 1996), although it can be
difficult to test this prediction empirically in systems where male direct benefits abound
(e.g. parental care, territory quality).
Competition among females for access to male indirect benefits is not limited to
birds. For example, female-female fights among topi antelope (Damaliscus lunatus) are
more common at the center of the lek, where the most preferred male is located. These
interactions may have very real fitness consequences, since females disrupt other
females during copulation, with subordinates being disrupted more often than
dominant females (Bro-Jorgensen 2002). A recent study on the White's skink (Egernia
whitii) demonstrates one of the few examples of female-female aggression for indirect
benefits in a non-lekking system: more aggressive females have more extra-pair young
in their litter (While et al. 2009). Since extra-pair fertilizations are thought to benefit
females through good genes or compatible genes obtained from extra-pair mates (Mays
& Hill 2004), it remains possible that more aggressive females were better able to access
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high quality males that would be most desirable for extra-pair matings. As more studies
begin to investigate how female phenotype influences female mating tactics, it will be
interesting to see if aggression predicts differential reproductive success among females
based on the quality of their offspring.

1.4.2 Female-female competition for resources
Traditionally, sexual selection theory assumes that reproductive skew among
females is fairly small and based upon female fecundity, as opposed to access to mates
(Bateman 1948; Trivers 1972). Growing evidence of competitive exclusion in females
challenges the assumption of little to no reproductive skew among females. If more
aggressive females are more adept at controlling resources required for breeding,
including food, territories, and nesting sites, then female aggressive interactions may
increase reproductive skew among females.
1.4.2.1 Prediction: Females should compete aggressively when breeding opportunities
are limited.
Nesting sites can be a limiting breeding resource for females of many species,
independent of the operational sex ratio or the extent of male parental care. However, it
can be difficult to determine whether female-female competition functions to secure
access to a mate, or whether it functions to acquire a critical breeding resource, such as a
territory or nesting site, since the two often coincide temporally. In spite of this
difficulty, several studies suggest that female aggression provides a competitive
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advantage in acquiring a nest site. For example, in the common goby (Pomatoschistus
microps), a species with male-only parental care, female-female competition was
common only at sites with a shortage of nests (Borg et al. 2002), suggesting that
intrasexual female aggression may function to secure a nest site in addition to access to a
caring male. Female-female aggression may also function to secure extra nesting sites as
well, should a current nesting attempt fail (Slagsvold & Lifjeld 1986), although evidence
from pied flycatchers (Ficedula hypoleuca) suggests that females behave aggressively
against intruding females even without a second, back-up nesting site nearby (Ratti
1999). Paired with evidence that females seem to actively guard males, intrasexual
aggression in this species may instead function to secure sole access to their current
nesting site or their current male.
Further evidence supporting the hypothesis that females behave aggressively to
acquire or maintain access to nesting sites comes from females that behave more
aggressively in close proximity to their nests. For example, female insects are known to
behave aggressively when they encounter other females at potential oviposition sites. In
the parasitoid Pachycrepoideus vindemmiae, winners of aggressive interactions have at
least temporarily exclusive access to an oviposition site, with losers being evicted
(Goubault et al. 2007). Similarly, female oriental fruit flies (Bactrocera dorsalis) fight
aggressively for high quality oviposition sites on ripe fruit. If more aggressive females
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are more proficient at delaying or preventing superparasitism (i.e. multiple females
ovipositing in the same host fruit), they may improve the competitive environment in
which larvae develop, even enhancing the growth or survival of their offspring (Shelly
1999). Female-female aggression is especially common in burying beetles, where females
compete for access to a vertebrate carcass on which they rear their larvae. In Nicrophorus
vespilloides, multiple females may share a single carcass, but a dominance hierarchy
develops. Especially on smaller carcasses, reproductive skew can be fairly high due to
difference in fecundity between the two females: dominant females maintain nearly
exclusive access to the carcass (and therefore to a nearly unlimited food supply), and
they produce many more eggs than the subordinate females (Eggert et al. 2008). As
evidenced by these last two examples, however, it can be difficult to determine whether
female competition for nest sites constitutes natural selection or sexual selection, since
the difference between the two depends upon which component of fitness is influenced
by female aggression.
A critical question is whether more aggressive females are able to competitively
exclude less aggressive females from breeding, as is often the case in males (Brown
1969). Direct experimental support for this prediction comes from work on tree
swallows (Tachycineta bicolor), a species in which non-territorial floater females are
common due to limited nesting sites (Holroyd 1975; Stutchbury & Robertson 1987a).
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Rosvall (2008) experimentally reduced the availability of nesting cavities, making an
already limiting resource even more limiting (see Chapter 2). After the manipulation,
females who acquired a cavity were significantly more aggressive than those that did
not, suggesting that more aggressive females are altogether more likely to breed. In this
species, females that do not obtain a nesting cavity do not have any alternative routes to
reproductive success, since intraspecific brood parasitism is virtually non-existent
(Robertson et al. 1992; Whittingham & Dunn 2001), meaning that the outcome of
aggressive interactions predicts significant reproductive skew among females (i.e. zero
versus some reproductive success).
While males may obtain mating success through alternative mating strategies,
such as female mimicry or floating in combination with stealthy copulations with
territorial females (Andersson 1994; Shuster & Wade 2003), reported cases of equivalent
strategies are fairly rare in females (e.g. Shugart et al. 1987; Stutchbury & Robertson
1987a; Sandell & Diemer 1999; Solomon & Jacquot 2002), with the exception of brood
parasitism (Yomtov 1980; Rohwer & Freeman 1989; Lyon & Eadie 2008). Whether this is
the case because female rarely use alternative mating strategies, or whether this is a
research bias based on the assumption that females are not limited by access to mating
opportunities is not clear. If alternative mating strategies are indeed rare in females, and

29

females can competitively exclude one another from nesting sites or territories,
reproductive skew among females may be higher than originally thought.
A more extreme version of female competitive exclusion is the physiological
suppression of subordinate females in group living or communally breeding animals
(e.g. Wasser & Barash 1983; Solomon & French 1997; Fitzpatrick et al. 2008; Saltzman et
al. 2009). In communally breeding species in particular, skew among females is typically
higher than skew among males, with one dominant female breeding and several
subordinate females assisting in parental care. Female-female aggression may play a role
in reproductive suppression by preventing ovulation or increasing stress in subordinates
(McLeod et al. 1996; Saltzman et al. 1997; Young et al. 2006, but see Sapolsky 2005). In
the cooperatively breeding golden lion tamarin (Leontopithecus rosalia), females behave
aggressively toward other females in their group, only the dominant female reproduces,
and help from subordinates is essential to offspring survival (French & Inglett 1989).
Large groups of tamarins, which already have sufficient help to raise young, are more
aggressive towards intruding females, whereas small groups are less aggressive,
perhaps because they need to recruit additional members to successfully rear young.
Even without complete reproductive suppression, female aggression may be successful
in delaying reproduction in rivals by interrupting mating or increasing stress (Hohmann
& Fruth 2003). For example, female baboons that are the target of more frequent
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aggression before ovulation require more cycles before successful conception (Wasser &
Starling 1988). Accordingly, intrasexual aggression may successfully improve the
competitive environment for females themselves, as well as their offspring (e.g. Kuester
& Paul 1996). If subordinates are related to the breeding dominants, skew from
competitive exclusion may be at least partly counteracted by an increase in inclusive
fitness through kin selection.
1.4.2.2 Prediction: Females should compete aggressively for access to food resources
especially when food is both defendable and limited, and at times of the year when
energetic demands are high.
In addition to females aggressively competing for access to males or nesting sites,
females may behave aggressively to secure exclusive access to food resources, although
some reviews have challenged this notion (see section 1.4.3). Food may be particularly
important to female fitness, since females typically have higher parental investment than
males and thus may require increased energy consumption (e.g. Speakman 2008). For
example, food competition appears to predict the extent of female-female aggression in
female collared lizards (Crotaphytus collaris), since female-female aggression is greater at
sites with fewer perches that are critical for successful foraging (Baird & Sloan 2003).
Laboratory manipulations of environmental conditions provide further evidence that
food competition influences female aggression in D. melanogaster. Female-female
aggression increases when flies are on food supplemented with yeast, a critical resource
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for rearing eggs. Rearing females on a yeast substrate prior to an intrasexual interaction
reduces this effect, suggesting that female aggression may be a facultative response to
acquire the key resources for egg rearing, especially when those resources appear to be
rare (Ueda & Kidokoro 2002).
If competition for food is linked to maternal investment, food competition should
be especially common in species where females heavily invest in parental care. Not
surprisingly, much of the support for the hypothesis comes from mammalian species,
with female aggression peaking during pregnancy and lactation, both times of high
energetic demands (Boness et al. 1982; McDonough 1994; Kapusta & Marchlewska-Koj
1998; Bebie & McElligott 2006; Rodel et al. 2008). In primate societies, female competition
over food is thought to play a central role in many aspects of behavior and life history,
including aggression (Wrangham 1980; Barton et al. 1996; Sterck et al. 1997).
Accordingly, much of the primate literature implicates food competition as the
motivation for female-female aggression. Consistent with this hypothesis, aggression in
female spider monkeys (Ateles geoffroyi yucatanensis) is significantly more frequent in a
foraging context than in other contexts (Slater et al. 2009), suggesting that females
primarily compete for food. In baboons (Papio spp.), aggressive interactions among
females are more common when food resources are more clumped, and therefore more
defendable (Barton et al. 1996). Similarly, in the black-and-white colobus monkey
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(Colobus polykomos), female aggression during intergroup conflicts varies temporally,
peaking during the season when the primary food source is most defendable, not during
times when females are fertile or when offspring are present (Korstjens et al. 2005).
Therefore, female-female aggression is likely to function in securing access to food,
instead of preventing infanticide or securing sole access to males, although it can be
difficult to distinguish among these functions based on temporal patterns. For example,
female grey seals (Halichoerus grypus) become marginally less aggressive in the late puprearing period than early in pup-rearing. It is unclear if this decrease in aggression
relates to reduced energetic demands for food or threats of infanticide (Boness et al.
1982), but this decrease in aggression as females enter estrous is certainly not consistent
with competition for males.
The density dependence of female aggression is another observation consistent
with the hypothesis that females compete for access to food resources. For example, in
several species, female aggression becomes more common as the density of females
increases (Cassini 2000; Robinson & Kruuk 2007), and as group size increases (Snowdon
& Pickhard 1999). Similarly, in red-necked grebes (Podiceps grisegena), early season
female aggression is much more common at a facultatively-colonial site than at sites
with solitary, territorial pairs (Klatt et al. 2004).
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In many cases, it is not always possible to determine how female aggression
maps onto each fitness component (e.g. food acquisition, competition for nesting sites,
etc.), but it is still clear that higher levels of female aggression are associated female
reproductive success. For example, more aggressive female red-winged blackbirds
(Agelaius phoeniceus) lay eggs earlier in the season and have higher nesting success
(Langston et al. 1990). While it is unclear whether their increased success results from a
greater ability to keep away secondary females or from increased access to food, they do
experience higher reproductive success. Disentangling exactly how aggression benefits
females may be particularly difficult in species in which dyadic aggressive interactions
determine long lasting dominance hierarchies, since female rank often predicts many
aspects of life history and reproductive success. For example, in chimpanzees (Pan
troglodytes), even though female-female aggression is relatively infrequent, female
dominance rank as determined by the outcome of dyadic aggressive interactions may
provide long term fitness benefits to females, with higher ranking females gaining access
to higher quality core areas, and therefore access to better food resources (Murray et al.
2006; Murray et al. 2007; Kahlenberg et al. 2008b). This effect may impact lifetime
reproductive success, since high ranking females produce more surviving offspring and
their daughters mature more quickly (Pusey et al. 1997). Similar patterns can be found in
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other primates and social carnivores (Frank 1997; van Noordwijk & van Schaik 1999;
Hofer & East 2003; Robbins et al. 2007; Charpentier et al. 2008).

1.4.3 Female-female competition for risk reduction
1.4.3.1 Prediction: Females should be aggressive as a risk reduction tactic if aggression
increases a female’s chances of survival.
In addition to female-female competition for males and breeding resources,
females may behave aggressively towards one another in order to maximize their own
survival. For example, in common eiders (Somateria mollissima), more aggressive females
obtain a more central position in female brood-rearing coalitions, and central locations
are safer from predation than those along the edges (Ost et al. 2007). Aggression among
female chacma baboons (Papio cynocephalus ursinus) also appears to provide some
protection against predators, since female aggression is most frequent when vying for
spatial positioning near adults within the group, and predation by leopards directly
targets low ranking individuals at the outskirts of the group (i.e. those further from
other adults, Ron et al. 1996). Female-female aggression in territorial animals may also
function to prevent predation if aggression effectively spaces out individuals, and
predators are more successful at locating prey when they are more clumped (Andersson
& Wiklund 1978). If predator protection were the primary or only function of aggressive
behavior in females, however, it seems unlikely that females would target specifically
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other females, but other conspecifics or heterospecifics. Since females often direct
aggression at other females (section 1.4), it seems unlikely that this sort of risk reduction
alone could account for the origin or maintenance of aggressive behavior in females.
1.4.3.2 Prediction: Females should be aggressive as a form of parental investment to
protect offspring from the risk of injury or death.
While some evidence points to food competition as a source of female-female
aggression, other work challenges this notion (Maestripieri 1992; Wolff & Peterson 1998),
instead arguing that patterns of aggression and female territoriality are more consistent
with an offspring protection hypothesis, although it remains possible that female
aggression functions in many roles. In a variety of species, infanticide may be an
adaptive strategy by which individuals kill offspring or destroy eggs in order to gain
access to resources or mates (Hrdy 1979; Ebensperger 1998). Because infanticide
decreases reproductive success for the parents of the victims, behavioral
counterstrategies should evolve to minimize the threat of infanticide. Females may
experience particularly strong selection to prevent infanticide, since female parental
investment is typically so tightly linked with female reproductive success. As such,
females should aggressively defend their offspring, especially when offspring have a
protracted dependant phase during which they are at risk of injury or death.
Several studies support the hypothesis that female aggression functions to
protect offspring. For example, female sea lions (Otaria flavescens) defend their pups
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against rival females, who can injure young (Fernandez-Juricic & Cassini 2007),
potentially decreasing their chances of survival. Similarly, more aggressive female
northern elephant seals (Mirounga angustirostris) are more effective at preventing other
females from biting their offspring, and those offspring are more likely to survive to
weaning (Christenson & Leboeuf 1978). Female chacma baboons use a slightly different
strategy, competing with each other for “friendships” with males that intervene against
infanticidal males (Palombit et al. 2001). In addition to protecting their offspring, females
may aggressively defend eggs as well, as may be the case in some frogs (Summers 1989),
reptiles (Sinn et al. 2008), and birds (Gowaty 1981; Chek & Robertson 1991; Alworth &
Scheiber 1999; Veiga 2004). To my knowledge, however, no study has demonstrated that
more aggressive females are more adept at preventing egg destruction by rival females.
In mammals in particular, patterns of female aggression suggest that this
behavior may function to protect offspring from the risk of infanticide. Temporal
patterns demonstrate that females are more aggressive during pregnancy and lactation
(Boness et al. 1982; McDonough 1994; Kapusta & Marchlewska-Koj 1998; Wolff &
Peterson 1998; Rodel et al. 2008, but see Robinson & Kruuk 2007), an observation
consistent with an offspring defense hypothesis. While this temporal pattern is also
consistent with a food competition hypothesis, Wolff and Peterson (1998) argue that
offspring defense is a more plausible explanation because offspring altriciality better
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predicts the incidence of female territoriality and aggression than does the defensibility
and availability of food. They argue that specialized nesting sites, such as complex
burrows, are often associated with female-female aggression, since an intruding female
would gain a substantial benefit from infanticide in this case, making a limited nesting
site available for her own breeding opportunity. As an example, both hares and rabbits
occupy similar ecological niches, but rabbits have altricial young and hares have
precocial young. Infanticide is unknown in hares, but common in rabbits, and only
rabbits aggressively defend their young against intruders (Kunkele 1992). Furthermore,
infanticide in female rabbits is more common when female dominance hierarchies are
less stable due to females in successive ranks being more similar in age (Rodel et al.
2008). Altogether, these studies suggest that female-female aggression in many
organisms may function to increase female fitness by reducing the risk of infanticide.

1.5 Do the same rules govern male and female fights?
While many of the above predictions suggest functions of female-female
aggression that are similar to the functions of male-male aggression, there are some
fundamental differences. Most importantly, the outcome of aggressive interactions may
have different consequences for males and females due to differences in reproductive
skew. In males, the loser of an aggressive interaction may not get to mate at all, while
the winner gains access to one or many females, depending on the mating system. In
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females, the loser and winner may differ less in reproductive success, with the
differences affecting more subtle aspects of fitness, such as offspring quality. On the
other hand, if more aggressive females gain exclusive access to breeding sites or to the
best males and associated direct and indirect benefits, female winners and losers may
differ more in reproductive success than once thought. Even if selection does not act as
strongly on aggression in females as it does in males, the studies reviewed above
suggest that both natural selection and sexual selection shape the evolution of
aggressive behavior in females.
In spite of sexual differences in reproductive skew, many of the classic
hypotheses about the nature of intrasexual aggression may still apply to females. For
example, it is widely accepted that a male’s resource holding power (e.g. age, size or
territory tenure) predicts the level of aggression a male expresses (Parker 1974).
Resource holding power may also predict the outcome of female-female aggressive
interactions, as larger females may be more likely to win aggressive encounters in a
variety of species (Langston et al. 1990; McDonough 1994; Shelly 1999; Suzuki et al. 2005;
Scott 2006; Rosvall in review, but see Draud et al. 2004, Stuart-Smith et al. 2007), and
resident females are typically more successful at keeping away intruders (Desjardins et
al. 2006). Similarly, fights among size-matched females escalate more than fights among
females with large size discrepancies (McDonough 1994; Stuart-Smith et al. 2007).
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Several other studies do not support the hypothesis that female resource holding power
predicts the winner of an aggressive interaction (Robinson 1985; Koivula et al. 1993; Dale
& Slagsvold 1995). Instead, resource value (e.g. quality of territory or oviposition site)
also may predict a female’s level of aggression (Shelly 1999; Kokita 2002; Draud et al.
2004; but see Goubault et al. 2007). Draud et al. (2004) argue that females may be more
sensitive than males to resource value, since the resources over which females compete
may vary in the extent to which they are beneficial to females, unlike the resources over
which males compete. For example, if females compete for access to a nesting site, a
female who is ready to reproduce may value that site more than a female who is not yet
vitellogenic. For males, on the other hand, obtaining a nest site is beneficial in acquiring
a mate, independent of whether that male will immediately breed.
A second hypothesis about the ways in which males compete is the dear enemy
hypothesis, which predicts that males respond more strongly to strangers than
neighbors, since strangers pose a larger threat (Temeles 1994; but see e.g. Muller &
Manser 2007). Since males and females compete over different entities (e.g. number of
mates versus direct benefits or food), females may differ in the relative threat posed by
neighbors and strangers. In red-winged blackbirds (A. phoeniceus), females respond
equally strongly to females in their same harem as to stranger females from a different
male’s harem (Beletsky 1983). In New Zealand bellbirds (Anthornis melanura), females do
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not adhere to the dear enemy hypothesis (Brunton et al. 2008). Instead females respond
more aggressively towards neighbors than strangers, perhaps because neighbors are
more threatening due high levels competition for food or male parental care. While it is
premature to draw any definitive conclusions, these two studies leave open the
possibility that differences in intrasexual competition in females extend beyond the
function of aggression and into the nature of contest rules.

1.6 Conclusions
Using a definition of sexual selection based upon reproductive competition
among members of the same sex and species, intrasexual aggression in females clearly
functions inside the scope of both natural and sexual selection. Competition among
females for access to males and nesting sites provides a nearly identical parallel to sexual
selection via male-male competition for females and territories. Female-female
competition for other resources, such as food or protection from predation, is likely to
directly influence female fecundity and survival, and is therefore more firmly grounded
in the realm of natural selection. Some have argued that sexual selection should be
limited to competition for mates, and all intrasexual competition over resources other
than mates should be lumped into a separate category of social selection (West-Eberhard
1983). Unfortunately, this separation does not solve the issue that competition for
territories typically is placed under the umbrella of sexual selection when it occurs in
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males, but not when it occurs in females, despite clear functional parallels (CluttonBrock 2009).
Regardless of nomenclature, aggressive behavior in females serves a variety of
benefits that predict female reproductive success. Whether these benefits outweigh the
costs of aggressive behavior is an empirical question likely to depend up the particular
system in question. However, given the number of reproductive benefits females may
acquire from aggressively competing with other females, it seems unlikely that female
aggression exists merely as a byproduct of selection favoring aggression in males.
Instead, females themselves may experience selection to be aggressive in order to
acquire high quality mates, territories or food, or to protect themselves or their offspring
from harm.
As detailed in the above sections, aspects of ecology and relative parental
investment influence the potential benefits accrued from female-female competition and,
thus, patterns of female aggression. At one end of the spectrum of relative parental
investment, where males do not care at all and females provide extensive care, femalefemale aggression may function to protect offspring or to acquire the food necessary for
prolonged bouts of maternal care. Furthermore, in the absence of direct benefits, females
may compete for access to good genes from high quality males. As the sex with higher
parental investment, females may experience stronger selection than males to compete
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for access to these reproductive benefits. In cases where males do provide substantial
direct benefits (e.g. parental care), females may compete for exclusive social access to
those males. In cases where all females cannot mate with the best male (e.g. social
monogamy), females should compete aggressively for male quality, whereas in cases
when most females can mate with the best male (e.g. harem polygyny), female-female
aggression should take a different form, such as competition for food or risk reduction.
While intrasexual selection may favor high levels of female aggression, this
process may operate differently in females than it does in males. The Bateman-Trivers
paradigm correctly predicts greater intrasexual competition among males in species
with traditional sex roles and male-biased operational sex ratios. Consistent with this
view, females typically do not compete for the number of mates. A limitation of the
classical paradigm, however, is the assumption that females should not compete for
males if males are not limiting. This assumption essentially ignores variance in male
quality over which females may compete (Petrie 1983). While the number of males may
not be limiting to female reproductive success, the number of high quality breeding
opportunities may be limiting. If males or breeding resources vary in quality, and either
provides direct or indirect benefit to females, selection should favor those females who
are better able to access those males, nesting sites, and territories. Accordingly, selection
may favor females who compete aggressively for male parental care, indirect genetic
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benefits and nesting sites, among other aspects that influence the quality of their mating
success.
A consideration of the definition of mating success brings into focus one
difference in the manner of sexual selection in the two sexes. For males, differential
mating success depends on the number of mates producing offspring. Under this same
logic, two females who mate with one male each have equal mating success. If, however,
one female mates with a higher quality male who provides more direct and indirect
benefits, would we consider that female to have higher mating success? The answer to
this question essentially boils down to differences in the quality and quantity of mates
acquired. In light of empirical evidence that mate quality impacts fitness in many
systems (Andersson 1994), it may be overly simplistic to ignore mate quality in
considering an individual’s mating success. Accordingly, restricting sexual selection to
competition for the quantity of mates may ignore an important measure of fitness for
both males and females.
In the past, interest in intrasexual aggression has focused on males, in part
because male reproductive skew is typically higher than female skew, meaning the
difference in fitness between the winner and loser of an aggressive encounter is larger in
males than in females. With growing evidence that females themselves benefit from
intrasexual aggression in competition for mates, resources, or risk aversion, female
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winners and losers are also likely to differ in reproductive success even if the magnitude
of the difference is smaller than it is in males. Selection should favor higher levels of
intrasexual aggression in females if variation in aggression maps onto even slight
variance in any component of fitness, from increased survival of females and their
offspring, to direct and indirect benefits accrued from males, to increased access to food
or other essential breeding resources. Accordingly, reproductive skew among females
may not relate to the number of males. Instead female skew may be based upon variance
in the quality of offspring or lifetime quantity of offspring, especially if an aggressive
female gains direct benefits that extend her lifespan. While this measure of fitness is
more subtle (i.e. quality versus quantity of mating success), the critical condition for
selection to favor high levels of aggression in females is a positive fitness payoff, even if
the magnitude of the payoff in females is smaller than in males. It would be a mistake to
confuse this smaller fitness payoff of female aggression with a lack of sexual selection
for female aggression. In the future, studies of intrasexual aggression should focus on
females in order to address the many remaining questions about the nature of
intrasexual competition in females and its place in the framework of sexual selection
theory.
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1.7 Thesis overview
Having reviewed the roles of sexual selection, natural selection, and genetic
correlations in the evolution of aggression behavior in female animals, I will shift gears
into the experimental chapters of my thesis. Overall, this thesis aims to understand the
selective pressures shaping female aggression, using free-living tree swallows
(Tachycineta bicolor) as a model. In the following chapters, I explore the potential benefits
and costs of aggression in females, as well as support for the prediction that males
mitigate one cost of female aggression.
In Chapter 2, I demonstrate that more aggressive females benefit by gaining
access to a nesting cavity, a limiting resource required for reproductive success. After an
experimental reduction in cavity availability, more aggressive females acquired cavities,
whereas less aggressive females did not. This result suggests that females experience
direct selection to be aggressive in the context of intrasexual competition. Furthermore,
female aggressiveness was highly repeatable, suggesting a high potential for heritability
and greater likelihood that this trait may respond to selection.
If aggressive females are more likely to obtain a nesting cavity and are therefore
more likely to breed altogether, why are not all females highly aggressive? In Chapter 3,
I discuss a potential solution to this question: aggressive behavior is associated with
various fitness costs, which vary among females. While more aggressive females do not
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produce fewer offspring, their offspring are of lower quality (e.g. smaller prior to
fledging) and, as a result, may have lower fitness. Using a cross-fostering approach, I
test three non-mutually exclusive mechanisms by which offspring of more aggressive
females develop more slowly: (1) genetics, (2) pre-hatch maternal effects, and (3)
reduced maternal care. While each of these mechanisms appears to influence offspring
quality, the mechanism most consistent with the measured cost of aggression is a tradeoff between female aggression and provisioning. Site differences may create variation in
how selection shapes female aggression, but the overall finding that more aggressive
females had lower quality offspring indicates that this cost may work counter to
selection favoring aggressive behavior in the context of competition over nestboxes.
Understanding the evolution of female aggressiveness in a biparental system is
incomplete without examining how males may alter the selective environment shaping
female behavior. In Chapter 4, I explore the potential role of a female’s mate in
mitigating the costs of aggressiveness. I find no tendency for pairs to mate
disassortatively by aggressiveness, although pairs that differ more in aggressiveness
have higher reproductive success. When males are forced experimentally to perform a
lower percentage of offspring provisioning, females experience fitness costs (i.e.
increased offspring mortality), although these fitness costs are not worse for more
aggressive females than for less aggressive females. Males appear to mitigate the costs of

47

aggression for their female partners, but not by compensating for poor parenting by
aggressive females. Instead, females appear to invest more heavily in reproduction,
laying more and larger eggs, when mated to a male that is more different from her own
phenotype. If this differential investment outweighs the cost of aggressiveness in terms
of offspring quality, then male phenotype may play a key role in understanding the
selective pressures shaping the evolution of aggressive behavior in females.
Altogether, this dissertation explores the costs and benefits of female aggressive
behavior. Ongoing and future studies will use endocrine techniques to explore in more
detail (1) the mechanisms by which offspring of more aggressive females develop more
slowly and (2) the behavioral costs of female aggression and their implications for the
evolution of aggressive behavior in general. The focus on aggressiveness as a sexually
selected trait in females provides a much needed parallel to the wealth of information
already known about the selective pressures shaping sexually selected traits in males.
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2. Sexual selection on aggressiveness in females:
evidence from an experimental test with tree swallows1
2.1 Introduction
Decades of work have illustrated how mate choice and intrasexual competition
may drive the evolution of conspicuous male traits (Darwin 1871; Fisher 1930;
Andersson 1994). Much less is understood, however, about the evolution of conspicuous
female displays, ornaments, and behaviors (Clutton-Brock 2007). A key question is
whether females exhibit these traits as non-adaptive byproducts of sexual selection
favoring the same traits in males, or whether such traits are a consequence of direct
selection on females themselves. With females and males sharing most of their genome,
conspicuous traits may exist in both sexes through genetic correlation, in spite of only
having functional significance in one sex (Lande 1980; Lande & Arnold 1983).
Alternatively, females may experience direct sexual selection for conspicuous traits if
they function in the context of female-female competition or male mate choice
(Amundsen 2000). Because sexually-selected traits are often costly to produce or
maintain (Zahavi 1975; 1977; Hamilton & Zuk 1982; Folstad & Karter 1992; Fitzpatrick et

This chapter is reprinted from Animal Behaviour, Vol. 75, KA Rosvall, “Sexual selection on aggressiveness
in females: evidence from an experimental test with tree swallows.” Pages No. 1603-1610, Copyright 2008,
with permission from Elsevier. License Number: 2156550968160. Figures 1 and 3 represent additions to the
original publication.
1
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al. 1995), understanding the benefits of these traits is critical to determining whether or
not females experience direct selection to exhibit these traits.
Previous work on sexually-selected traits in females has focused on the function
of ornamentation and vocalization (Ritchison 1983; Langmore 1998; Amundsen 2000;
Amundsen & Parn 2006); less attention has been given to the function of female traits
used in aggressive interactions, despite the prevalence of such interactions. Female
aggressiveness may be beneficial in the context of female-female competition over
resources or males in a variety of taxa (e.g. Jaeger et al. 1982; Gowaty & Wagner 1988;
Rauch 1988; Summers 1989; Berglund et al. 1993; Kopachena & Falls 1993a; Slagsvold &
Lifjeld 1994; Walter & Trillmich 1994; Palombit et al. 2001; Jawor et al. 2006). Among
birds, more aggressive females are more likely to be monogamously mated (Slagsvold
1993; Sandell 1998) and therefore may receive more direct benefits from their mates than
if polygynously mated, especially as a secondary female (e.g. Searcy & Yasukawa 1996).
Intrasexual aggression among females also may function to prevent territory eviction,
brood parasitism, infanticide, or extra-pair mating by a social mate (Møller 1987;
Gowaty & Wagner 1988; Roberts & Searcy 1988; Dunn & Hannon 1991; Slagsvold &
Lifjeld 1994). While past studies have used settlement patterns and temporal variation in
female aggression to infer that aggressive behavior may facilitate territory or nest-site
acquisition, there has not been a direct test of whether more aggressive females are more
likely to breed altogether. Sexual selection for aggressive competition among females
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may be particularly important in species that are obligate secondary cavity nesters if
more aggressive females can competitively exclude other females from potential nesting
sites. Here, I provide experimental evidence that more aggressive females can
outcompete less aggressive females during intrasexual competition over limited nesting
sites, suggesting that female aggressiveness is directly favored by sexual selection.
I used the tree swallow (Tachycineta bicolor) to test the hypothesis that selection
directly favors aggressiveness in females. Tree swallows require a cavity for nesting but
cannot excavate one on their own (Robertson et al. 1992), and cavities of the appropriate
size in the appropriate habitat are limited (Holroyd 1975). Accordingly, at least 25% of
tree swallows behave as non-territorial floaters (Stutchbury & Robertson 1985;
Kempenaers et al. 2001), which are reproductively mature individuals who do not breed
because they do not have access to a nesting site (Brown 1969). Most of these floaters are
one-year old “subadult” females (47-79 %, Stutchbury & Robertson 1985). Previous work
in this species has documented intense aggressive interactions among females, with
females sometimes killing other females or their offspring, presumably to acquire a
nesting site (Chek & Robertson 1991). Fights among females range from brief aerial
chases to intense fights in which the participants tumble to the ground while grappling
with and pecking each other (Robertson et al. 1992). The relative scarcity of cavities and
relative excess of females make tree swallows an ideal system for asking whether
aggressiveness in the context of female-female competition over nesting sites is favored
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directly by sexual selection. To test this hypothesis, I experimentally reduced cavity
availability in a population of individuals whose aggressiveness had been quantified
previously. This manipulation effectively increased competition for nestboxes, forcing
individuals to compete for a critical limited resource required for reproductive success.
If selection directly favors aggressiveness in females, more aggressive females should be
more likely to obtain a nesting cavity.

2.2 Methods
2.2.1 Study Site and Population
I performed this study in a population of tree swallows breeding in nestboxes
near Linesville, Pennsylvania (41°40' N, 80°26' W). This site was initiated in 2004 and
consists of 37 nestboxes dispersed over approximately 23 hectares of ponds and lawns.
Behavioral trials used to validate the method of assaying aggressiveness were
performed in May 2005. Aggression assays for the experimental manipulation were
performed between 20 April and 1 May 2006, and the nestbox reduction took place on 1
May 2006. Because this population is relatively recently established and had experienced
high predation the previous year, it had a higher proportion of subadult females (55%)
than is typical of more established populations (6-35%, Robertson et al. 1992). This high
proportion of subadult females defending nestboxes provided a unique opportunity to
further explore age-related differences in nestbox acquisition.
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Males and females were captured using mist-nets or nestbox traps (Stutchbury &
Robertson 1986). Individuals were sexed by the presence of cloacal protuberance or
brood patch, wing chord length (Stutchbury & Robertson 1987c), behavioral cues (e.g.
nest building for a female), and plumage coloration. Tree swallows have female-biased
delayed plumage maturation, where one-year old females have a distinct brown
subadult plumage that differs markedly from the blue-green plumage of adult females
and all males (Robertson et al. 1992). Females were classified as either subadult or adult
based on the percent blue of their upper plumage, with females whose plumage was
<50% blue considered subadult, and females with >90% blue plumage considered adult
(Hussell 1983). No intermediate females were present at this site. Individuals were
banded with one numbered metal band and one plastic color band (blue for males, red
for females). In addition, all individuals were marked with dabs of acrylic paint on their
wings and rump for individual identification (Dunn et al. 1994).

2.2.2 Aggression Assay
I measured aggressiveness in both males and females using a standardized
behavioral bioassay designed to simulate a territorial intrusion (modified from Winkler
1992). In each trial, a caged intruder was introduced to the focal individual’s territory
and placed 1.5 m from the entrance to the nesting cavity for 5 minutes. The decoy was a
live tree swallow captured that morning from a population located 3-5 km away and
placed in a cage (30 cm x 30 cm x 25 cm) mounted on a tripod. Before the start of a trial,
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the cage was covered with a dark cloth in order to keep the decoy calm and to prevent
the focal individual from seeing it. Because there is some evidence that aggression varies
based on the sex of the intruder (Stutchbury & Robertson 1987a; 1987b), I tested the
aggressiveness of males using a male decoy and tested the aggressiveness of females
with a subadult female decoy. This method framed the behavioral assay in the context of
intrasexual competition. It is unlikely that using an adult female decoy instead of a
subadult would have altered the focal female’s behavior, as female tree swallows
respond equally strongly to intruders of brown and blue plumage (Stutchbury &
Robertson 1987b). Focal female behavior is also unlikely to have been affected by the
behavior of her mate, as females respond equally strongly with and without their mate
present (see Chapter 4). All aggression trials were performed between 600 and 1100
hours. Trials in which the focal individual was absent or not reliably identifiable for
more than 50% of the trial were not used in the analysis, nor were trials in which Eastern
bluebirds (Sialia sialis), which are nestbox competitors, attacked the decoy or the focal
individual for more than 50% of the trial.
During the 5-minute trial, I used a digital voice recorder to document the
aggressive behaviors that the focal individual performed towards the decoy. Aggressive
behaviors included swooping or hovering within 0.75 m of the cage (i.e. half the distance
to the nestbox), or perching or pecking at the cage. Aggression scores were calculated by
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summing the number of 5-sec. intervals during which the focal individual directed any
aggressive response at the decoy (i.e., as few as 0, to a maximum of 60).
To validate my method of measuring aggressiveness, I performed repeated trials
(range: 2 - 4) on individual females (N = 10) using different decoys (N = 4). For each
female, the first and last of the repeat trials occurred within a 10-day period early in the
2005 breeding season. To meet the assumptions of the models in the validation analysis,
aggression scores were natural log transformed. I tested whether decoy identity and
female reproductive status impacted aggression score using a backward stepwise
General Linear Model (GLM). Female reproductive status was included as a potential
predictor of aggression because trials for the validation analysis were performed at
varying times relative to a female’s first egg date. Trials occurred, on average, 3.5 ± 1.2
days after first egg date. Neither decoy identity nor female reproductive status were
significant predictors of aggression score (GLM, decoy: F3,9 = 0.732, P = 0.549;
reproductive status: F1,9 = 0.085, P = 0.775), and thus these variables were removed from
future analyses. Only focal bird identity was a significant predictor of aggression score
(GLM, female identity: F1,9 = 12.149, P < 0.00001). To determine whether aggression
scores captured consistent behavioral differences from focal individuals, I calculated
repeatability following Lessells & Boag (1987). Repeatability describes the amount of
phenotypic variation that can be ascribed to persistent differences among individuals
(Boake 1989; Falconer 1989). Females used in the 2005 validation analysis were not the
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same females used in the 2006 experimental manipulation because the purpose of these
trials was to validate the consistency of the aggression assay, not to measure the
repeatability of individual females or the impact of variation in female repeatability on
the acquisition of nestboxes.

2.2.3 Experimental manipulation
At the start of the breeding season in 2006 (i.e. prior to egg-laying), I determined
which individuals had acquired nestboxes at my site, and their aggressiveness was
assayed no more than 10 days before the manipulation. Individuals who were seen
repeatedly entering a box, defending it from other birds or building a nest inside were
considered to have acquired that box. Of the 37 nestboxes at my site, 31 were occupied
by tree swallows and six were occupied by Eastern bluebirds (Sialia sialis). Several tree
swallows were banded early on at nestboxes on the study site but immediately
disappeared, thus decreasing the total number of swallows to 27 females and 29 males
during the 48 hours prior to the manipulation. Therefore, sample sizes for the following
analyses differ from 31 primarily due to some transience of potential breeders early in
the season. Aggression scores were not obtained from six males because they were
absent during more than 50% of their trial, and so these males were eliminated from the
analysis. Of the 27 females, one was scored for her aggressiveness four days after the
manipulation, as an aggression score could not be obtained for her previously. A subset
of females (N = 6) were scored again at this time, and repeatability was calculated again
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(Lessells & Boag 1987) to ensure that scores obtained prior to the manipulation were not
different from scores obtained immediately following the manipulation. For the females
for which scores were obtained both before and after the manipulation, aggressiveness
was highly repeatable (r = 0.75, F = 7.096, N = 6). Therefore, for the one female whose
aggression score was recorded after the manipulation, this score is likely an accurate
measure of her aggressiveness. In total, 27 females and 23 males were assayed for
aggressiveness and are included in the analysis.
After performing aggression assays on males and females defending cavities at
the beginning of the breeding season, I experimentally reduced the number of nesting
cavities in the population. On the afternoon of 1 May 2006, I put up 15 new nestboxes,
dispersed throughout the population. The entrance to each new nestbox was closed with
duct tape at this point, making the boxes inaccessible. Each new nestbox was placed
equidistant from either two or three other nestboxes, to control for any effect of distance
on cavity acquisition. At this stage of the breeding season, tree swallows leave their
breeding site in the evening to roost overnight at a separate site; females do not sleep in
their nestboxes until the completion of nests (Robertson et al. 1992). On the night of 1
May 2006, after all individuals had departed their cavities for their roosting sites, I
removed all nestboxes occupied by tree swallows. Cavities occupied by Eastern
bluebirds were not removed because all six pairs were already either incubating or
feeding nestlings, and at my site, I have never observed a tree swallow usurp the cavity
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of an established bluebird. Overnight, I opened the 15 new cavities by removing the
duct tape covers from the entrance holes. At the time of the manipulation, no female had
begun egg-laying, but all females were in various stages of nest-building.
The following morning, birds returned from their roosting sites and were forced
to compete for access to a new nesting cavity. Beginning at dawn, I made repeated visits
to the 15 new nestboxes to determine which individuals were defending each box. Both
males and females were considered to have acquired a nestbox if they were seen
repeatedly defending, entering and perching on the nestbox. Female nest building
behavior also was used to signify nestbox acquisition. Repeat visits to each nesting
cavity in the two days following the manipulation indicated no changes in ownership of
boxes since the morning of the manipulation, and I considered ownership final for the
purpose of analysis. None of the birds who obtained nestboxes after the manipulation
were usurped later in the season. Using a Mann-Whitney U test, I compared the
aggression scores of individuals who obtained a nestbox and individuals who did not. A
non-parametric test was used because aggression scores were not normally distributed.
Results are reported as means ± standard error.

2.1.4 Ethical note
Decoys used in aggression assays showed no signs of stress upon their release
and typically resumed normal activities soon after release. At least six of 11 decoys used
in this study successfully bred at the study site. Of the remaining five, four were likely
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floaters captured during early-season nestboxes intrusions that are common in this
species (Stutchbury & Robertson 1987a), and one decoy escaped prior to banding,
preventing me from tracking its future activities. To minimize the effect of the nestbox
reduction on the breeding population, nine of the original nestboxes were restored 48
hours after the manipulation. Seven banded pairs who did not obtain a cavity after the
manipulation and two new, unbanded pairs acquired these cavities and successfully
bred at the study site. All birds at this site and the birds used as decoys bred in relative
synchrony with other tree swallows in the surrounding area, indicating that neither the
manipulation of nestboxes nor the use of decoys had a significantly effect on
reproduction. All aspects of this experiment were approved by the Institutional Animal
Care and Use Committees at both Duke University (A062-04-02) and the University of
Pittsburgh (0404837A-2).
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2.3 Results
Aggression scores across trials were highly repeatable (Figure 1, r = 0.79, F =
12.149, N = 10, P < 0.0001), indicating reliable and consistent differences among
individuals.

Figure 1: Repeatability of female aggressiveness
Aggression scores from repeated trials are shown for 10 females (A-J). Upper and
lower points of the diamond represent 95% confidence intervals for each female.
Female tree swallows who obtained a cavity after the manipulation had
significantly higher aggression scores than females who did not obtain a cavity (Figure
2, Mann-Whitney U test: U = 47.5, Xcavity = 31.7 ± 4.6, Ncavity = 15, Xno cavity = 18.3 ± 4.0, Nno
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cavity

= 12, P = 0.038). For males, however, there was no significant difference in

aggressiveness between individuals who did and those who did not obtain a cavity
(Figure 2, Mann-Whitney U test: U = 70.0, Xcavity = 25.4 ± 6.2, Ncavity = 13, Xno cavity = 25.6 ±
5.1 Nno cavity = 10, P = 0.756). All pairs remained together during the manipulation. There
was no relationship between the aggression scores of females and the scores of their
mates (Spearman rank correlation: rs = -0.080, N = 21, P = 0.73, Figure 3). Nestbox
occupancy was reduced by 48% in accordance with the 48% reduction in the number of
cavities, thus confirming the assumption of cavity limitation. As mentioned above, seven
banded pairs who did not obtain cavities were seen at the study site during the 48 hours

Figure 2: Aggression scores of females and males
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Figure 3: Relationship between male and female aggression scores

following the manipulation, but there was no indication that they were defending an
unknown nesting cavity. These seven pairs quickly acquired cavities when nine
nestboxes were put back up to minimize the impact of this experiment on the study
population, again demonstrating that cavities were limiting.
Aggression scores were not significantly different among female age classes
(Figure 4, Mann-Whitney U test: U = 100.5, subadult: X = 25.0 ± 5.1, N = 13, adult: X = 26.4
± 4.5, N = 14, P = 0.645), and adult females were no more likely to obtain a nestbox than
were subadult females (Chi-square test: Nsubadult = 7, Nadult = 8, χ21 = 0.101, p = 0.751).
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Figure 4: Aggression scores of adult and subadult females.

2.4 Discussion
These results provide experimental evidence that aggressive behavior in female
tree swallows is beneficial in securing a cavity, and is therefore likely to be directly
favored by sexual selection in the context of female-female competition over nesting
sites. After an experimental reduction in nesting cavity availability, more aggressive
females acquired cavities, whereas less aggressive females did not. Cavities were indeed
limiting, as the number of potential breeders directly tracked the adjustment of cavity
number. Given that a nesting cavity is essential for female reproductive success and that
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more aggressive females are more likely to obtain a cavity, these results indicate
aggressiveness is adaptive in female tree swallows and is thus the likely target of direct
selection. This study does not capture all variation in reproductive success (e.g. number
of offspring); however, it does demonstrate that less aggressive females are less likely to
obtain a cavity – the equivalent of zero reproductive success – whereas more aggressive
females have the opportunity to breed. An alternative interpretation of these data, given
that pairs stayed together, could be that male aggressiveness determined cavity
acquisition instead. However, because male aggressiveness did not predict cavity
acquisition, and because males and females did not mate assortatively by
aggressiveness, this would suggest that female aggressiveness, not male aggressiveness,
was the primary determinant of cavity acquisition in this study. This experiment thus
provides evidence that female aggressiveness is favored in the context of female-female
competition for a critical breeding resource, much like male-male competition has been
cited in the evolution of conspicuous traits and behaviors in males of many species
(Andersson 1994). Taken together with studies on the function of female ornamentation
(Johnson 1988; Johnsen et al. 1996; Potti & Merino 1996; Linville et al. 1998; Amundsen
2000; Jawor et al. 2004; Siefferman & Hill 2005; Lebas 2006; Weiss 2006; Pryke 2007) and
song in female songbirds (Ritchison 1983; Catchpole & Slater 1995; Searcy & Yasukawa
1995; Langmore 1998), these results suggest that the processes favoring conspicuous
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traits and behaviors in females may not be very different from the processes affecting
these traits in males.
Males typically are regarded as the more competitive sex, but male
aggressiveness did not predict cavity acquisition in this study. This result may be
explained if females are the more likely target of selection for cavity acquisition in this
system. Female tree swallows do not engage in brood parasitism, thus a cavity is
necessary for their reproductive success (Barber et al. 1996; Kempenaers et al. 1999);
male floaters, on the other hand, occasionally reproduce via extra-pair fertilizations with
resident females (Barber & Robertson 1999; Kempenaers et al. 2001). Other sources of
selection on males may have been stronger during the time of the manipulation, such as
selection to retain a female. This hypothesis is consistent with my observation that all
pairs remained together throughout the manipulation. Although male aggressiveness
did not predict cavity acquisition in this experiment, it may influence territory
establishment, perhaps prior to females arriving on the breeding ground.
If males experience selection to be aggressive, indirect selection via genetic
correlation may work together with direct selection to favor aggressive behavior in
female tree swallows. To test whether indirect selection via genetic correlation with
males also encourages aggressiveness in females, a detailed pedigree would be needed
in order to calculate heritability of aggression score. While I do not have an estimate of
heritability, the high repeatability of aggression score demonstrated in this study
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suggests a potential for high genetic variance in female aggressiveness, as repeatability
provides an upper limit for heritability (Falconer 1989). High repeatability does not
necessarily equate to high heritability, however, as repeatability can be high due to a
large environmental component of inter-individual variance (e.g. maternal or
development effects, Falconer 1989). A repeatability value of 0.79 is especially high for a
behavior (see Boag 1983; Boake 1989), indicating that aggression scores were minimally
impacted by localized or fleeting circumstances. High repeatability of aggressiveness
also suggests that this trait may be particularly likely to respond to selection, much like
other traits with low variance within individuals and high variance between them
(Boake 1989).
Finding that aggressive behavior is beneficial to females is particularly notable in
the face of the costs of aggressiveness that have been well-documented in a number of
vertebrates (Folstad & Karter 1992; Walter & Trillmich 1994; e.g. Creel 2001; Dijkstra et
al. 2007), including birds (Leffelaar & Robertson 1985; Robertson et al. 1986; Duckworth
2006). Females may risk injury or even death during intense aggressive interactions
(Leffelaar & Robertson 1985; Robertson et al. 1986). If female aggression is mediated by
testosterone (Langmore et al. 2002; Gill et al. 2007, but see Elekonich & Wingfield 2000,
Jawor et al. 2006), aggressive females may also experience increased stress levels and
lower immune function because of physiological correlates of testosterone (Folstad &
Karter 1992; Braude et al. 1999; Wingfield et al. 2001; Ketterson et al. 2005, but see
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Robertson et al. 2004). Even low-intensity aggressive behaviors may be costly if time and
energy spent being aggressive detracts from other behaviors essential to survival or
reproductive success (e.g. foraging, parental care, Stearns 1992). While the precise costs
of aggressiveness are unknown in this system, it is likely that the benefit aggressive
females hold over other females is substantial (e.g. obtaining a nesting cavity versus not
obtaining one).
Other studies have found evidence for direct selection on “male-like”
vocalizations and ornaments in females. For example, female songbirds may use song in
repelling rival females or in aspects of pair bond maintenance (Ritchison 1983; Catchpole
& Slater 1995; Searcy & Yasukawa 1995; Langmore 1998). Similarly, comparative and
experimental work suggests that ornamental coloration in females may function in
female-female competition or male mate choice, and thus, is likely to be favored by
selection (reviewed in Amundsen 2000; Lebas 2006). Female ornaments, like their male
counterparts, may signal aspects of phenotypic quality, such as body condition or
nutritional state (Johnsen et al. 1996; Jawor et al. 2004; Siefferman & Hill 2005; Weiss
2006), resistance to parasites (Potti & Merino 1996), aggressiveness (Johnson 1988), or
parental ability (Linville et al. 1998). The finding of this study – that females directly
benefit from increased aggressiveness – taken together with these previous studies,
suggest that the processes favoring conspicuous traits and behaviors in females may not
be very different from the processes affecting these traits in males.
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The high proportion of subadults in this relatively recently established
population provided a unique opportunity to examine age-related differences in
competitive ability that may be relevant in understanding the evolution of delayed
plumage maturation in female tree swallows. While males of many species exhibit
delayed plumage maturation, female-biased delayed plumage maturation is extremely
rare (Robertson et al. 1992). One widely accepted theory for delayed plumage
maturation, the breeding threshold hypothesis, states that young individuals delay full
investment in breeding because they are competitively inferior (Studd & Robertson 1985;
Rohwer & Butcher 1988). If subadult plumage is used to signal low threat in aggressive
interactions, two predictions should hold: (1) subadults should experience reduced
aggression from resident females, and (2) subadults should be less aggressive.
Stutchbury and Robertson (1987b) rejected the first prediction by demonstrating that
subadult plumage in female tree swallows evokes reduced aggression from males but
not from females. My study further supports Stutchbury and Robertson (1987b) by
rejecting the second key prediction of the hypothesis – that subadult plumage signals
low aggressive threat; subadults exhibit no less aggression than adults and are no less
likely to obtain a nesting cavity, based on their aggressiveness. Although reduced
aggressiveness cannot account for the relative scarcity of subadults in established
breeding populations of tree swallows, subadults may be inferior in other aspects that
deter them from breeding. For example, subadult females have shorter wings
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(Stutchbury & Robertson 1987c, Rosvall, unpub. data), which may make them less
efficient at flying (Pennycuick 1968). Subadult females tend to lose more mass during the
nestling phase than do adult females (Lozano & Handford 1995), indicating that
breeding and provisioning a nest may be more difficult for subadults. Also, because
subadult females typically arrive at the breeding ground later than adult females
(Robertson et al. 1992), their relative absence from the breeding population may simply
be due to the fact that most territories are already claimed by the time they arrive.
While more aggressive females were more successful in obtaining nesting
cavities, there may be traits other than aggressiveness itself that contributed to this
outcome. Recent work in several species shows that aggressive behavior may be part of
a correlated behavioral syndrome (Sih et al. 2004). In laboratory and field studies,
aggressiveness has been associated with exploratory and dispersal behavior (Verbeek et
al. 1996; Dingemanse et al. 2003; van Oers et al. 2004; Duckworth & Badyaev 2007). If
more aggressive birds are also more exploratory, or are more likely to return back from
their roosting sites before their neighbors, they may be more likely to find vacancies, and
these correlated behaviors may help explain why more aggressive females were more
likely to secure nesting cavities. Female tree swallows are likely to be quite exploratory,
as they tend to take over naturally vacant cavities within hours of predation or nest
abandonment of another female (Stutchbury & Robertson 1987a). Regardless of the exact
mechanism by which females obtained cavities in this study, the results still indicate that
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females who obtained cavities were significantly more aggressive than females who did
not. Further work could elucidate the extent to which aggressive and exploratory
behaviors are correlated and the mechanism by which these traits are favored by
selection.
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3. Fitness costs of female aggression: a cross-fostering
study
3.1 Introduction
Males and females typically are described as pursuing fundamentally different
strategies to reproductive success: males compete among themselves for access to
females, while females invest in carefully choosing a male with which to mate (Darwin
1859; Bateman 1948; Trivers 1972). Accordingly, the relative costs and benefits of sexual
ornaments or armaments are thought to differ between the sexes. For males, who tend to
have higher reproductive skew, traits that attract females or repel rival males are likely
to provide a net reproductive benefit, even if these traits are costly to produce or
maintain (Zahavi 1975; Hamilton & Zuk 1982; Grafen 1990; Andersson 1994; Searcy &
Nowicki 2005). For females, whose reproductive success depends more on their choice
of a mate than on their ability to repel rivals or attract males, such traits are thought to
serve little to no benefit. In the absence of a benefit, selection should act to minimize
exaggerated sexual traits in females to the extent that they are costly. Consistent with
this view, the distribution of sexually selected traits is biased towards males in systems
with traditional sex roles. When females do exhibit male-like traits, these cases are
historically explained by either sex-role reversal (reviewed in Eens & Pinxten 2000) or by
a non-adaptive reason (i.e. genetic correlation with males, Lande 1980). With the
increasing realization that females may benefit directly from expressing exaggerated
traits and behaviors in the context of male mate choice or female-female competition
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(Amundsen 2000; Clutton-Brock 2007; 2009), it is now pertinent to reexamine whether
the costs of these traits outweigh the benefits.
Sexually selected traits in males are often associated with a variety of costs,
including increased risk of predation (Endler 1980; Page & Ryan 2008), increased
metabolic demands (Hill 2002), higher susceptibility to disease (Hamilton & Zuk 1982),
and developmental costs (Nowicki et al. 1998). Traits involved in intrasexual
competition also may incur receiver-dependent costs, such as an increased chance of
retaliation (Vehrencamp 2000; Searcy et al. 2006). To the extent that sexual traits are
mediated by testosterone, there may be associated physiological costs, such as increased
stress, higher metabolic rate, or lower immune function (Folstad & Karter 1992; Braude
et al. 1999; Wingfield et al. 2001; Ketterson et al. 2005, but see Roberts et al. 2004).
Female expressions of male sexual traits are presumed to incur these same costs,
although these costs have been rarely quantified in females themselves, with a few
notable exceptions. For example, it has long been suspected that sexual differences in the
costs of bright ornaments have favored drabness in females birds (e.g. Wallace 1891). In
species where females provide more parental care than males, natural selection to avoid
predation may be stronger in females than males, thus resulting in cryptically colored
females. Recent meta-analyses support this view (Irwin 1994; Martin & Badyaev 1996).
In another example, the administration of exogenous testosterone to female songbirds
has revealed a variety of associated costs (Ketterson et al. 2005), including delayed
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breeding (Clotfelter et al. 2004), decreased parental care (O'Neal et al. 2008), reduced
choosiness (McGlothlin et al. 2004), increased stress (Zysling et al. 2006), depressed
immune function (Zysling et al. 2006) and reduced fecundity (Rutkowska et al. 2005).
While these manipulations are informative for understanding mechanisms underlying
the fitness costs of aggression, they do not necessarily reflect the magnitude of these
costs in nature. Research on the white-throated sparrow (Zonotrichia albicollis), where
females of the more aggressive white-striped morph provide less parental care than
females of the less aggressive tan-striped morph (Knapton & Falls 1983; Kopachena &
Falls 1993b), provides a lone example quantifying natural variation in the costs of
aggressive behavior in females.
Here, I investigate the cost of natural levels of aggression in free-living female
tree swallows (Tachycineta bicolor). Tree swallows are obligate secondary cavity-nesters
with limited nesting sites (Holroyd 1975). Both males and females compete aggressively
for access to these sites (Chek & Robertson 1991; Robertson et al. 1992), and more
aggressive females are more likely to obtain a nestbox (Rosvall 2008). While female
aggression is beneficial in competition over nesting sites, it remains unknown whether
females also suffer fitness costs associated with aggressiveness. To characterize these
costs, I measured whether aggressiveness in females is associated with reduced number
or quality of offspring, using clutch size as a measure of offspring quantity, and
offspring mass on day 12 post-hatch as a measure of offspring quality. Offspring that
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develop more slowly, or those that are smaller prior to fledging, can be considered lower
quality because slowed development and smaller mass have been linked with lower
survival (Perrins 1965; Tinbergen & Boerlijst 1990; Magrath 1991; McCarty 2001;
Schwagmeyer & Mock 2008), lower fecundity (Alatalo & Lundberg 1986; Haywood &
Perrins 1992), reduced expression of sexually selected traits (Nowicki et al. 2002), and
smaller adult body size (Richner 1992).
I also explore the causal link between female aggression and offspring quality by
cross-fostering offspring, swapping half-broods on the day after hatching to disentangle
pre- and post-hatch influences on offspring mass. I combine these results with focal
feeding observations, morphological data, and aggression scores obtained from mothers
to test predictions of three mechanisms linking female aggressive behavior to offspring
size (Table 1). Female aggression and offspring quality may be linked via genetic effects
(Mechanism 1). If more aggressive females are morphologically smaller, their offspring
may also be smaller, owing to heritability of size (Boag 1983). A second possibility
assumes that female aggression impacts offspring size through maternally-derived nongenetic effects (i.e. maternal effects, Mechanism 2, Bernardo 1996; Reinhold 2002).
Maternal adjustment of egg yolk size (Williams 1994; Christians 2002) or the deposition
of non-genetic materials to the yolk, such as hormones (Groothuis et al. 2005),
antioxidants (Royle et al. 2001) or immunoglobulins (Saino et al. 2002), may influence
offspring phenotype in a number of taxa (Mousseau & Fox 1998). Of the possible
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substances that females could pass onto offspring through the yolk, testosterone is an
obvious candidate that may link aggressive behavior to nestling development, given the
demonstrated positive effect of testosterone on growth in young birds (Schwabl 1993;
1996; but see Sockman & Schwabl 2000), and the positive association between
testosterone and aggression (Elekonich & Wingfield 2000; Langmore et al. 2002; Jawor et
al. 2006; Gill et al. 2007). Finally, a behavioral trade-off (Mechanism 3) posits that more
aggressive females provide less parental care, causing their offspring to develop more
slowly. While offspring mass is likely to be influenced by both incubation and
provisioning behaviors (Perez et al. 2008; Schwagmeyer & Mock 2008), I focus on
provisioning in this study, as previous work has negatively linked this aspect of care
with aggression in birds (Tuttle 2003; Duckworth 2006), and provisioning behavior has
been positively linked with pre-fledging size in a number of songbirds, including tree
swallows (O'Connor 1984; Quinney et al. 1986; Starck & Ricklefs 1998).
Table 1: Summary of mechanisms and key predictions for possible links between
female aggressiveness and offspring mass on day 12 post-hatch.
Mechanism

Key Predictions

1. Genetic effects
(heritability of size)

More aggressive females are morphologically smaller,
resulting in smaller offspring.

2. Maternal effects:
testosterone (T)

More aggressive females have higher circulating T, and
allocate more T to eggs, increasing offspring mass.

3. Behavioral trade-off

More aggressive females incubate, brood or provision
chicks less, thus reducing their mass.
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3.2 Methods
Studies were conducted in 2005 and 2006 using a population of tree swallows
breeding in nestboxes near Linesville, PA (41°40' N, 80°26' W). The population consists
of two primary sites: the Linesville State Fish Hatchery (hereafter “Hatchery”) and
Pennsylvania State Gamelands #214 (hereafter “Gamelands”). Approximately 40 pairs of
tree swallows breed annually at each site. The two sites are separated by 3 km, but I
consider them one population because both juveniles and breeders regularly disperse
between sites. The two sites differ in at least three distinct ways that could be relevant to
the findings of this study. First, at the Gamelands, boxes are paired (3 m apart) to
facilitate occupation by both tree swallows and a nestbox competitor, the Eastern
bluebird (Sialia sialis). At each of the 40 pairs of boxes at the Gamelands, a tree swallow
occupies one box, whereas about 8-10 pairs of boxes are also defended by an Eastern
bluebird. A related difference between the sites is that the Hatchery boxes, while not
paired, are much more densely packed (distance to nearest neighbor, Gamelands: 180.0 ±
9.2 m, Hatchery: 56.3 ± 2.1 m). Finally, while the sites are qualitatively similar in habitat
(e.g. mowed fields, lawns and ponds), water is more abundant at the Hatchery site.
Early in the season, nests were checked at least every three days to determine
clutch initiation date, clutch size, and estimated hatch date. Nests were checked daily
beginning the day before the estimated hatch date. Nearly all males and females
breeding in the population were banded with one U.S. Fish and Wildlife metal band and
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one plastic color band (red for females, blue for males), and they were marked with dabs
of non-toxic acrylic paint on the wings and rump for individual identification (Dunn et
al. 1994). Morphological data were collected from breeding individuals during banding,
and female mass, measured to the nearest 0.25 g with a spring-loaded Pesola scale, was
used as an estimate of female size.

3.2.1 Aggression assay
All females were assayed for aggressiveness using a simulated territorial
intrusion with a live subadult female decoy. In previous work, I have shown that this
measure of aggression is highly repeatable among individuals and does not depend on
the identity of the decoy (Rosvall 2008). Decoys were captured from at least 1 km away
and placed in a cage (30 x 30 x 25 cm) mounted on a tripod situated 1.5 m in front of the
focal female’s nestbox. During each 5 min trial, I recorded aggressive behaviors that the
female directed at the live decoy, namely, diving at or hovering within 0.75 m of the
cage (i.e. half the distance to the nestbox), perching on the cage, and attempted pecking
at the decoy. Aggression scores were calculated by summing the number of 5-sec
intervals during which the focal female aggressively responded to the decoy (range: 0-60
intervals). All assays were performed between 0600 and 1200 hours during the nestling
phase of breeding. Immediately after aggression trials, decoys were released at their
capture site, where they resumed normal breeding activities. Decoy females and their
offspring were not used in any other analyses in this study.
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3.2.2 Cross-fostering design
To distinguish between pre-hatch and post-hatch influences on offspring mass, I
cross-fostered half-broods the day after hatching (n = 23 nests in 2005, n = 42 nests in
2006). For odd-numbered broods (i.e. 5 offspring), I selected either two or three offspring
to swap. I made an effort to evenly divide the brood by offspring size on day 1 posthatch, such that swapped and unswapped offspring were similar in starting mass at the
time of swapping. Brood size was not manipulated. Broods were matched for crossfostering if (a) the nests hatched on the same day, and (b) the difference in brood size
between nests was ≤ 1. Half-broods were swapped between either two or three nests (i.e.
either offspring from nest A and B were swapped reciprocally, or offspring were
swapped among three nests as follows: ABCA). To distinguish offspring that
remained in their nest of origin (hereafter, “natal” offspring) from offspring that were
cross-fostered (hereafter, “foreign” offspring), I either (a) marked the toes of the natal
offspring with a permanent marker, or (b) trimmed one tuft of natal down (e.g. trimmed
tuft on head of natal offspring and trimmed tuft on back in foreign offspring). These
identifying marks lasted long enough to reliably distinguish between natal and foreign
offspring until they were large enough to be banded with a U.S. Fish and Wildlife band
(day 6-7 post-hatch). On day 12 post-hatch, all offspring were weighed to the nearest 0.1
g using a portable digital scale (Ohaus HH120). While most tree swallows do not fledge
for another 7-10 days after this point, offspring are already at adult mass (offspring: 21.4
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± 0.1 g; breeding adults: 20.6 ± 0.2 g), and size hierarchies typically remain unchanged
for at least a few days following day 12 (Ardia 2006). Therefore, I did not measure mass
after day 12 to avoid causing premature fledging.

3.2.3 Focal feeding observations
Feeding observations were performed on either day 8 or 9 post-hatch in 2006.
Each feeding watch consisted of 60 min of uninterrupted observation, beginning with
the first female feeding visit to the nestbox. Most feeding watches were performed from
inside a parked vehicle, which acted as a blind. Any remaining feeding watches were
performed from at least 30 m away, and the birds were given at least 30 min to acclimate
to the presence of the observer before observation began. As a measure of maternal
provisioning, I used the total number of female feeds performed per hour per chick, as
well as the percent of total feeds performed by the female.

3.2.4 Statistical methods
All statistical analyses were done using JMP 7.0 (SAS Institute). The relationship
between female aggression and clutch size was evaluated using a least-squares linear
regression. The effect of the pre-hatch and post-hatch factors influencing offspring
growth was examined using a series of statistical models. First, I examined the effects of
the nestbox of origin and the nestbox of rearing on all 222 offspring from the 42 crossfostered nests in 2006 with a least-squares multiple regression. The comparison
measures the strength of pre- and post-hatch influences on offspring mass. Next, I
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examined the effects of several variables on offspring mass averaged per nest, looking at
fostered and non-fostered nests separately. The original models included all
independent variables central to the proposed hypotheses (aggression scores and masses
of genetic and foster mothers), as well as several others that are likely to influence
offspring mass (relative hatch date, brood size, year, and site of rearing). In all models,
aggression scores were square-root transformed to achieve normality. I selected the final
models using forward stepwise multiple regression (to enter, p < 0.25; to leave, p > 0.10),
which chooses the model with the lowest Akaike’s information criterion (AIC) value as
the best fit. To visually represent the bivariate relationships within these models, I plot
leverage values, which correct for other significant variables in the model (Sall 1990). For
variables that were removed from the stepwise models, I show plots of the uncorrected,
raw data. To characterize the nature of the relationship between female aggressiveness
and provisioning parameters, I first used a multiple-regression to test for a significant
interaction based on site. Next, I used Spearman rank correlations to characterize rank
order relationship between aggressive and provisioning behaviors separately at each
site. Samples sizes for some analyses differ from the original 65 nests that were crossfostered for the following reasons: (1) nest failure due to predation or other unknown
reasons, (2) feeding observations were only conducted in 2006, (3) not all females were
captured for mass measurement, (4) individual offspring masses on day 12 only exist
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from 2006, not from 2005, since data were recorded in a pooled fashion in 2005. Results
are reported as mean ± se.

3.3 Results
I found no relationship between female aggression and clutch size (Figure 5,
linear regression: R2adj = -0.0096, F = 0.44, n = 62 nests, p = 0.51), indicating that aggressive
females do not suffer a fitness cost in terms of number of offspring.

Figure 5: Linear regression of clutch size on aggression score.
Aggression scores were square-root transformed to achieve normality
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Both the nestbox of origin and the nestbox of rearing significantly predicted
offspring mass, but the latter had a larger effect than the former (Table 2; Linear
regression: R2adj =0.57, n = 222 offspring, Box of origin: F = 2.19, p = 0.0023; Box of rearing:
F = 3.89, p < 0.0001). That is, genetic maternity accounted for significant variance in
offspring mass, but non-siblings reared together were more similar in size than siblings
reared apart.
Table 2: Effect of nestbox of origin and nestbox of rearing on offspring mass.
Results are from a least-squares linear regression for 2006. Whole model: R2adj = 0.57,
F = 5.50, n = 222 nestlings, p < 0.0001. Significant results are shown in bold.

Term

df

F ratio

p

Box of origin

24

2.19

0.0023

Box of rearing

22

3.89

< 0.0001

I found a marginal effect of the year on both foreign and natal offspring mass,
with slightly larger offspring in 2006 than in 2005 (foreign 2006: 21.7 ± 0.3 g; foreign 2005:
21.3 ± 0.3 g; natal 2006: 21.4 ± 0.3 g; natal 2005: 21.3 ± 0.4 g; see Table 3 for statistics). In
natal offspring, mass also depended on the site, the aggression score of the mother, and
the size of the mother (Table 3). Offspring reared at the Hatchery were slightly larger
than offspring reared at the Gamelands (Hatchery, natal: 21.9 ± 0.4 g; Gamelands, natal:
21.0 ± 0.2 g; see Table 3 for statistics). Larger females had larger offspring (Figure 6A,
Table 3), but more aggressive females had smaller offspring (Figure 6B, Table 3).
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Table 3: Summary of factors influencing mass in natal and foreign offspring.
Results are from the final multiple regression after a forward stepwise model
selection procedure. Pluses and minuses indicate the direction of the effect for
continuous variables. Dashes indicate terms not included in the final models,
whereas “NA” denotes terms that were not included in the original model.
Significant terms are marked in bold face. For natal offspring, whole model:
R2adj = 0.26, F = 5.90, n = 58 half-broods, p = 0.0005. For foreign offspring,
whole model: R2adj = 0.11, F = 3.42, n = 60 half-broods, p = 0.023.

Term
Site of rearing
Year
Aggression score of
genetic mother
Mass of genetic mother
Relative hatch date
Brood size
Mass of foster mother
Aggression score of
foster mother
Agg-foster x Agg-genetic

Natal offspring
direction F ratio
p
4.08
0.049
3.66
0.061
(-)
13.69 0.0005
(+)

7.86
NA
NA

0.0071
NA
NA

NA

NA
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Foreign offspring
direction F ratio
p
2.38
0.13
(+)
(-)

6.1418
4.5392
-

0.016
0.038
-

-

-

Figure 6: Factors predicting mass in natal (non-swapped) offspring.
Visual representation of stepwise model of natal mass based on (A) the mother’s mass
and (B) the mother’s level of aggression. Both variables have been adjusted using
leverage plots to control for the other variables in the multiple regression. Aggression
scores were square-root transformed to achieve normality. Each point represents an
average for all natal offspring in a given nest.
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However, a female’s aggression score and mass were positively correlated (Figure 7; rs =
0.30, n = 63 females, p = 0.017). In foreign offspring, mass depended positively on the
mass of the genetic mother (Figure 8A, Table 3) and negatively on brood size, but not
the aggressiveness of either foster or genetic mother (Figures 8B, 8C, Table 3), nor the
site of rearing (Table 3). To summarize the results of the stepwise models, in natal
offspring, the only female-specific factors that influenced offspring mass were female
aggression, which had a negative effect, and female mass, which had a positive effect. In
foreign offspring, however, the only female-specific factor predicting offspring mass was
the mass of the genetic mother, which had a positive effect.

Figure 7: Spearman rank correlation between female aggression and mass.
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Figure 8: Factors predicting mass in foreign (non-swapped) offspring.
Visual representation of results of the stepwise model, based on (A) the genetic
mother’s mass, (B) the genetic mother’s aggression, and (C) the foster mother’s
aggression. (A) has been adjusted using a leverage plot to control for the other
variables in the model. Raw data are shown for (B, C). Each point represents nestling
mass, averaged for all foreign offspring in a given nest.
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Focal feeding observations indicated that the relationship between female
aggressive and provisioning behaviors varied between the two study sites (Multiple
regression: R2adj = 0.24, n = 36 nests, site: F = 3.16, p = 0.085; percent feeds: F = 1.51, p =
0.23; site*percent feeds: F = 8.19, p = 0.0074). At the Gamelands, more aggressive females
performed significantly lower percent of the feeding visits to chicks (rs = -0.51, n = 22
nests, p = 0.016) and fed marginally less per chick per hour (Figure 9; rs = -0.39, n = 22
nests, p = 0.075). At the Hatchery, the trend was in the opposite direction, although not
significantly so (n = 14 nests, percent feeds: rs = 0.50, p = 0.069; female feeds per chick per
hour: rs = 0.35, p = 0.22; Figure 9).

Figure 9: Correlation between female provisioning and aggressive behavior.
Females at the Gamelands site are shown in black circles with a heavy line, and
female at the Hatchery site are shown in grey circles with a light line. Aggression
scores were square-root transformed to achieve normality.
87

3.4 Discussion
More aggressive female tree swallows do not appear to suffer a cost in terms of
reduced number of offspring, but their offspring are smaller than offspring of less
aggressive females, suggesting that these offspring may be lower quality. Finding a
reproductive cost associated with female aggressive behavior is consistent with previous
work demonstrating that sexually selected traits tend to be costly. This study is unique,
however, in quantifying the magnitude of these costs in a natural setting in females.
Much work has demonstrated that male sexual traits, including elaborate
ornaments, weaponry, and aggressive displays, may be costly to produce or maintain
(reviewed in Andersson 1994; Searcy & Nowicki 2005). Females often do exhibit versions
of male ornaments (Amundsen 2000) or armaments (Schaefer & Mahoney 2001),
although the costs of these traits have rarely been measured in females themselves,
except for female ornamentation, testosterone-mediated traits, and behavioral trade-offs
associated with high levels of aggression (e.g. Kopachena & Falls 1993b; Irwin 1994;
Martin & Badyaev 1996; Ketterson et al. 2005). The costs of female-female aggressive
behavior have rarely been explored, despite of the prevalence of intrasexual aggression
in females (e.g. Slagsvold & Lifjeld 1994; Wolff & Peterson 1998). This study provides the
first evidence that more aggressive females suffer a cost in terms of offspring quality.
While I did not find a relationship between female aggression and offspring
quantity in this study, I instead found that more aggressive females have lower quality
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offspring, suggesting that they may have lower lifetime reproductive success. Nestling
birds may have lower body mass due to number of environmental and genetic factors
(e.g. depressed growth rates, lower fat reserves, smaller genetic size). While I was not
able to distinguish among all of these possibilities, each is likely to influence the future
success of those offspring since offspring that are smaller, or those that develop more
slowly, have been shown to experience a suite of phenotypic costs in a number of avian
species, including tree swallows. For example, smaller nestlings are less likely to survive
(Tinbergen & Boerlijst 1990; Gebhardt-Henrich & Richner 1998), and they may become
smaller adults (Richner 1992), which may result in other negative behavioral or life
history effects (Starck & Ricklefs 1998). Furthermore, females that are smaller as
offspring may be less fecund as adults (Alatalo & Lundberg 1986; Haywood & Perrins
1992), while smaller male offspring may have reduced expression of sexually-selected
traits as adults (reviewed in Searcy & Nowicki 2005). Songbirds develop extremely
quickly early in life, with individuals of many species attaining nearly full adult size
within the first 10 days after hatching (Ricklefs 1968). During this time, the major organ
systems and the brain are developing rapidly, as well as other critical aspects of
morphology and physiology (Starck & Ricklefs 1998), all of which may have a longlasting impact on eventual adult phenotype. While the proximate causes of increased
growth or size in songbirds are not always easy to predict, the general effect that larger
mass or faster growth predicts success later in life remains relatively robust in many
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species (Nowicki et al. 1998; Starck & Ricklefs 1998), including tree swallows (McCarty
2001). Accordingly, the finding that more aggressive females have offspring that are
smaller on day 12 post-hatch constitutes a fitness cost associated with aggressive
behavior.

3.4.1 Cost of aggression: potential mechanisms
Identifying the mechanisms by which aggressive behavior is costly to females is
important for establishing causal links between female behavior and reproductive
success. I did not find a relationship between female aggression and clutch size,
indicating that more aggressive females do not have smaller offspring as a byproduct of
having a large brood. This cross-fostering experiment, however, does suggest possible
mechanisms responsible for offspring of more aggressive females being lower quality.
By swapping offspring just after hatching, the experiment generally distinguishes
between pre- and post-hatch factors influencing nestling mass. Both the nestbox of
origin and the nestbox of rearing significantly predict offspring size, so it is clear there is
more than one factor affecting offspring mass at various points in ontogeny, from
fertilization to hatching to the twelfth day post-hatch (Figure 10). I examine each of the
proposed mechanisms linking female aggression with offspring quality (Table 1) in light
of these findings.
My cross-fostering results generally support a robust effect of a mother’s size on
offspring size, although not in a way that would explain why more aggressive females
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Figure 10: Schematic of factors influencing offspring mass
Several factors that are linked to aggressive behavior are likely to influence offspring
mass on day 12 post-hatch. Arrows and pluses/minuses indicate the likely direction of
the relationship between female aggressive behavior and each of these factors. More
aggressive females are larger, and their offspring are also larger, potentially due to the
genetics of size. Similarly, more aggressive females may allocate more yolk, or more
testosterone to the egg, increasing the growth of nestlings, causing them to be larger.
Finally, maternal care may influence offspring development. If more aggressive
females incubate or provision less, their offspring may smaller.
† These factors were examined in the present study.
‡ These factors have been measured in other published works and are likely to
influence offspring development in the predicted manner. See text for details.

have smaller offspring. If more aggressive females are morphologically smaller, their
offspring should be smaller based on the heritability of size (Table 1, Mechanism 1, Boag
1983). Contrary to this prediction, female mass and female aggression are positively
correlated in this study (Figure 7), but they each individually predict offspring size in
opposite directions (Figures 6A and 8A versus Figure 6B). In other words, offspring of
more aggressive females are smaller, in spite of their mother’s larger size. For
unmanipulated chicks, the positive effect of female mass on the mass of her offspring
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appears to be swamped out by other negative effects, leading to a net negative effect of
female aggression on offspring quality. The possibility remains that heritable differences
in growth rate may account for offspring of more aggressive females being smaller.
However, evidence from other studies suggests that growth rate and aggression tend to
be positively correlated (Biro et al. 2006; Biro et al. 2007; Stamps 2007).
Although I did not test for pre-hatching maternal effects (Table 1, Mechanism 2)
as the cause of the reproductive cost of aggression (reduced offspring quality) in the
present study, females may have adjusted the size or hormone composition of the yolk
in a way that inflated the positive effect of female size on offspring size. Because larger
females tend to be more aggressive (Figure 7), and female tree swallows that engage in
more aggressive interactions deposit more testosterone in eggs (Whittingham & Schwabl
2002), maternal effects are also consistent with the finding that offspring size positively
tracks the size of the genetic mother, because testosterone can act to enhance offspring
growth (Schwabl 1993; 1996; but see Sockman & Schwabl 2001). Without direct
measurement or manipulation of the yolk or its components, I cannot speak to the
relative strength of maternal effects versus genetic effects, since the experimental design
does not allow me to distinguish among these pre-hatch influences on offspring mass.
Regardless of which of these two pre-hatch factors is responsible, the positive effect of
female size on offspring size appears to be relatively strong because it persists even in
cross-fostered offspring. In any case, neither heritability of size nor maternal effects is
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consistent with the negative relationship between female aggression and mass in
unmanipulated offspring.
Because non-siblings reared together were more similar in mass than siblings
reared apart (Table 2), post-hatch factors (e.g. provisioning) appear to play a larger role
in determining offspring quality than pre-hatch factors (e.g. genetic or maternal effects).
Accordingly, a post-hatch mechanism, such as a trade-off between female provisioning
and aggressive behavior (Table 1, Mechanism 3), would appear a likely source for the
measured cost of female aggression. Paradoxically, the cross-fostering experiment does
not support this mechanism entirely. Swapping after hatching did not cause foreign
offspring to exhibit lower growth if they were reared by a highly aggressive female
(Table 3; Figure 8C), suggesting that post-hatch influences alone are not enough to
induce this cost of aggression. This seemingly inconsistent finding, however, provides
insight into the mechanism by which offspring of more aggressive females are smaller.
First, there are likely to be other post-hatch factors not tightly correlated with female
aggression that also influence offspring mass. The statistical models implicate year and
site of rearing, as well as brood size (for foreign offspring only) as possible factors
(Table 3). Other factors, such as the size of prey delivered to nestlings (Schwagmeyer &
Mock 2008) or aspects of the father’s genotype or phenotype, were not considered in this
study, and might also play a role.
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More importantly, cross-fostering appears to have masked the negative
relationship between female aggression and offspring size that is observed in
unswapped offspring (i.e. Figures 8B and 8C versus Figure 6B). The negative influence
of being reared by an aggressive female is not evident unless that offspring is both
conceived and fully reared by that aggressive female (i.e. for unswapped offspring of
aggressive mothers only). If aggressive behavior is negatively associated with both preand post-hatch maternal care, experimentally swapping offspring immediately after
hatching may obscure naturally-occurring patterns, accounting for the result observed in
this study. For example, if more aggressive females incubate or brood less, their
offspring may develop more slowly, given that previous work has shown that the
maintenance of a constant and warm nest temperature may have a positive impact on
offspring growth and development in songbirds (Ricklefs 1974), including tree swallows
(Winkler 1993; Perez et al. 2008). Further work on the potential trade-off between
aggressive and incubation behaviors should be explored to address whether female
aggressiveness influences offspring development through a multidimensional, concerted
mechanism acting at several points along the developmental trajectory from egg
fertilization to fledging. If such is the case, cross-fostering may decouple mechanisms
that normally work together to cause more aggressive females to have poorer quality
offspring (see Figure 10 for schematic).
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Further support for a behavioral trade-off (Table 1, Mechanism 3) comes from
the Gamelands site, where more aggressive females provision offspring less. Previous
work on tree swallows suggests that parental feeding is the largest predictor of offspring
growth (Quinney et al. 1986), and so a negative relationship between female aggression
and provisioning is likely to explain the reproductive cost of aggression I observed.
Moreover, this result agrees with several correlative and experimental studies
demonstrating a negative relationship between aggression and provisioning in a
number of male and female songbird species due to time-budget, energetic, or
physiological trade-offs between feeding offspring and defense against intruders
(Wingfield et al. 1987; Ketterson et al. 1992; Wingfield et al. 2001; Tuttle 2003; Ketterson
et al. 2005; Møller et al. 2005; Duckworth 2006). Aggressive cavity defense may be
particularly important for female tree swallows, as intrusions by female floaters are
common (Stutchbury & Robertson 1985; 1987a). Failing to respond aggressively to
floaters may prove more costly than a reduction in maternal care, as floater females
occasionally kill residents during territorial challenges (Leffelaar & Robertson 1985).

3.4.2 Causes and consequences of variation among sites
While the trade-off hypothesis is supported at the Gamelands site, it is not
supported at the Hatchery site, indicating that the cost of female aggression may be
mediated differently across a small geographic scale. Because the two sites in this study
are linked by gene flow, with juveniles and breeders dispersing between sites (Rosvall,
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pers. obs.), local genotypic adaptation is unlikely to create different behavioral
correlations at the two sites (e.g. Lande & Arnold 1983). Instead, variable behavioral
correlations are more likely to be caused by either phenotypic plasticity or different
norms of reaction in the two sites (Carroll & Corneli 1999; Thompson 1999). Different
relationships between female aggression and provisioning may have arisen if females
adjust either of these behaviors in response to different ecological conditions. Recall that
at the Gamelands only, boxes are paired to provide nesting habitat for both tree
swallows and Eastern bluebirds. Because the two species do not typically breed
synchronously, it is unlikely that direct interference with heterospecific competitors
accounts for Gamelands birds experiencing a behavioral trade-off. Instead, the paired
box may have served to increase the potential for polygyny (Dubois et al. 2006), an
environmental cue that may have primed females to respond more aggressively to a
female intruder as a more serious threat. Consistent with this view, females at the
Gamelands site were slightly more aggressive than females at the Hatchery, although
not significantly so (Gamelands: 20.1 ± 2.6, n = 38 females; Hatchery: 13.4 ± 2.4, n = 23
females; Wilcoxan: Z = -1.60, p = 0.10). In addition, paired nestboxes may have
influenced settlement patterns, with more aggressive females settling at the Gamelands
than at the Hatchery. Another site difference, the increased density of nestboxes at the
Hatchery site, may account for these site differences in the relationship between female
aggression and provisioning. If females habituate to encountering conspecifics
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frequently, thus reducing aggression (e.g. Magurran & Seghers 1994), this effect may
mask a trade-off between female aggression and provisioning at the Hatchery site.
Similarly, if the two sites differ in food availability or diet quality, there may be
adaptive responses in provisioning rates or time spend foraging, which may ultimately
influence trade-offs among behaviors. Water is more abundant at the Hatchery site than
at the Gamelands site, and sites near water tend to have more abundant and larger prey
for aerial insectivores (Quinney & Ankney 1985; Dunn & Hannon 1992). Different
sensitivities to food availability may create a genotype-by-environment interaction
(Ardia 2006; Bretagnolle et al. 2008), causing different relationships between
provisioning or aggressive behaviors at the two sites. If Hatchery females are not
constrained by food availability due to the abundance of water, they may not actually
face a trade-off between provisioning and aggression, since trade-offs may be less
prevalent when resources are particularly favorable (Stearns 1992). In short, any
environmentally-determined, facultative difference in either provisioning or
aggressiveness may alter the relationship between the two behaviors in the two
environments.
These site differences in behavioral trade-offs may have implications for the
effectiveness of this cost of female aggression in shaping the evolution of female
behavior. Site differences, like annual variation or larger-scale geographic variation
among populations, may dampen the strength of selection on behavioral evolution
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(Grant & Grant 2002; Dingemanse et al. 2004; Chaine & Lyon 2008; Gosden & Svensson
2008). The findings presented here, showing that there are site differences in behavioral
trade-offs, have parallel implications for the evolution of aggressive behavior in female
tree swallows. If aggressive behavior is associated with poor quality offspring, and
females vary in the extent to which aggressiveness is negatively associated with
provisioning those young, the costs of aggression may vary by site. Understanding
whether additional mechanisms may contribute to the negative association between
female aggression and offspring mass will ultimately shed light onto how these
geographic differences impact the evolution of female behavior. A second implication of
geographic variation is that it may help maintain genotypic variation in a trait
experiencing selection (David et al. 2000; Jia et al. 2000). If the costs of aggression vary
under different ecological conditions, this heterogeneity may help maintain variation in
a trait that is known to have a substantial breeding benefit (e.g. getting a nestbox in
which to breed, Rosvall 2008).

3.4.3 Conclusions
The results presented here demonstrate a fitness cost associated with female
aggression in unmanipulated nests: more aggressive females naturally have offspring of
lower quality. Although the mechanism by which this cost operates is complex and
probably multidimensional, a behavioral trade-off between maternal provisioning and
female aggressiveness is consistent with this measured cost of aggression. Relative to the
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substantial breeding benefit of female aggression (i.e. obtaining a nesting cavity), this
particular cost of aggression appears to be minor. Other possible costs may be associated
with female aggression, including physiological costs or direct effects on female
viability. Future work should continue to examine these costs and possible reproductive
benefits of typically male-like traits in females themselves, rather than equating a cost of
these traits in males to a prohibitive cost of these traits in females.
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4. Do mates offset the cost of female aggression?
4.1 Introduction
Since David Lack (1966) first hypothesized that individuals face a trade-off
between reproduction and survival, understanding how life-history trade-offs constrain
the evolution of behavior has been a major focus in behavioral ecology (Stearns 1992;
Roff et al. 2002). Recent interest in behavioral syndromes brings into focus the question
of how selection on a particular behavior in one context may limit the evolution of that
or correlated behaviors in another context (Sih et al. 2004). If two behavioral processes
compete for an individual’s limited resources, evolutionary trade-offs across lineages or
among individuals are likely to occur. One particularly well-studied trade-off is between
parental effort and mating effort (Trivers 1972; Magrath & Komdeur 2003), where
individuals have limited energy to distribute between parental care on the one hand,
and attracting mates or repelling rivals on the other. For example, an individual that
invests less in parental care may be more likely to gain additional mating opportunities
(Møller & Birkhead 1993; Balshine-Earn & Earn 1998). Similarly, an individual may
invest in parental care at the cost of territorial or nest defense behavior (Tuttle 2003;
Duckworth 2006). These trade-offs may lead to differences in fitness if, for example,
more aggressive parents do not care sufficiently for their young (Duckworth 2006) and if
this loss of care lowers reproductive success (Maynard Smith 1977; Wolf et al. 1988;
Schwagmeyer & Mock 2008).
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Differences in sex roles traditionally have placed males and females at opposite
ends of the trade-off between parental and mating effort. Males are thought to increase
reproductive success by investing in repelling rivals and attracting mates, while females
are thought to increase reproductive success instead by investing in mate choice or
parental care (Bateman 1948; Trivers 1972). At the same time, there is increasing
evidence that female-female competition does occur in many systems (Clutton-Brock
2007; 2009), indicating not only that females benefit from this dimension of increased
mating effort, but also that females can balance the competing demands of parental
effort and female-female competition.
In systems where both males and females are likely to face a trade-off between
mating effort and parental effort, a key question emerges: to what extent does an
individual’s mate influence the resolution of this trade-off? Investigators have rarely
examined this question in spite of a wealth of research on the trade-off between parental
and mating effort in biparental systems (e.g. Wingfield et al. 1987; Ketterson et al. 1992;
Duckworth et al. 2003; Duckworth 2006). The white-throated sparrow (Zonotrichia
albicollis) is a notable exception, where tan morphs (more parental) and white morphs
(more aggressive) mate disassortatively, thus reducing or eliminating the cost of
aggression (Knapton & Falls 1983; Kopachena & Falls 1993a; Tuttle 2003). Previous work
has addressed how several ecological factors (e.g. food availability: Dunn & Hannon
1992; operational sex ratio: Magrath & Elgar 1997) and phenotypic or life-history
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characters (age: Wetton et al. 1995; e.g. ornamentation: Johnsen et al. 1998) may influence
trade-offs among mating effort and parental effort (Magrath & Komdeur 2003).
However, to my knowledge, no study has asked experimentally whether males mitigate
the cost of aggression for their female partners.
In tree swallows (Tachycineta bicolor), both sexes provide parental care and both
sexes are highly aggressive toward conspecific and heterospecific intruders (Robertson
et al. 1992), which can usurp nesting cavities or kill offspring (Leffelaar & Robertson
1985; Chek & Robertson 1991). Rosvall (2008) showed that females may experience direct
selection to be aggressive, as more aggressive females are more likely to obtain a nesting
cavity. However, offspring of more aggressive females are smaller on day 12 post-hatch
(Rosvall in review), representing a fitness cost of female aggression because smaller prefledging mass in birds tends to correspond to lower survival or recruitment (Tinbergen
& Boerlijst 1990; Magrath 1991; McCarty 2001; Schwagmeyer & Mock 2008), lower
fecundity (Alatalo & Lundberg 1986; Haywood & Perrins 1992), smaller adult body size
(Richner 1992), or reduced expression of sexually selected traits (Nowicki et al. 2002).
The mechanisms by which more aggressive females have lower quality offspring remain
complex; however, a trade-off between female aggression and provisioning may partly
account for this finding because more aggressive females provision relatively less at
some sites (Rosvall in review).
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Regardless of the precise mechanism by which more aggressive females have
smaller offspring, males may be able to mitigate this cost because post-hatch factors,
such as provisioning, tend to have a larger effect on offspring size than pre-hatch factors,
such as incubation or maternal effects (Quinney et al. 1986; Rosvall in review). Males,
therefore, could modify how selection shapes aggressive behavior in females. If this
scenario is true, two predictions should hold: (1) males and females should mate
disassortatively by aggressiveness, and (2) reduced male parental care should prove
more costly to more aggressive females. To test these two predictions, I first determined
whether males and females mate disassortatively by their aggressiveness, and whether
pairs that are more dissimilar experience higher reproductive success or invest more in a
reproductive bout. Second, using offspring mass as a proxy for offspring quality, I asked
whether female aggressiveness becomes more costly when males are experimentally
manipulated to play a reduced role in provisioning. If male provisioning mitigates the
cost of female aggression as measured by poor quality offspring, then the offspring of
more aggressive females should be differentially affected by a reduction of male
parental care (i.e. the negative relationship between female aggression and offspring
quality should become stronger). Together, these two studies address the extent to
which an individual’s partner may alter selection on aggressive behavior in females.
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4.2 Methods
This study was conducted in 2006 and 2007 using a population of tree swallows
breeding at nestboxes near Linesville, PA (41°40' N, 80°26' W). The population consists
of approximately 80-90 pairs of tree swallows at the Linesville State Fish Hatchery and
Pennsylvania State Gamelands #214. While there are various differences among the two
main sites, they are effectively one population, as both breeders and juveniles commonly
disperse among sites (Rosvall, pers. obs.). Preliminary analyses indicated no site
differences in the studies described here, and so I do not further address site differences
in this paper. Since 2004, nearly all breeding females and nestlings, along with most
males in this population, have been captured and marked with a U.S. Fish and Wildlife
metal band. To distinguish among individuals, males and females were also marked
with one plastic color band (red for females, blue for males) and unique color
combinations of non-toxic acrylic paint on the wings and rump (Dunn et al. 1994).

4.2.1 Do pairs sort by aggressiveness?
In 2006 and 2007, I assayed the aggressiveness of males and females defending
nestboxes (n = 21 pairs in 2006, n = 32 pairs in 2007) with a 5-minute simulated intrusion
using a live, caged tree swallow as a decoy (Rosvall 2008). To frame the assay in the
context of intrasexual aggression, I used a subadult female decoy for all female trials and
a male decoy in all male trials. Previous work has shown that an individual’s response
to this assay is highly repeatable and independent of the identity of the decoy (Rosvall
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2008). All aggression trials were performed between 0600 and 1200 hours prior to the
day the female laid her first egg. Data from 10 females showed that female aggression is
the same when the male was present than when males were temporarily removed
(Wilcoxan sign-rank test: z = 0. p = 1.00, n = 10; Spearman rank correlation: rs = 0.91, p =
0.0002, n = 10). Accordingly, I did not control for the presence or behavior of an
individual’s mate during its aggression trial. Decoys were captured from at least 1 km
away and were returned to their site of capture immediately after trials concluded.
Aggression scores were calculated as the total number of 5-second intervals during
which the focal female responded by diving at or perching on the decoy’s cage (i.e.
aggression scores ranged from 0-60 intervals). I used the absolute value of difference in
aggression scores (hereafter, “difference scores”) as an estimate the dissimilarity of
aggressiveness among males and females in a breeding pair.
To determine whether pairs that are more different in aggressiveness experience
fitness benefits, I compared difference scores to two reproductive parameters. First, I
measured the number of chicks hatched (i.e. brood size) in all pairs. Second, in 2007
only, I measured average egg mass on the day of clutch completion as an estimate of
each female’s reproductive investment. Sample sizes for reproductive parameters vary
from the number of male-female pairs originally assayed for aggression (n = 53) because
many nests took part in other studies (not described here) in which either partial broods
(in 2006) or complete clutches (in 2007) were cross-fostered. For this same reason, I was
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unable to test for a relationship between pair difference score and offspring mass (i.e.
offspring quality).

4.2.2 Is aggressive behavior more costly with reduced male care?
In 2007, I experimentally manipulated the male’s ability to contribute to
provisioning by wing-clipping. To control for any effect of hatch date or site, pairs were
assigned to either control or experimental (clipped) group on their hatch date by
alternating treatment groups and sites. Males were captured using nestbox traps while
feeding young by day 4 of the nestling period, where hatch day is denoted as day 1
(average day of capture = 2.4, range: 2-4 days). For experimental males (n = 15), I used
scissors to cut all even-numbered primaries at their base. Control males (n = 15) were
handled in the same way as experimental males, but without clipping feathers, and
there was no difference in handling time between control and experimental males
(unpaired t-test: t = -1.14, p = 0.26, Xclip = 9.2 ± 0.4 min, Xcontrol = 8.5 ± 0.5 min). All males
also had one drop of blood drawn from the brachial vein and 5-10 small body feathers
plucked from their rump for another study.

4.2.3 Effects of treatment
Observations of parental feeding were conducted between 1100 and 1700 hours
on either day 8 or 9 post-hatch. Each feeding watch consisted of 60 minutes of
observation, beginning with the first female visit to the nestbox. All feeding watches
were performed from inside a vehicle that served as a blind, parked at least 10 m from
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the focal nestbox. To examine the role of each parent in provisioning young, I measured
the number of feeds per hour and the percent of feeds performed by each sex. All
females also were assayed for aggression during the nestling period (average day of trial
= day 6.7 post-hatch, range = 4-11 days).
To examine the fitness effects of clipping, I compared two measures of female
reproductive success between treatment groups. First, I used nestling mass on day 12 of
the nestling period, averaged per nest, as a proxy for offspring quality since offspring
that are larger prior to fledging tend to experience higher reproductive success or
survival in several avian taxa, including tree swallows (McCarty 2001). Next, I measured
nest mortality as the number of eggs per clutch that did not eventually become a fledged
offspring. Together, these two measures give an estimate of both quality and quantity of
offspring.

4.2.4 Statistical methods
Statistical tests were conducted using JMP 7.0 (SAS Institute Inc.). Results are
reported as mean ± se, and all tests are two-tailed. In the first study, to examine the effect
of pair difference score on brood size, I used a standard least squares model with
Restricted Maximum Likelihood (ReML). Year was entered as a random effect and
difference score as a fixed effect. I analyzed the effect of pair difference score on female
egg mass using a general linear model (GLM). In the second study, I used a forward
stepwise logistic model to examine the effect of clipping (to enter, p < 0.250; to leave, p >
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0.10). In the original model, I included three measures of feeding (female feeds, male
feeds, and percent female feeds) along with two measures of reproductive success
(offspring mass and mortality). To test whether the relationship between female
aggression and offspring mass varied among treatment groups, I used a GLM on
offspring mass on day 12 to test for an interaction between female aggression and
treatment group. Aggression scores were square-root transformed to achieve normality.
To examine the nature of the effect further, I examined the correlation between female
aggression and average nestling mass on day 12 separately for each treatment group.

4.3 Results
4.3.1 Reproductive correlates of disassortative mating
There was no tendency for assortative or disassortatively mating by
aggressiveness (Spearman rank correlation, n = 53 pairs, rs = 0.045, p = 0.75; Figure 11).
Pairs that differed more in aggression had larger broods (ReML of brood: R2adjusted = 0.20, n
= 25; difference score: F = 8.50, p = 0.0078; Figure 12A). Females mated to males that were
more different in aggressiveness laid eggs with a significantly larger mass (GLM of
average egg mass: R2 = 0.14, χ2= 4.29, n = 21, p = 0.038; Figure 12B).

4.3.2 Effect of reduced male care
Wing-clipping significantly affected provisioning behavior. The original model
included three measures of feeding (female feeds, male feeds, and percent female feeds)
along with two reproductive parameters (offspring mass and offspring mortality). After
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Figure 11: Relationship between male and female aggression scores.
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Figure 12: Relationship between pair difference score and reproductive parameters.
(A) Male-female pairs that differ more in aggressiveness have larger broods (ReML:
R2adj = 0.20, n = 25 pairs; F = 8.50, p = 0.0078). (B) Pairs that differ more in
aggressiveness have larger average egg size (GLM: R2 = 0.14, χ2= 4.29, n = 21, p = 0.038).
Pair difference score was calculated as the absolute value of the difference in
aggression scores of females and their mates.
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forward stepwise logistic regression, the final model indicated that only percent female
feeds and nestling mortality differed among treatment groups; female feeds, male feeds
and offspring mass did not differ significantly among treatments (Table 4). Females in

Table 4: Differences between treatment groups
A forward stepwise logistic model was used to determine which variables best
captured the differences between control and experimental nests. The original model
included 3 measures of feeding and two measures of reproductive success. The final
model indicated one measure of feeding and one measure of reproductive success that
differed among the treatment groups (R2 = 0.2250, p = 0.0093).
Source
Original Model:
Female feeds
Male feeds
Percent female feeds
Average brood mass
Mortality
Final model:
Percent female feeds
Mortality

df

Wald statistic

p

1
1
1
1
1

0.226
2.814
4.039
0.100
5.271

0.64
0.093
0.045
0.75
0.022

1
1

3.651
4.723

0.056
0.030

the control group performed a higher percent of the total feeds than females in the
clipped group. This result appears to be driven primarily by a marginal decrease in
feeding by experimental males. Clipped nests did not differ from control nests in
average offspring mass on day 12 (Figure 13A). Clipped nests experienced significantly
higher mortality, with clipped nests losing greater than 0.6 more offspring than control
nests (Figure 13B). Only five of 15 experimental nests did not experience any mortality,
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whereas 12 of 15 control nests experienced no mortality (Pearson Chi-square: χ2 = 6.65,
df = 1, p =0.0099).

Figure 13: Visual representation of differences among treatment groups
(A) Control and experiment nests do not differ in average offspring quality, measured
as offspring mass on day 12 post-hatch. (B) Offspring mortality is significantly higher
in experimental nests. Mortality was measured as the number of eggs that did not
translate into a fledged offspring. See Table 4 for statistical results.
Figures show mean ± se.
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As shown in Figure 14, whether or not a partner’s wings are clipped impacts the
relationship between female aggression and offspring mass. A general linear model of
female aggression and treatment on offspring mass indicated a nearly significant
interaction of aggression and treatment (GLM of offspring mass: χ2 = 4.27, p = 0.23,
aggression x treatment: χ2= 3.37, p = 0.067), suggesting that female aggressiveness has
some effect on the extent to which females are able to compensate for male
handicapping. Analyzed separately, only control nests showed a significant negative
relationship between female aggression and offspring mass (Figure 14; Spearman rank
correlation, clipped: rs = 0.061, n = 15, p = 0.83; control: rs = -0.58, n = 15, p = 0.023). Female
aggressiveness did not map onto nest mortality across treatments (Wilcoxan sign-rank
test: Z = 0.23, p = 0.80) or within treatments (clipped: Z = -0.059, p =0.95; control: Z = 0.14, p = 0.89.
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Figure 14: Relationship between female aggression and offspring mass in control and
experimental nests.
Female aggressiveness is associated with a fitness cost in control nests (A), but not in
experimental nests (B). Spearman rank correlation: experimental: rs = 0.061, n = 15, p =
0.83; control: rs = - 0.58, n = 15, p = 0.023. Filled circles indicate experimental nests,
while open circles indicate control nests.
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4.4 Discussion
Although individuals did not mate assortatively by aggressiveness (Figure 11),
pairs that were more different in aggressiveness had higher reproductive success
(Figure 12A) and invested more in the reproductive bout (Figure 12B). When males
were experimentally forced to play a reduced role in provisioning, offspring were no
worse in quality, but nests experienced greater offspring mortality (Table 4; Figure 13).
Unexpectedly, aggressive females did not suffer greater costs when their males were
handicapped; in fact, the cost of aggression was not evident in experimental nests
(Figure 14). Taken together, these results suggest that males may mitigate the cost of
aggression for their female partners, although not necessarily through provisioning.
Instead, females may invest more heavily in reproduction by laying more or larger eggs
when mated to a male that is more different from her own phenotype. If differential
investment via larger or more eggs outweighs the cost of aggressive behavior on
offspring quality, male phenotype may play a key role in understanding the selective
pressures shaping the evolution of aggressive behavior in females.

4.4.1 A benefit to disassortative mating?
If pairs that differ more in aggressiveness have larger broods or larger eggs, as
my results indicate, why would pairs not mate disassortatively even though doing so
could be selectively advantageous? If female mate choice is constrained by limited
access to suitable nesting cavities or other factors, females may not have the opportunity
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to select a mate based on his aggressiveness. Females may instead adjust their
reproductive investment based on the quality of their mating opportunity (Burley 1986;
Sheldon 2000), laying larger eggs when mated to a male that will optimize their
reproductive success. Since larger eggs tends to yield larger, better quality offspring
(Williams 1994; Styrsky et al. 1999; Whittingham et al. 2007), the potential positive effect
of laying larger eggs could diminish the negative association between female
aggressiveness and offspring quality. From a proximate perspective, a pair with a higher
difference score may achieve greater division of labor in defending their nesting cavity,
and consequently, the female may increase her ability to acquire the food resources
required to lay larger eggs (Ramsay & Houston 1997; Ardia et al. 2006). Another
possibility supported by my results is that females adjust the number of eggs according
to the interaction of their own phenotype with the phenotype of their mate, laying more
eggs when mated to a more different male. This hypothesis is consistent with the
observation that partial brood mortality is typically low in tree swallows, meaning that
the number of eggs laid is similar to the number of nestlings fledged (Robertson et al.
1992, Rosvall unpub. data). If aggressive females opportunistically lay more eggs when
mated to less aggressive males, the cost aggressive females bear in terms of offspring
quality may be outweighed by their gain in offspring quantity.
If differential allocation accounts for the observation that pairs differing more in
their aggressiveness have larger broods, the relationship between pair difference score
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and clutch size (i.e. the number of eggs laid) should be similar, if not stronger, than the
relationship with brood size (i.e. the number chicks hatched), but it is much weaker
(ReML of clutch size, with year as a random effect: R2 = 0.041, F = 2.78, p = 0.10, n = 48).
This counterintuitive finding may be explained partly by differences across years, since
the clutch analysis is mostly 2006 data and the brood analysis is mostly from 2007. Recall
that many of the nests for which I assayed pair difference scores were used in another
experiment that prevented me from obtaining an unmanipulated measure of brood size.
As a result, nests for which I have an unmanipulated measure of brood size are mostly
from 2006 (n = 15 in 2006; n = 10 in 2007), whereas those for which I have an
unmanipulated measure of clutch size are primarily from 2007 (n = 16 in 2006, n = 32 in
2007). Thus, differences in the results between brood and clutch size are confounded
with differences between years. While the statistical model did not reveal a significant
year effect, it appears that the results may be driven by a strong relationship between
brood size and difference score in 2006. Analyzed separately, only the 2006 data show
that pairs with larger difference scores having larger broods (ANOVA: 2006: R2adj = 0.28,
F = 5.38, p = 0.037, n = 15; 2007: R2adj = 0.082, F = 1.81, p = 0.22, n = 10). Finding that the
benefits of disassortative mating may vary by year has implications for the strength of
selection on pairs to mate disassortatively. Since population demographics are known to
impact the relative benefit of behavioral strategies (Maynard Smith 1982; Sih & Watters
2005), results from the two years may differ for demographic or other ecological reasons.
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For example, in 2006, about half of the pairs in this study were subadult female pairs,
whereas in 2007, only one-sixth were subadult females. If mating disassortatively is
primarily advantageous to first-year breeders or if mating disassortatively is only
advantageous under certain environmental or ecological conditions that are not met
annually, selection on females to mate disassortatively could be relatively weak. In light
of these year-to-year differences and the possibility that female choice is likely to be
constrained by limited access to cavities, it may be unsurprising that pairs do not mate
disassortatively, even though it appears to be adaptive at times.
The phenomenon of differential allocation, in which females invest more in a
reproductive bout based on the phenotype of their mate, has been well documented
(Sheldon 2000). However, the extent to which variation in female phenotype may
influence female allocation decisions remains relatively less explored. Beginning to
address this question is research demonstrating female preference for genetically
compatible males (Mays & Hill 2004) as well as research on the fitness effects of
assortative mating (Dingemanse et al. 2004; Both et al. 2005). Still, much work is yet to be
done on how female variation influences virtually every aspect of behavioral ecology
(Gowaty 1997).

4.4.2 Effects of male handicapping
Male handicapping had a significant effect on a male’s relative role in
provisioning young, but were females able to compensate for this reduced role of their
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mates? Control and experimental females did not differ significantly in their average
number of feeds per hour, indicating that females did not increase their parental effort to
compensate for the reduction in male care. Experimental nests, however, experienced
reduced hatching success. This finding matches previous work in tree swallows
suggesting that females do not compensate fully for a reduction in male parental care
and that these effects extend to reproductive success (Whittingham et al. 1994).
Experimental nests suffered higher mortality during the nestling period, losing on
average 0.6 more offspring per nest than control nests. Mortality occurred at all stages,
including unhatched eggs and nestlings dying both early and late in the nestling period.
This variation makes it difficult to interpret precisely how experimental nests had
increased mortality. Although the quantity of offspring was reduced in experimental
nests, the surviving offspring did not suffer in quality, at least as measured in terms of
mass. Experimental and control broods did not differ in average day 12 nestling mass,
indicating that experimental females appear to be able to compensate for their male’s
reduced help just enough avoid a loss in the quality of their offspring.
I originally predicted that the cost of female aggression, measured as lower
quality offspring, would intensify with reduced male parental care. If true, the
relationship between female aggression and offspring quality should be more severe (i.e.
have a steeper slope) in the experimental group than in the control group. Contrary to
this prediction, I found no detectable relationship between female aggression and
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offspring mass in the experimental group, indicating that a reduction in male assistance
is not more costly for more aggressive females. Furthermore, more aggressive females
were no more likely to experience nestling mortality. Control females, however,
experienced a cost associated with their aggressiveness, in that their offspring were
smaller prior to fledging, a finding consistent with an a multi-year study of the cost of
female aggression in this population (Rosvall in review).
There are several possible explanations for the unanticipated finding that female
aggression was not associated with a fitness cost when male care was reduced. For
example, if the negative relationship between female aggression and offspring mass is
typically driven by the smallest offspring, clipped nests might not show this relationship
due to mortality of the runt. If correct, analyzing offspring mass without runts in the
control group should eliminate the negative relationship between offspring mass and
female aggression, but it does not (Spearman rank correlation, control: rs = -0.60, n= 15, p
= 0.019). Thus, finding no cost of aggression in the experimental group cannot be solely
attributed to the loss of the runt. A second possible explanation is that the negative
relationship between female aggression and offspring mass in the control group is
actually caused by males, whose role is reduced in the clipped group. This alternative
seems unlikely, as there is no tendency for assortative mating by aggressiveness (Figure
11), although the possibility remains that some other, unexamined aspect of male
phenotype (e.g. the male's ability to deliver large prey items, Schwagmeyer & Mock
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2008) may be correlated with female phenotype, resulting in a negative relationship
between offspring quality and female aggression.
If the cost of aggression is not manifest through a trade-off between female
feeding and aggression, reducing male care may not intensify this cost. While more
aggressive females may provision relatively less at one study site (Rosvall in review), this
relationship may not be the sole cause of aggressive females having smaller offspring.
This cost of female aggression may instead be manifest through more aggressive females
incubating or brooding offspring less, since the maintenance of a constant and warm
nest can influence offspring development after hatching (Ricklefs 1974; Winkler 1993;
Ardia & Clotfelter 2007; Perez et al. 2008). Additionally, if offspring of more aggressive
females experience higher stress, due to reduced parental care or another mechanism,
high levels of circulating corticosterone may also slow development (Hayward &
Wingfield 2004). Even if the cost of female aggression is not entirely manifest through
poor maternal care, males still have the opportunity to mitigate that cost with parental
care. While females can influence offspring size at several points of development (e.g.
from genes to maternal deposition of hormones to incubation or feeding, Rosvall in
review), males primarily influence offspring size through either genetics or feeding.
Therefore, even if more aggressive females are not always poor parents, males could
theoretically mitigate the cost of aggression through provisioning.
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Furthermore, some males may be differentially affected by clipping based on
stochastic processes, causing the quality of their offspring to be artificially lower. For
example, because tree swallows are aerial insectivores spending the majority of the day
in flight (Robertson et al. 1992), particularly windy weather may have affected clipped
males’ foraging or provisioning ability. In fact, during two feeding watches on
experimental nests on especially windy days, males did not provision at all. I did not
observe this pattern in any of the control nests, even on the same or other windy days.
Any experimental nest that experienced more windy days prior to day 12 post-hatch,
therefore, may have been differentially affected by the effects of male clipping, thus
obscuring the normal, negative association between female aggression and offspring
mass.
If clipping males impacted female aggression, it is also possible that aggression
scores measured in the clipped group may not reflect a female’s true level of aggression,
since female aggression assays occurred after clipping males. While the most direct test
of whether or not male clipping affected female aggression was not performed here (i.e.
a paired comparison of female aggression scores before and after male clipping), three
lines of evidence suggest that levels of female aggression were unlikely to change
following the manipulation of males. First, if handicapping males systematically alters
female aggression scores measured approximately 4 days later, control and experimental
females should exhibit different levels of aggression, but they do not (Wilcoxan sign-
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rank test: Z = -0.19, n = 15 per group, p = 0.85). Second, aggression scores in female tree
swallows have been shown to be highly repeatable (Rosvall 2008). Third, short-term
male absence during a trial does not influence a females aggression score (see Methods).
It remains unknown, however, if a few days of reduced male parental care caused
females to alter their phenotype and respond less to the behavioral assay.
Finally, if the cost of aggression is flexible, females in the experimental group
may have been able to overcome this cost with slight changes in parental investment.
With the male’s role in provisioning reduced, female may have altered their prey choice,
a shift that would not have been captured by my observations of provisioning rate. If
females delivered larger prey items during each visit to the nestbox, I would not have
detected this level of compensation. Furthermore, females may optimize clutch size
(Lack 1947), leaving 12 of 15 females in the clipped group (i.e. those experiencing some
nestling mortality) with fewer mouths to feed than anticipated. A reduction in male
help, paired with one less offspring or an adjustment in prey choice, may have allowed
females to overcome the typical cost of aggressive behavior. Whatever the reason for not
finding a cost of aggression in the clipped treatment group, it is clear that the cost of
aggressive behavior did not become stronger when males played a reduced role in
provisioning. The prediction that males may mitigate the cost of aggression, in terms of
offspring quality, was not supported.
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4.4.3 Conclusions
Clearly, the parental behavior of a mate or the plasticity of a mate’s behavior
should influence the strength of selection on correlated behaviors. If one parent faces a
trade-off between parental effort and aggressive nest defense, it should benefit that
parent to mate with a partner that could mitigate the cost of being aggressive. I found
evidence suggesting that female tree swallows adjust their investment in a reproductive
bout based on the relative aggressiveness of their mates. Male provisioning of offspring
is key to increased reproductive success, but male provisioning does not appear to
lessen the cost of female aggressive behavior. Reevaluating the cost of aggressive
behavior may be particularly relevant in light of more recent research demonstrating
that female animals, like their male counterparts, are likely to experience selection to
aggressively compete among themselves for access to males or resources (Slagsvold &
Lifjeld 1994; Sandell 1998; Palombit et al. 2001; Clutton-Brock 2007; Rosvall 2008;
Clutton-Brock 2009). Moreover, it may be important to consider the role of an
individual’s mate in the relative cost-benefit ratio of mating effort, especially since the
majority of work on this topic has been done in biparental systems (Magrath &
Komdeur 2003).
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