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ABSTRACT
Social species are faced with the challenge of navigating a lifetime of dynamic social
contexts. Social behavior is a critical target for natural selection because expressing behaviors
appropriate for a given social context has important fitness consequences. Context-specific
behavior is promoted by proximate regulators that are reciprocally influenced by behavioral
expression and the social environment, such as hormones and social experience. This
dissertation utilizes an integrative approach to investigate the causes and consequences of
variation in agonistic behavior in the bluebanded goby (Lythrypnus dalli) across a range of
relevant social contexts. This highly social, sex changing fish forms linear hierarchies of a
dominant male and multiple subordinate females, and patterns of agonistic interaction are

strongly linked to reproduction. Social networks that adhere strictly to the hierarchical social
structure, where dominants are aggressive to subordinates but not vice versa, excel
reproductively. Interestingly, this behavioral pattern is influenced by fish at all levels of the
social hierarchy. Aspects of reproduction, including female reproductive state, also feedback to
alter the social network position of specific group members. The steroid hormones cortisol, 11ketotestosterone, and estradiol can influence, and be influenced by, agonistic behavior and
reproductive physiology, and all were implicated for different roles in L. dalli social groups. The
“stress” hormone cortisol, for example, fluctuates with female reproductive state and is
associated with individual and social network measures in stable social groups. Estradiol, in
contrast, is associated almost exclusively with reproductive state and function. In social groups,
familiar individuals interact repeatedly, making social experience an important potential
mediator of behavior. Early-life experience with social status dictates whether L. dalli juveniles
initially sexually differentiate as male or female, as well as the speed of reproductive
development. Independent of early-life social status, however, all young adults successfully
integrate into novel adult social groups. As an adult, status experience has transient effects on
agonistic behavior but not status outcome in a contest, which is influenced by physical condition.
Together, these studies provide a comprehensive look at the social, reproductive, and
neuroendocrine factors associated with individual variation in agonistic behavior and
empirically-based predictions about the fitness consequences.
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1

INTRODUCTION

Social behavior encompasses the wide variety of interactions that occur among
conspecifics (Wilson, 1980). Social behavior is one of the most intensely studied categories of
behavior because social context is ubiquitous for social species, influencing all stages of an
individual’s life. As a result, social behavior is a critical target for natural selection because
social interactions mediate reproductive opportunities, resource acquisition, and survival
(Axelrod and Hamilton, 1981; Drews, 1993; Ellis, 1995; Pulliam and Caraco, 1984; Wilson,
1980). A fundamental challenge for the mechanisms regulating behavior is the natural variation
in context that occurs over a lifetime. In addition to the changes that occur in the non-social
environment and affect social behavior, such as the change in seasons (Wingfield et al., 1990),
the behavior of all individuals within a social group has the potential to alter the social
environment (Pike et al., 2008). Short-term shifts in nearby conspecifics can alter behavioral
expression, as can long-term changes in social status, age, or size (de Waal and Tyack, 2003).
Individuals should have ways of navigating this variable social landscape, and expressing
behaviors appropriate for a given social context should have important fitness consequences
(Horn and Rubenstein, 1984).
There is ongoing debate about the degree of behavioral plasticity that individuals exhibit
across contexts, its adaptiveness, and how plasticity is constrained and facilitated by underlying
neural mechanisms (Gosling, 2001; Koolhaas et al., 1999; Sih et al., 2004). In general, contextspecificity is promoted by proximate regulators that are reciprocally influenced by behavioral
expression and the social environment, such as hormones and social experience. Hormones, for
example, are strongly implicated in the regulation of social behaviors important for reproduction,
including social dominance (Adkins-Regan, 2009; Borg, 1994; Cardwell et al., 1996), and
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fluctuate in response to social interactions (Wingfield et al., 1990). Similarly, individuals
modify their own behavior based on a variety of previous social experiences (Anisman et al.,
1998; Fuxjager et al., 2010; Hofmann et al., 1999), as well as social interactions observed among
group members that were experienced as a bystander (Grosenick et al., 2007; Oliveira, 2009).
The very feedback loops that facilitate context-specific social behavior make it challenging to
disentangle the causes from the consequences.
Perhaps the single most replicated finding in the study of behavior is that behavior varies,
even among similar individuals (e.g., species, life history stage, sex) in similar social and
environmental contexts (e.g., group size, sex ratio, season). Understanding this individual
variation remains a fundamental goal of biological research, and integrative evolutionary (Sih et
al., 2004; Wilson, 1980) and mechanistic approaches are utilized towards this end (Goodson,
2005; O'Connell and Hofmann, 2012). The importance of understanding how individuals decide
which social behaviors to express and when, with whom to associate, and in which contexts
stems from the diverse benefits of sociality that are evident across species. For example, patterns
of social interaction in groups of mammals (Barocas et al., 2011; Wey et al., 2013), birds
(McDonald, 2007; Oh and Badyaev, 2010; Ryder et al., 2008), fish (Fernald, 2012; Heg et al.,
2009; Rodgers et al., 2007), and insects (Formica et al., 2012; Trunzer et al., 1999) are central to
reproductive success. For some species, including baboons (Silk, 2007), horses (Cameron et al.,
2009), dolphins (Frère et al., 2010), and humans, building and maintaining strong social bonds
can directly increase fitness. For humans, the health benefits are impressive. Strong social
support networks are associated with decreased incidence of mental illness (e.g., depression),
reduced severity of disease symptoms, and increased likelihood of adhering to medical treatment
regimens and adopting healthy habits (Bennett et al., 2006; Centola, 2011; Latkin et al., 2013;
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Makanjuola et al., 2014; McKenzie et al., 2013; Meyer-Lindenberg and Tost, 2012). In contrast,
social deficits in humans can have profound, detrimental consequences (Heckman, 2008; MeyerLindenberg and Tost, 2012).
Studying diverse social species provides important insights into the control of social
behavior. Although living in social groups has many of the same costs and benefits across
species (Wilson, 1980), investigating the challenges and biological solutions of particular species
is critical to understanding how social behavior is controlled in context. The overarching goal of
this research is to understand individual variation in agonistic behavior in the context of natural
life history by investigating 1) the reproductive correlates of behavior and 2) the proximate
mechanisms important for the generation of agonistic behaviors central to reproductive success.
Agonistic behavior is a subset of social behaviors relating to fighting, including aggression,
conciliation, and retreat (Wilson, 1980).
This dissertation will address agonistic behavior, reproductive success, and steroid
hormones in the bluebanded goby (Lythrypnus dalli), a highly social, sex changing fish. To
address this goal, I will ask the following questions: (1) What are the reproductive correlates of
agonistic behavior? (2) What are the reproductive and endocrine correlates of social network
variation? (3) What are the social network consequences of female reproductive state and egg
laying? (4) Does corticotropin-releasing factor promote agonistic behavior, social dominance,
and sex change in a permissive environment? (5) Does early-life social experience affect initial
sexual differentiation and agonistic behavior in juveniles? (6) Does previous adult social status
experience affect agonistic behavior, social dominance, and sex change in a permissive
environment? To answer these questions, I will use an integrative approach, including detailed
behavioral observations; direct measures of reproductive success; systemic and local endocrine
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measurements; manipulations of social and reproductive context, in adults and during early-life;
and in vivo intracerebroventricular manipulations, within a range of relevant social contexts. I
will frame my investigations around a simple, triangular model of reciprocal interactions among
behavior, fitness, and hormones. By manipulating one corner of the triangle (e.g., hormones), I
can then test for changes in the other two corners (e.g., behavior and fitness). Below, I will
briefly introduce each leg of the triangle (e.g., behavior-fitness, fitness-hormones, and hormonesbehavior) and provide context for quantifying these factors in L. dalli.

1.1

Behavioral ecology: connections between agonistic behavior and fitness
The links between agonistic behavior and fitness are complex and highly context-specific;

therefore, it is critical to quantify both behavior and fitness in the same context in order to draw
valid conclusions about the associations between the two. Fitness is operationalized in a number
of ways in the literature, but for the purposes of this research, I will rely on a general definition
of individual fitness: passing genetic material to the next generation (Barker, 2009; Orr, 2009).
In studies of hormones and behavior, individual fitness is measured most often as its components
(i.e., reproductive success, survival) or using proxies (e.g., behavior, morphology). I will focus
on reproductive success, or the number of offspring produced by an individual within a set time
period. Definitions vary with respect to the number of generations that genetic material must be
passed down (Barker, 2009), but a strong definition is the number of offspring that survive until
reproductive maturity (Ellis, 1995). Researchers studying a diversity of species in the wild
include measures of reproductive success based on offspring survival and maturation (Brommer
et al., 2005; Cameron et al., 2009; Forbes, 2011; Frère et al., 2010; Hasselquist, 1998; Hodge et
al., 2008; Silk et al., 2009).
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In practice, many reproductive proxies are used to estimate success, such as courtship
(e.g., Shamble et al., 2009), mate choice (e.g., Clutton-Brock and McAuliffe, 2009), mating
opportunities or attempts (e.g., Chen et al., 2011), successful copulations (e.g., Formica et al.,
2012; White et al., 2010), the number of eggs laid (e.g., Ros et al., 2009), or the number of
offspring born (e.g., Bell et al., 2011). While a number of reproductive proxies have been
validated empirically by comparing the proxy to a more robust measure of reproductive success,
others have not. In fact, some common proxies are not related at all to reproductive success in
particular species, for example male macaque copulation frequency (Ellis, 1995). Additionally,
measuring different proxies within the same species can lead to different conclusions about the
fitness consequences of a phenotype (Wong and Candolin, 2005). In the pygmy swordtail, for
example, although females prefer males with blue body coloration, gold-colored males
outcompete blue males in agonistic interactions and effectively constrain female mate choice
(Kingston et al., 2003).
Behavioral proxies are also common stand-ins for fitness and reproductive success, and
one of the most common proxies is social dominance (Ellis, 1995; Wilson, 1980). Dominants
frequently achieve higher reproductive success by suppressing subordinate reproduction (Barrett
et al., 1993; Clarke and Faulkes, 2001; Fitzpatrick et al., 2008; White et al., 2002), monopolizing
mating opportunities, producing more offspring, and experiencing lower rats of abortion, egg
loss, and offspring mortality (East and Hofer, 2001; Heg and Hamilton, 2008; Henry et al., 2013;
Robbins et al., 2007; Smuts and Smuts, 1993; Trunzer et al., 1999; van Noordwijk and van
Schaik, 1999; Young et al., 2006). Even for proxies that have been validated in the same or a
related species, it is important to differentiate between inferred and empirically quantified fitness
consequences. For example, a number of interesting insights have come from closer
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examinations of well-studied systems. In banded mongoose hierarchies, there is a strong
reproductive skew. Dominant females suppress subordinate reproduction by evicting pregnant
subordinates from the social group, which induces abortion. However, there is a reproductive
cost to evicting subordinates, including giving birth to offspring with lower birth weights and
reduced offspring survival (Bell et al., 2011). Similarly, in species with alternative male
reproductive phenotypes (e.g., sneakers), it has long been assumed that the alternative strategy is
less successful than the more visible territorial or bourgeois male. The evidence suggests,
however, that these reproductive strategies can be equally successful (Taborsky, 1994).
Reproduction and reproductive state also feed back on social behavior. For example,
some social interactions, such as play behavior, only occur when reproductively immature
(Panksepp, 1981; Wommack and Delville, 2007). Seasonal transitions from the non-breeding to
the breeding season are characterized for some species by changes in group size and aggression
(Cant et al., 2006; Goodson, 2011; Oliveira, 2009; Wingfield et al., 1990), and for an individual
during the breeding season, there can be social trade-offs that result from reproductive
commitments to behaviors such as parenting (Wingfield et al., 1990). The reproductive state of
individuals within a social group can also affect the pattern of social interactions. For example,
female cichlids change their association with males of different social statues based on their own
reproductive state (Clement et al., 2004; Kidd et al., 2013); lactating zebras tended to be leaders
in their harems, and harems with lactating females tended to lead herds (Fischhoff et al., 2007);
and preferred group size varies in female long-eared bats depending on whether she is gestating
or lactating (Patriquin et al., 2010). Within a hierarchy, the timing of aggressive acts can also
coincide with specific stages of the female reproductive cycle. For example, the subordinate
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female banded mongooses discussed above are most often evicted from the social group during
estrus or late in pregnancy (Bell et al., 2011; Cant et al., 2010).

1.2

Reproductive endocrinology: connections between reproduction and hormones
Hormones are critical to reproduction on multiple biological levels. For this research, I

focus on the steroid hormones 11-ketotestosterone (KT), a potent teleost androgen, estradiol
(E2), and cortisol, the primary glucocorticoid in teleosts. The synthesis and release of sex
steroids (KT, E2) from the gonad is regulated by the hypothalamic-pituitary-gonadal (HPG) axis,
while the synthesis and release of cortisol from the adrenal (interrenal in teleosts) is regulated by
the hypothalamic-pituitary-adrenal/interrenal (HPA/I) axis. Recently, there has also been
substantial progress in understanding the role of steroid hormones synthesized in the brain and
the scope of their neuromodulatory function for reproductive behavior (Do Rego et al., 2009;
Remage-Healey and Bass, 2006).
Reproductive phenotype is often shaped during development. The embryo is exposed to
hormones and other active molecules during specific, critical periods, which results in the
organization of individual phenotype. During reproductive maturation, re-exposure to the same
hormones—androgens from testes and estrogens from ovaries in the classic rodent model—
activates the sexual phenotype that was ‘organized’ developmentally (Phoenix et al., 1959). For
species capable of reproductive plasticity throughout adulthood, such as sex changing fish, KT
and E2 also mediate sexual reorganization later in life (Devlin and Nagahama, 2002). As an
adult, KT and E2 are critical to reproductive function, including gametogenesis and reproductive
behavior, which makes reproductive success possible (Bonga, 1997; Borg, 1994; Brooks et al.,
1997; Wada, 2008; Wingfield et al., 1990).

8

The HPA/I axis activity also shapes reproduction at a variety of biological levels.
Although HPA/I axis activation is often viewed as a tradeoff with HPG axis activity, the
interaction between these axes is not straightforward. It is clear from research in a diversity of
species that HPA/I axis activity can be positively associated with reproduction and has a highly
conserved role in ontogenetic life history transitions related to reproduction (Breuner et al., 2008;
Crespi et al., 2013; Wada, 2008). Seasonally, HPA/I axis activity is often highest during the
reproductive season, and for energetically costly reproductive functions and behaviors,
glucocorticoids are critical to appropriate energy regulation. For fish and other oviparous
species, vitellogenesis, or the process of yolk formation, can be especially costly (Bonga, 1997;
Brooks et al., 1997; Crespi et al., 2013). Elevated glucocorticoids can also be positively
associated with behaviors beneficial to fitness such as foraging and parenting, as well as
reproductive output itself. These positive associations cannot be generalized, however, as there
are other species and contexts within which glucocorticoids suppress sex steroids, inhibit
reproduction and parenting, and negatively affect reproductive output (Bonga, 1997; Breuner et
al., 2008; Crespi et al., 2013).
Although hormones make reproduction biologically feasible, endocrine state does not
guarantee reproductive success. For seasonal breeders, for example, hormones create a window
of time during which an individual is prepared to reproduce, but other factors influence whether
or not reproduction will occur, such as social dominance (discussed above). The reality of a
specific reproductive opportunity is a potent stimulator of steroid hormones. In the presence of a
receptive female or courting male, for example, steroid hormone levels increase (Correa et al.,
2011; Lea et al., 2001). Reproductive opportunity also creates an energetic demand to which the
HPA/I axis can respond (Crespi et al., 2013).
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1.3

Behavioral neuroendocrinology: connections between hormones and agonistic
behavior
A highly conserved set of brain regions, together called the social behavior network, is

responsible for the production of social behaviors, including agonistic behavior. Across
vertebrates, one of the key identifying characteristics of social behavior network nodes is the
presence of sex steroid hormone receptors, demonstrating that hormones can act directly on the
centers controlling behavior (Goodson, 2005; Newman, 1999), including steroids synthesized in
the brain (Remage-Healey et al., 2008). Hormones of gonadal origin typically do not affect
behavioral expression in a dose-dependent fashion. Instead, the availability of hormone can
increase or decrease the probability of a behavior being expressed, given the appropriate social
context (Adkins-Regan, 2009; Wingfield et al., 1990). Interactions between androgens and
aggression have been especially well-studied. Circulating androgens can be positively associated
with aggression, and exogenous androgens can further promote behavioral expression. The
connection between hormone and behavior is highly sensitive to context, however, and factors
such as season and social stability, among others, impact whether or not this association is
observed. Furthermore, aggressive interactions can cause a robust increase in androgens
(Hirschenhauser and Oliveira, 2006; Soma, 2006; Wingfield et al., 1990).
The HPA/I axis is also sensitive to social regulation (Adkins-Regan, 2009; Bonga, 1997)
and associated with agonistic behavior. For example, high stress responders release greater
amounts of cortisol than low responders when exposed to the same artificial stressor, and high
responders are consistently subordinate in agonistic interactions with low responders (Pottinger
and Carrick, 2001). Individual variation in the amount of cortisol released in response to a
stressor can also be used to predict dominance outcome in a novel pair of fish (Øverli et al.,
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2004). In a range of social vertebrates, there are consistent differences in basal glucocorticoids
between dominant and subordinate social group members. Across species, dominants are almost
equally likely as subordinates to have elevated glucocorticoids, and factors such as the
distribution of resources, social stability, reproduction, and the nature of agonistic interactions
among group members largely determine which status class is more socially “stressed” (Creel,
2001; Sapolsky, 2005). Because agonistic behavior is critical during status establishment and
there are persistent agonistic differences among social statuses (Drews, 1993), HPA/I axis
regulation of behavior may be closely related to its role as a correlate of social status.

1.4

Quantifying fitness, agonistic behavior, and hormones in L. dalli
A number of fitness proxies have been utilized in research with L. dalli, most of which

approximate reproductive success. Under natural conditions, L. dalli lives in mixed-sex social
groups of a dominant male and multiple subordinate females. Males reproduce with each female
in the harem and provide sole parental care for the eggs (Behrents, 1983; St. Mary, 1993). As a
result, male reproductive success is many times higher than female reproductive success.
Females routinely lay eggs, and males readily parent in the laboratory. Eggs hatch
approximately 6 days after being laid (Solomon-Lane et al., 2014). By counting the eggs in the
male’s nest on a sheet of acetate, I can calculate the total number of eggs laid, the number of
clutches laid, average clutch size, hatching success, and the total number of eggs hatched.
Hatched eggs is the best measure of reproductive success because L. dalli larvae are planktonic.
Bidirectional sex change is socially regulated by status for L. dalli; therefore, there is a
direct connection to agonistic behavior. Sex change occurs in same sex pairs, same sex groups,
or in response to the loss or addition of a male in a hierarchy. In all cases, the dominant fish
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remains or becomes male (Reavis and Grober, 1999; Rodgers et al., 2006). Because males are
socially dominant and have substantially higher reproductive success than subordinate females,
maleness, dominance, and sex change all should confer fitness advantages. The rate of sex
change is also sensitive to social context. Sex change takes longer in a group of novel females
without established dominance relationships than following the removal of the male from a
stable hierarchy (Reavis and Grober, 1999).
Agonistic behavior has been well-studied in both the laboratory (Reavis and Grober,
1999; Rodgers et al., 2007) and in the field (Black et al., 2005; Lorenzi, 2009), and social
behavior in laboratory social groups parallel that observed in semi-natural habitats (Black et al.,
2005). As a benthic fish, social interactions are distinct and simple to quantify. Fish of different
social statuses can be easily distinguished based on the pattern of asymmetrical agonistic
interactions (i.e., Drews, 1993). Forming social groups with fish of different sizes facilitates the
rapid establishment of social status (Reavis and Grober, 1999); however, fish of equal size can
also rapidly determine their social status through a series of agonistic interactions (Rodgers et al.,
2005).
For this research, I quantified hormones systemically and locally in tissue. Collecting
water-borne hormones is a non-invasive method of assessing systemic hormones. Steroid
hormones are exuded into the surrounding water from the fish’s gills and from urine.
Particularly for small fish, in which blood samples are not feasible to collect, water-borne
hormones are representative of hormones in the body, and multiple hormones can be quantified
from the same sample (Kidd et al., 2010; Lorenzi et al., 2008). I also quantified the total
extractable steroids from ovaries. Systemic E2 is higher in females than in males, but there are
no differences in KT. In fish sampled from a holding tank, there is no sex difference in systemic
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cortisol (Lorenzi et al., 2008); however, there are status differences in cortisol in fish from welldefined social groups. In general, females have higher cortisol than males (Solomon-Lane et al.,
2013). Steroid hormones in brain, gonad, and muscle also respond differentially to changes in
status and in sex (Lorenzi et al., 2012).
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FEMALE, BUT NOT MALE, AGONISTIC BEHAVIOUR IS ASSOCIATED WITH
MALE REPRODUCTIVE SUCCESS IN STABLE BLUEBANDED GOBY
(LYTHRYPNUS DALLI) HIERARCHIES
Tessa K. Solomon-Lane, Madelyne C. Willis, Devaleena S. Pradhan, and
Matthew S. Grober
Previously published in Behaviour (2014): 151, 1367-1387

2.1

Summary
In many social species, there are important connections between social behaviour and

reproduction that provide critical insights into the evolution of sociality. In this study, we
describe associations between agonistic behaviour and male reproductive success in stable social
groups of bluebanded gobies (Lythrypnus dalli). This highly social, sex-changing species forms
linear hierarchies of a dominant male and multiple subordinate females. Males reproduce with
each female in the harem and care for the eggs. Since aggression tends to be associated with
reduced reproduction in social hierarchies, we hypothesized that males in groups with high rates
of aggression would fertilise fewer eggs. We also hypothesized that a male’s agonistic
behaviour would be associated with his reproductive success. Dominants often exert substantial
control over their harem, including control over subordinate reproduction. To address these
hypotheses, we quantified egg laying/fertilization over 13 days and observed agonistic
behaviour. We show that there was a significant, negative association between male
reproductive success and the total rate agonistic interactions by a group. While no male
behaviours were associated with the quantity of eggs fertilised, female agonistic behaviour may
be central to male reproductive success. We identified a set of models approximating male
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reproductive success that included three female behaviours: aggression by the highest-ranking
female and approaches by the lowest-ranking female were negatively associated with the
quantity of eggs fertilised by males in their groups, but the efficiency with which the middleranking female displaced others was positively associated with this measure. These data provide
a first step in elucidating the behavioural mechanisms that are associated with L. dalli
reproductive success.

2.2

Introduction
In social groups, the behaviour of group members has robust connections to reproduction.

The complex interactions between social structure, behaviour, and reproductive success
frequently make it difficult to elucidate mechanistic links among these three factors, yet these
mechanisms are critical to understanding the evolution of sociality. Many phylogenetically
diverse social species organize in hierarchies, and there are conserved patterns of behaviour and
reproduction within hierarchies (Ellis, 1995; Wilson, 1980, e.g., insects: Trunzer et al., 1999;
fishes: Heg and Hamilton, 2008; birds: Nelson-Flower et al., 2013; mammals: Silk, 2007),
making this social structure a useful model for understanding the links between behaviour and
reproduction. Species vary in the mechanisms by which status is achieved (e.g., size, age,
aggression, maternal rank), but dominance is almost always categorized as a product of agonistic
interactions between group members that consistently result in the subordinate member yielding
to the dominant (Drews, 1993; Wilson, 1980). Agonistic behaviour is an important subset of
social behaviour that encompasses interactions related to fighting, including aggression,
conciliation, and retreat (Wilson, 1980), and are critical to the establishment and maintenance of
the social hierarchy. Behaviours vary in a predictable way within a dominance hierarchy.
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Across ranks, individuals will display differences in agonistic behaviour such as aggressive and
submissive behaviours (Clarke and Faulkes, 2001; Cleveland and Lavalli, 2010; Forkman and
Haskell, 2004; Rodgers et al., 2007; Wong and Balshine, 2011), as well as personality traits such
as boldness-shyness and activity levels (Colléter and Brown, 2011; Dahlbom et al., 2011).
Although dominance is often achieved through aggression or fighting, it is not necessarily the
case in stable hierarchies that dominants remain the most aggressive (Drews, 1993; e.g.,
Rodgers, 2007).
Hierarchical social structure also has important consequences for the ways in which
individuals in the group reproduce. Dominant group members typically have higher
reproductive success (Ellis, 1995; Johnstone, 2000), and the mechanisms by which that success
is achieved vary across species. In extreme cases of reproductive skew, only dominants breed
and subordinates are reproductively suppressed (Barrett et al., 1993; Clarke and Faulkes, 2001;
Fitzpatrick et al., 2008; White et al., 2002). In other species, subordinates may be capable of
reproduction but have fewer opportunities to mate, produce fewer offspring, and/or experience
higher rates of abortion, egg loss, or offspring mortality (East and Hofer, 2001; Heg and
Hamilton, 2008; Henry et al., 2013; Robbins et al., 2007; Trunzer et al., 1999; van Noordwijk
and van Schaik, 1999; Young et al., 2006). In some of these cases, the mechanisms responsible
for higher dominant reproductive success directly involve status differences in agonistic
behaviour. For example, intrasexual aggression directed at subordinate Southern pied babblers
(Turdoides bicolor) (Nelson-Flower et al., 2013), meerkats (Suricata suricatta) (Young et al.,
2006), and golden lion tamarins (Leontopithecus rosalia) (Henry et al., 2013) seems to be
directly related to reduced subordinate reproductive success.
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In harems, social groups consisting of a dominant male and the multiple females with
which he reproduces, intersexual agonistic interactions may be central to reproduction for several
reasons. First, males are capable of interfering in aggressive interactions between females that
might compromise his reproductive success. The male may aggressively disrupt the females
and, in some cases, defend one female preferentially from the other (Kahlenberg et al., 2008;
Schradin and Lamprecht, 2000). Males that are more effective at maintaining low levels of
group agonism may, therefore, positively impact their reproductive success. Second, while the
agonistic behaviour of each individual in a social group influences the broader pattern of group
agonism (Flack et al., 2005; Hamilton and Ligocki, 2012; Pike et al., 2008), male agonistic
behaviour may be especially influential because of their top social position and, in some species,
their role as a ‘conflict managers’ (Flack et al., 2005). Third, in haremic species with exclusive
paternal care, males aggressively defend their nests from predators including, in some species,
females in the harem. For example, female gobies that gain access to the male’s nest will
consume eggs, even if she is spawning (Okuda et al., 2002). Finally, parenting males may reject
females attempting to enter the nest to spawn. When nest space is limited, male blennies can
respond aggressively to courting females (Almada et al., 1995; Lengkeek and Didderen, 2006).
The links between agonistic behaviour and reproduction are complex and highly contextspecific, however, so it is critical to quantify both behaviour and reproduction in order to draw
valid conclusions about the associations between the two. For example, dominant banded
mongooses (Mungos mungo) aggressively suppress subordinate reproduction; however, there is a
reproductive cost of aggression for dominants (Bell et al., 2011). Subordinates may also be able
to ameliorate the apparent costs of low status. Subordinate female cichlids (Neolamprologus
pulcher) that alloparent can obtain breeding space for themselves (Heg et al., 2009), and
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subordinate males of many fish species adopt alternative reproductive strategies such as sneaking
(Taborsky, 1994).
The goal of this study was to investigate the associations between natural variation in
agonistic behaviour, at all levels of the hierarchy, and male reproductive success, in stable social
groups of bluebanded gobies (Lythrypnus dalli). This highly social, sex changing fish forms
harems of a large, dominant male and multiple subordinate females. The females within a harem
form a linear hierarchy that is influenced by size, and agonistic interactions occur frequently
among group members (Black et al., 2005; Reavis and Grober, 1999; Rodgers et al., 2007). As
the dominant fish in the harem, males can interfere in female-female agonistic interactions.
Males reproduce with each female in the harem, resulting in reproductive success that is multiple
times higher than females. Multiple females can lay eggs in the male’s nest within short time
intervals, and males provide sole parental care for the eggs until they hatch. Paternal care
involves rubbing / fanning the eggs and aggressively defending the nest from predators,
including conspecific females that cannibalise the eggs. Males are highly selective in allowing
females into the nest (Behrents, 1983) and will refuse access even to very gravid females
(Solomon-Lane & Grober, unpublished data). This is an interesting system in which to
investigate links between individual behaviour and reproduction because L. dalli exhibits a high
degree of social and sexual plasticity. Sex is socially regulated such that the dominant fish in a
social group is always male (Reavis and Grober, 1999; Rodgers et al., 2007). Over a lifetime,
therefore, an individual can be both female and male and may occupy multiple social statuses.
Although L. dalli agonistic and reproductive behaviour is well documented in a number
of contexts (Behrents, 1983; Black et al., 2005; Drilling and Grober, 2005; Lorenzi et al., 2006;
Rodgers et al., 2007), reproductive success has yet to be quantified in parallel with behaviour.
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Based on associations between agonistic behaviour and reproduction in other hierarchical and
haremic species, we had two a priori hypotheses about L. dalli behaviour and reproduction.
First, we hypothesized that in stable L. dalli social groups, rates of agonistic interaction among
members of the social group would be negatively associated with male reproductive success.
Second, we hypothesized that male agonistic behaviour would be associated with his
reproductive success. This descriptive study is a critical step to designing targeted, manipulative
experiments that test the reproductive consequences of behaviour and/or the behavioural
consequences of reproductive function.

2.3

Materials and Methods

2.3.1 Study organism and social groups
Lythrypnus dalli is a small (adult standard length (SL) 18-50 mm), marine fish that
undergoes socially regulated, bidirectional sex change (Reavis and Grober, 1999; Rodgers et al.,
2007). This species lives on rocky reefs in the Pacific Ocean, from Morro Bay, California to as
far south as the Galapagos Islands, Ecuador (Béarez et al., 2007; Miller and Lea, 1976).
Reproduction occurs between April and September, during which time the population is femalebiased (Drilling and Grober, 2005; Wiley, 1976). Under natural conditions, L. dalli lives in
mixed-sex social groups of varying sizes, from small, isolated groups (3-10 fish; similar in size
to laboratory groups) to aggregations that reach densities of 120 fish/m2 (Steele, 1996). Males
are territorial and defend an area that encompasses his harem of females and his nest. Males
reproduce with each female in the harem and provide sole parental care for the eggs (Behrents,
1983; St. Mary, 1993). Like other goby species (Tamada, 2008), multiple L. dalli females can
lay eggs in a male’s nest within short time intervals. Males, therefore, frequently care for
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multiple egg clutches that are at different developmental stages. High ranking females tend to be
highly site attached, reproducing primarily with the resident male, while lower ranking females
move more frequently among male territories (Lorenzi, 2009).
We collected L. dalli from reefs offshore of Santa Catalina Island, California during the
reproductive season (July, California Fish and Game permit no. SC-10676). The fish were
brought immediately to a holding tank (197 l, 60 x 94 x 35 cm) at the Wrigley Institute for
Environmental Studies (Catalina Island, University of Southern California). The holding tank
and water tables for the social groups were continuously supplied with natural seawater and
exposed to a natural light cycle. We fed the fish brine shrimp twice a day. The fish used in this
experiment were in the holding tank for a maximum of 3 weeks and were not released following
the study. To form social groups of specific sizes and sex ratios, we briefly anesthetized the fish
in tricaine methanesulfonate (MS-222; 500 mg/L salt water) before measuring SL and
determining sex based on genital papilla morphology (St. Mary, 1993). We then established 10
social groups of 4 fish each: 1 large male and 3 females of varying sizes. All fish were at least 3
mm SL smaller than the next largest fish to facilitate the rapid establishment of social status
(Reavis and Grober, 1999). These laboratory social groups of 1 male and 3 females are
comparable in size, sex ratio, and density to social groups naturally found on the reef (Lorenzi,
2009).

2.3.2 Behavioural observations
We observed agonistic behaviour 3 times during the experiment, beginning 8 days after
group establishment, to ensure the hierarchy was stable (Reavis and Grober, 1999). All
behavioural observations were conducted in the morning and lasted for 10 min per group. The
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analyses presented focus on asymmetrical agonistic interactions including approaches, when one
fish swims directly towards another fish within 2 body lengths, and displacements, a response to
an approach in which the approached fish swims away. Displacements (i.e., the number of times
a fish displaces a group member) are a measure of aggression, and being displaced is a signal of
submission by subordinates (Rodgers et al., 2007). Approaches and displacements are easily
quantified in lab and field L. dalli social groups (Black et al., 2005; Rodgers et al., 2007), have
provided important insight into L. dalli sex, social status, and sex change in previous studies
(Lorenzi et al., 2006; Reavis and Grober, 1999; Rodgers et al., 2007), and are frequently
quantified in other social animals (Aragón et al., 2006; Cronin and Field, 2007; Evers et al.,
2011; Graham and Herberholz, 2008; Sneddon et al., 2006; Sommer et al., 2002). In addition to
these directly observed behavioural interactions, we calculated a second-order behavioural
characteristic for each individual that we call agonistic efficiency, or the proportion of
approaches that led to a displacement (displacements / approaches).

2.3.3 Quantifying reproduction
In each social group, males were given a PVC tube “nest” (15.2 cm length, 1.9 cm
diameter). Females lay eggs in a single layer on a sheet of acetate lining the inside of the nest
tube, and males externally fertilise the eggs and then care for them until hatching. We checked
the nest tube once daily, at the same time each morning, for the presence or absence of eggs. If
eggs were present, we removed the acetate sheet from the nest tube and acquired a digital image,
using a ruler for scale. Within 3 minutes, we returned the eggs to the nest, and males
immediately resumed parenting.
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We estimated male reproductive success as the quantity of eggs fertilised by the male.
Based on the precedent established previously in gobies (Forsgren et al., 1996; Lindström, 1998;
Svensson et al., 2010), we quantified fertilised eggs as an area covered (cm2) using ImageJ
software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, USA,
http://imagej.nih.gov/ij/, 1997-2012) and digital images from the first day a clutch of eggs
appeared in the male’s nest. Images on subsequent days were used to qualitatively verify that the
eggs laid in the male’s nest were fertilised and went on to develop and hatch. With the exception
of one clutch for one male, all clutches that were laid were fertilised and cared for until hatching.

2.3.4 Statistics
Statistics were performed using JMP 7.0, and GraphPad Prism was used to make all
figures. Results were considered significant at the p<0.05 level, and the data presented in the
text are means ± standard error of the mean (SEM). For all behavioural analyses, rates of
behaviour were averaged from the 3 observations conducted and are presented as behaviours per
min. Among-status differences in approaches and displacements were analysed using a one-way
analysis of variance (ANOVA, two-tailed) following a natural log transformation to normalize
the data. Among-status differences in agonistic efficiency were analysed using a one-way
ANOVA following a logit transformation to normalize the data. Post hoc analyses of significant
ANOVA results were conducted using the Tukey HSD test.
We used linear regression analysis to identify associations between the quantity of eggs
fertilised and agonistic behaviour in the social group, including total approaches (calculated as
the sum of male, alpha, beta, and gamma approaches) and total displacements. To correct for
these two linear regression analyses (total approaches, total displacements) on the same dataset
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(quantity of eggs fertilised), we applied a correction factor to our alpha level and considered
p<0.025 significant (0.05/2). We used multiple linear regression analysis to describe the
contribution of male agonistic behaviour to the quantity of eggs he fertilised. We included male
displacements, which were positively associated with male approaches, and male agonistic
efficiency as predictor variables.
We used Akaike’s information criterion (AICc, corrected for small sample size) to
investigate associations between female agonistic behaviours and male reproductive success.
This analysis identifies a set of models that approximate male reproductive success (Burnham
and Anderson, 1998; Symonds and Moussalli, 2010). The best models have the lowest AICc
score. We calculated the difference in AICc score between each model and the best model (Δi),
and then we rejected unlikely models based on the value of Δi. Models with Δi<2 were
considered equally as good as the model with the lowest AICc score. We were less confident in
models of Δi<6, but these models should still be taken into consideration. Models of Δi>6 were
rejected as sufficiently less plausible than the set of best models (Symonds and Moussalli, 2010).
We also report the goodness of fit for each potential model (r2). We included alpha
displacements, alpha agonistic efficiency, beta displacements, beta agonistic efficiency, and
gamma approaches as predictor variables. We did not include alpha or beta approaches because
both are positively associated with displacements. We did not include gamma displacements or
agonistic efficiency because, as the lowest ranking group member, there were not a sufficient
number of non-zero values for statistical analysis.
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2.4

Results

2.4.1 The quantity of eggs fertilised and agonistic behaviour varied among social groups
At least one clutch of eggs was laid in every male’s nest, with a maximum of four
clutches laid over 13 days (average 2.73 ± 0.36 egg clutches per group, average clutch size 8.00
± 0.72 cm2). The quantity of eggs laid ranged from 8.65 to 33.99 cm2 (average 19.55 ± 2.45
cm2), and because one male did not fertilise or care for his one clutch, male reproductive success
was quite variable, ranging from 0 to 33.99 cm2 (average 18.41 ± 3.17 cm2).
Agonistic behaviour also varied among groups (Figure 2.1A), with important differences
among the status classes (Figure 2.1B,C). Rates of approaches (F3,34=13.00, p<0.0001) differed
significantly among males, alphas, betas, and gammas. Post hoc tests showed that alphas
approached significantly more than betas (p=0.0068) and gammas (p<0.0001) but did not differ
from males (p=0.79). Males approached significantly more than gammas (p=0.0003) but did not
differ from betas (p=0.082). Betas and gammas did not differ in rates of approaches (p=0.12)
(Figure 2.1B). Rates of displacement differed significantly across social status in a pattern
similar to approaches (F3,27=15.93, p<0.0001). Post hoc testing showed that males and alphas
displaced at similar rates (p=0.68), and both displaced significantly more than beta (males:
p=0.019; alphas: p=0.0008) and gamma (males: p<0.0001; alphas: p<0.0001). Betas also
displaced significantly more than gammas (p=0.0096) (Figure 2.1B). Agonistic efficiency also
differed significantly among status classes (F3,25=7.86, p=0.0007 ). Post hoc tests showed that
males (p=0.0078), alphas (p=0.0005), and betas (p=0.025) all had significantly higher agonistic
efficiency than gammas (Figure 2.1C).
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2.4.2 Agonistic behaviour and male reproductive success
Total group approaches were significantly and negatively associated with the quantity of
eggs fertilised by the male (F1,8=16.54, r2=0.67, p=0.0036), and there was a negative trend with
total displacements (p=0.06) (Figure 2.2). Interestingly, multiple regression analysis showed
male behaviour, including displacements and agonistic efficiency, was not predictive of male
reproductive success (r2=0.18, F2,6=0.67, p=0.55). Using AICc, we identified a set of models of
female agonistic behaviour that approximated male reproductive success (Table 2.1). The best
models (Δi<2) included alpha displacements, which were negatively associated with male
reproductive success (Figure 2.3A), and beta agonistic efficiency, which were positively
associated with male reproductive success (Figure 2.3B), independently and together. Gamma
approaches, which were negatively associated with male reproductive success, may also be an
important predictor (Figure 2.3C).

2.5

Discussion
In this study, we show that L. dalli males fertilised fewer eggs in social groups with

higher rates of agonistic interaction (Figure 2.2); however, male agonistic interactions with the
females in his harem were unrelated to his reproductive success. Given that the remaining
agonistic interactions in the social group were initiated by females, we conducted post hoc
analyses of female agonistic behaviour and identified multiple associations with male
reproductive success (Table 2.1, Figure 2.3). Thus, female rather than male agonistic behaviour
seems to drive patterns of reproduction in L. dalli social groups. Nine out of 10 males in this
study fertilised and cared for each of the clutches laid in their nest. This suggests that a primary
source of variation among males is the quantity of eggs laid in the male’s nest, although
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parenting behaviour and nest defence can also affect the quantity of eggs that hatch. In the
cichlid Neolamprologus pulcher (Heg, 2008) and the angelfish Centropyge bicolor (Ang and
Manica, 2010), dominant females lay more frequently than subordinate females, suggesting that
intrasexual aggression in L. dalli groups might reduce the frequency of subordinate beta and/or
gamma laying. Although we did not quantify female reproductive success in this study, the
mechanisms underlying female reproductive success will ultimately be critical to understanding
the reproductive success of male L. dalli. In addition to laying less frequently, agonism in the
social group could affect the number of females that have opportunities to lay eggs and/or the
number of eggs laid per clutch.
We hypothesized that male agonistic behaviour would be central to explaining the
variation in male reproductive success. Lythrypnus dalli males are the dominant members of the
harem and are capable of disrupting female-female aggression in the harem by displacing the
involved females. Males also provide sole parental care for eggs and aggressively defend access
to their nest from females attempting to spawn, cannibalise eggs, or both. However, we found
that male behaviour, including displacements and agonistic efficiency, did not predict the
quantity of eggs fertilised. In contrast, female behaviour accounted for a substantial portion of
the variation in male reproductive success (Table 2.1, Figure 2.3). The centrality of female
agonistic behaviour to male reproductive success is consistent with L. dalli natural history.
When the male is in his nest parenting and/or defending his territory, he is physically separated
from the females in his group, all of which occupy a shared space (Behrents, 1983). As a result,
particularly for males that interact with their females less frequently and spend more time in their
nest, high-ranking females may set the agonistic tone of the group (Solomon-Lane & Grober,
unpublished data).
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These data do not rule out a role for male behaviour in the regulation of his own
reproductive success, however. The behaviour of an individual in a social group is not
independent from the behaviour of other group members (Grosenick et al., 2007; Valone, 2007).
Similar to the ways in which the behavioural phenotype of an individual three-spined stickleback
(Pike et al., 2008), cichlid (Hamilton and Ligocki, 2012), or pigtailed macaques (Flack et al.,
2005) affects the broader social dynamics of its group, male L. dalli behaviour likely impacts the
social network of his group, as well as the behavioural expression of females in the harem. We
did not have the statistical power in this study to determine whether male agonistic behaviour
was indirectly associated with reproductive success via an effect on influential female
behaviours, but this is an important hypothesis to test in the future. In addition, agonistic
behaviours are a subset of behaviours expressed by L. dalli, and male courtship, parenting,
and/or nest defence could also influence male reproductive success.
Our analyses identified 5 potential models of female agonistic behaviours that
approximated male reproductive success (Table 2.1). Three different female behaviours, alone
and in combination, were associated with the variation in fertilised eggs (Table 2.1): alpha
displacements (Figure 2.3A) and gamma approaches (Figure 2.3C) were negatively associated,
and beta agonistic efficiency (Figure 2.3B) was positively associated, with the quantity of eggs
fertilised by the male. The best model (lowest AICc) that accounted for the largest variation in
male reproductive success (r2) included alpha displacements and beta agonistic efficiency (Table
2.1). Although we are cautious not to over interpret the importance of these specific patterns,
these results are interesting for a number of reasons.
First, the behaviour of females in multiple status classes in the hierarchy was associated
with male reproductive success. The alpha status lends itself to being an important influence on

27

the group because she is the most dominant female in the hierarchy and the fish with the highest
average rates of aggression (Figure 2.1B). When the male is in his nest, alpha behaviour is left
unchecked by the more dominant male. Therefore, alpha agonistic behaviour could negatively
affect male reproductive success through a classic scenario of subordinate suppression (e.g.,
(Heg, 2008), whereby aggression directed at the beta and gamma reduces their reproductive
contribution.
The importance of the beta and gamma, the middle and lowest ranking females, however,
suggests that the behavioural and reproductive dynamics of the social group are more complex.
Analyzing the social network characteristics of L. dalli social groups (e.g., Dey et al., 2013; Wey
et al., 2013) is a promising method to incorporate behavioural complexity into our understanding
of individual reproductive success (Wey et al., 2008). In particular, this type of analysis will
allow for a better understanding of the social context within which non-dominant female
agonistic behaviour is expressed and, therefore, how it might affect reproduction. In addition,
identifying the targets of agonistic behaviour will elucidate whether agonism within specific
dyads underlies the associations we identify between female behaviour and male reproductive
success. For example, high beta agonistic efficiency with alpha, a higher ranked female, likely
has different social network and reproductive consequences than high agonistic efficiency with
gamma, a lower ranking female. Similarly, gamma approaches and alpha displacements may
have specific targets. The descriptive nature of this study made it inappropriate for hypothesis
testing using network analysis techniques (see Croft et al., 2011), but these data have generated
important hypotheses to be tested using these techniques in future studies.
Second, it is interesting that there were both positive and negative associations
between female behavioural characteristics and reproduction (Figure 2.3). This highlights that
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agonistic interactions in the group are not inherently detrimental to male reproductive success; as
a highly social and hierarchical fish, L. dalli interacts frequently both in the lab and in the field
(Black et al., 2005; Rodgers et al., 2007). Although alpha displacements and gamma approaches
may be associated, directly or indirectly, with lower male (and potentially female) reproductive
success, the importance of beta agonistic efficiency suggests that particular kinds of agonistic
interactions—approaches that predictably lead to displacements—can be indicative of groups
with a highly reproductively successful male when expressed in the right social status context.
Betas achieve high agonistic efficiency by directing their approaches to fish that routinely submit
to them: gamma. Therefore, a beta with low agonistic efficiency either approached alphas and
males more frequently or approached gammas in a manner that failed to elicit a displacement.
The positive and negative associations between behaviour and reproduction also suggest
that, as in many other hierarchical species (e.g., Fedigan et al., 2008), the reproductive strategies
of fish at different statuses might conflict. Lythrypnus dalli males maximize reproductive
success by maximizing reproduction with each female in his harem, but the negative association
between alpha aggression and male reproductive success suggests alphas might benefit by
suppressing her subordinates. This suppression may allow alpha to monopolize reproductive
opportunities and/or nest space and would indicate a direct conflict between male and alpha
reproductive success. On the reef, however, males might tolerate aggressive alphas because of
the potential social benefits: alpha aggression might affect cohesion among females in the harem
while the male is in his nest. Alternatively, aggression might also compromise her reproductive
success. In this case, alpha aggression could be adaptive if she emphasizes future rather than
current reproduction (e.g. Field et al., 2006; Kokko and Johnstone, 1999). For example,
aggressive alphas may have more opportunities to ascend in status and change sex.
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Third, and finally, these data suggest that simple behavioural composites such as
agonistic efficiency, which provide a nuanced perspective on commonly measured behaviours
(approaches and displacements) (Aragón et al., 2006; Cronin and Field, 2007; Evers et al., 2011;
Graham and Herberholz, 2008; Sneddon et al., 2006; Sommer et al., 2002), may be very
informative in understanding behaviour and reproduction in social groups across species. For
example, that the male, alpha, and beta all have high agonistic efficiency (Figure 2.1C)
demonstrates that, independent of rates of behaviour, L. dalli approaches are directed primarily at
lower ranking fish. We might have reasonably predicted, however, that agonistic efficiency
would be highest in males and then decrease with rank in the hierarchy. Therefore, although
agonistic efficiency is a simple metric, it provides insights into group structure and, in this study,
reproductive success, that were not gleaned from analysis of individual behaviours (e.g., beta
approaches or displacements). In cichlids, a related ratio also provided insight into the action of
neurochemicals (Reddon et al., 2012) and steroid receptor expression (O'Connor et al., 2013)
involved in the regulation of social behaviour. In L. dalli social groups, we do not anticipate that
the association between beta agonistic efficiency and male reproductive success is causal.
Instead, we hypothesize that beta agonistic efficiency acts as an indicator of the group’s social
dynamic such that reproductively successful groups allow for beta to socially navigate more
successfully. Alternatively, beta’s ability to navigate socially could create an environment in
which reproduction is facilitated. To our knowledge, approaches and displacements have not
been presented as this ratio in the literature before, although other ratios (O'Connor et al., 2013;
Reddon et al., 2012) and measures of “dominance success” have been described (de Vries et al.,
2006).
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2.5.1 Conclusions and future directions
In this study, we showed for the first time in L. dalli that variation in agonistic behaviour
across stable social groups was associated with male reproductive success and that female
agonistic behaviour likely plays a central role in the relationship between behaviour and
reproduction. These data provide a critical foundation for testing hypotheses about 1) the
direction of causation between agonistic behaviour and reproductive success (e.g. Heg and
Hamilton, 2008), 2) how specific agonistic behaviours relate to each other and to the
reproductive success of L. dalli males and females, 3) the mechanistic regulation of behaviours
important to fitness, and 4) selection pressures acting on behaviour and social decision making.
This study suggests that future investigations with L. dalli, a highly social, sex changing species
in which behaviour and reproduction are simple to quantify and social context can be
manipulated in ethologically relevant ways, could elucidate fundamental aspects of the fitness
consequences of sociality.
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Table 2.1: Candidate regression models ranked by Akaike's information criterion (AICc)
examining the effect of female agonistic behaviour on male reproductive success

1
2
3
4
5

Candidate models
α displ; β AgEf
α displ
β AgEf
α displ; ϒ appr
ϒ appr

k
4
3
3
4
3

AICc
71.89
73.31
73.54
75.94
76.43

Δi
0
1.41
1.65
4.05
4.54

R2
0.76
0.50
0.48
0.64
0.31

Models in bold (Δi<2) represent the best models. Models of Δi>6 were rejected. Alpha females,
α; beta females, β; gamma females, ϒ; approaches, appr; displacements, displ; agonistic
efficiency, AgEf.
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Figure 2.1: Agonistic behavior in stable social groups. A) Frequency of approaching and
displacing in the social group (n=10). Total approaches and displacements refer to the sum of
male, alpha, beta, and gamma behaviour. The horizontal line indicates the mean. B) Mean (±
SEM) frequencies of approaches and displacements for each social status within a social group.
C) Mean (± SEM) agonistic efficiency (displacements/approaches) for each social status within a
social group (male, n=9; alpha, n=10; beta, n=10; gamma, n=9). Different letters indicate
significant differences.
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Figure 2.2: Associations between behaviour and reproduction. Total approaches (sum of
male, alpha, beta, and gamma approaches) were significantly and negatively associated with the
quantity of eggs fertilised by the male. There was a trend for a negative association between
total displacements (sum of male, alpha, beta, and gamma displacements) and the quantity of
eggs fertilised by the male.
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Figure 2.3: Status-specific associations between behaviour and reproduction. A) Alpha
displacements, B) beta agonistic efficiency (displacements / approaches), and C) gamma
approaches were identified using Akaike’s information criterion as female agonistic behaviours
that alone, and in combination, best approximate the quantity of eggs fertilised by the male in
their social group (see Table 2.1 for models).
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3

RECIPROCITY WITHIN HAREMIC SOCIAL NETWORKS IS DETRIMENTAL
TO MALE REPRODUCTIVE SUCCESS

3.1

Abstract
The structure of a social group emerges from local interactions among group members

and can affect fitness. In this study, we used social network analysis of replicate networks to test
the effect of network structure and individual network position on reproduction in harems of
bluebanded gobies (Lythrypnus dalli). This highly social fish forms linear hierarchies of one,
dominant male and multiple, subordinate females. Agonistic behavior is associated with
reproduction; however, the relevant patterns of interaction have yet to be identified. In addition
to quantifying agonistic behavior and reproduction, we measured systemic hormones (cortisol,
11-ketotestosterone, estradiol) to identify general patterns of association with social network
measures, female reproductive state, and reproduction. In stable social groups, we found that
social network density and reciprocity were negatively associated with male reproductive
success. Specifically, in networks with high reciprocity, males had lower hatching success,
indicating that although status was stable, subordinates were more aggressive towards
dominants. Agonism targeted at the middle-ranking female by the lowest-ranking female was
responsible for this effect. Egg laying was associated only with the social network position of
the male and highest-ranking female. Overall, few associations were significant for systemic
hormones. Cortisol tended to be associated with the social network, estradiol was implicated in
reproductive function, while KT appeared to have multiple influences. Together, these data
show that both social network structure and the behavior of individuals in the group contribute to
reproductive success, and steroid hormones may play a role in the regulation of agonistic
behavior, social networks, and reproduction.
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3.2

Introduction
The social structure of a group impacts the fitness of individuals within the group.

Dominance hierarchies are a phylogenetically common social structure, for example, and status
in the hierarchy can dictate access to resources, risk, survival, and reproduction (Drews, 1993;
Ellis, 1995; Hall and Fedigan, 1997; Johnstone, 2000; Whiteman and Côté, 2004; Wilson, 1980).
Group structure emerges from the local interactions of individuals, which for social species are
non-random (Krause et al., 2007; Newman, 2003). A number of factors can influence patterns of
interactions and, as a result, social structure. Individuals may associate preferentially with
conspecifics of a particular sex, size, age, status, or attractiveness (Booksmythe et al., 2013;
Croft et al., 2005b; Hansen et al., 2009; Oh and Badyaev, 2010; Silk et al., 2009). Familiarity
(Croft et al., 2005a), personality (Schürch et al., 2010), sex, and reproductive state (Wey et al.,
2013) can affect the number and frequency of interactions with specific group members (Aplin et
al., 2013). Within hierarchies, the frequency (Dey et al., 2013) and symmetry (Drews, 1993) of
social interactions are also skewed based on social status. Emergent social network dynamics
subsequently have important consequences for individuals, including for the probability of
disease transfer (e.g., Rushmore et al., 2013) and reproductive success (e.g., McDonald, 2007;
Silk, 2007).
Social network analysis is an important tool that has increasingly been used by behavioral
ecologists to gain insight into the causes and consequences of social structure, including social
hierarchies (Croft et al., 2011; Krause et al., 2007; Pinter-Wollman et al., 2013; Sih et al., 2009).
Although a number of studies have investigated the reproductive correlates of social network
measures (Barocas et al., 2011; Formica et al., 2012; McDonald, 2007; Oh and Badyaev, 2010;
Ryder et al., 2008; Silk et al., 2009; Wey et al., 2013; White et al., 2012), few have used replicate
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social networks to test how variation in social structure and individual social network position
relate to fitness across similar social groups (e.g., Royle et al., 2012; Ryder et al., 2009).
Although important knowledge about the social world has come from investigations of single
groups or populations, these studies lack statistical power because any important conclusions still
occur within a sample size of one (Croft et al., 2005b). The inclusion of replicate social
networks has increased recently in experimental tests with wild groups of great tits (Royle et al.,
2012), wire-tailed manakins (Ryder et al., 2008), meerkats (Madden et al., 2009), three-spine
sticklebacks, and guppies (Croft et al., 2005b; Thomas et al., 2008), as well as captive groups of
cichlids (Dey et al., 2013; Schürch et al., 2010), monk parakeets (Hobson et al., 2013), and
rhesus macaques (McCowan et al., 2008). Studying the natural variation in social network
dynamics across groups is important for understanding the evolution of sociality because
selection can act on this variation.
Social networks can describe aspects of sociality that are relevant to reproductive
success, such as conflict and stability. Behavioral analyses have clearly demonstrated that
conflict (e.g., intrasexual aggression) can drive down subordinate reproductive success in a
social hierarchy (Cant et al., 2010; Henry et al., 2013; Nelson-Flower et al., 2013; Young et al.,
2006). Aggressive interactions are typically characterized as a series of dyadic interactions that
occur over time within a social group. Social network analysis can incorporate both the dyadic
interactions and account for the consequences of that conflict on the behavior of other group
members (e.g., bystanders, Grosenick et al., 2007). In social networks of degus, the number of
pups produced by these pluralistic breeders was lower when individuals associate more with
some members of the group than others (i.e., association strength), a proposed indicator of
conflict (Wey et al., 2013). Similarly, longevity in rock hyrax was associated with lower
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heterogeneity in group member centrality, indicating a benefit for groups in which individuals
were similarly connected to each other (Barocas et al., 2011). In families of great tits, lower
conflict and gregariousness among nestlings was associated with a higher proportion of offspring
surviving to recruit the following year (Royle et al., 2012). Individual position within the social
network can also predict important components of fitness. For example, male forked fungus
beetles had more successful copulations the more central he was in his network (Formica et al.,
2012), and early-life social network position was related to the probability of a male long-tailed
manakin ascending in status on a lek later in life (McDonald, 2007).
In this study, we used social network analysis of replicate networks to test the effect of
network- and individual-level social variation on egg laying and male reproductive success in
harems of bluebanded gobies (Lythrypnus dalli). This highly social, sex changing fish forms
linear social hierarchies of a large, dominant male and multiple subordinate females. The male
reproduces with each female in the harem, and he provides sole parental care for the eggs until
they hatch. Lythrypnus dalli is a useful model for this research for a number of reasons. First,
agonistic and reproductive behavior has been well-characterized from replicate social groups in
both the laboratory (Pradhan et al., 2014; Reavis and Grober, 1999; Rodgers et al., 2007;
Solomon-Lane et al., 2014) and in the field (Behrents, 1983; Lorenzi, 2009). Social behavior in
the laboratory parallels that of semi-natural field social groups (Black et al., 2005). Second,
females routinely lay eggs and males readily parent in the laboratory. As a result, multiple
aspects of reproduction can be directly measured, including the number of eggs laid, the number
of clutches laid, average clutch size, hatching success, and the total number of eggs hatched, our
best measure of male reproductive success. Third, a previous study demonstrated that agonistic
behavior at multiple levels of the social hierarchy was significantly associated with male
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reproductive success (Solomon-Lane et al., 2014). These data suggest that L. dalli social
network structure may differ considerably between reproductively successful and unsuccessful
males.
We have previously shown that frequent agonistic interactions among L. dalli in a harem
are detrimental to male reproductive success. Although we did not identify the specific pattern
of interactions responsible for the reproductive effect, our data implicated female agonistic
behavior, not male behavior, in the effect on male reproductive success (Solomon-Lane et al.,
2014). Together, these data suggest that social structure, as well as individual position in the
social network, may predict reproductive output. In this study, we formed 34 replicate social
groups, observed agonistic behavior, and quantified reproduction over 14 days. We first tested
the hypothesis that social network density, a measure of interaction frequency, is negatively
associated with male reproductive success, as in the previous study (Solomon-Lane et al., 2014).
Second, we hypothesized that network reciprocity is associated with reproduction. High
reciprocity indicates that a high proportion of interactions between individuals are reciprocated.
While high reciprocity is predicted in an egalitarian society, social hierarchies are characterized
by asymmetrical agonism and low reciprocity (Croft et al., 2008; Drews, 1993). Third, we tested
the hypothesis that female social network position is important for male reproductive success,
and more so than male network position.
The final component of our study explores a role for systemic hormones in association
with social network structure, individual social network position, and reproduction. Few social
network studies have incorporated physiological measures or manipulations to elucidate
mechanisms underlying the causes and consequences of social network dynamics (e.g., Hansen
et al., 2009; Maguire et al., 2013). For example, Maguire et al. (2013) demonstrated that altering
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female song preference using neural lesions resulted in social and reproductive changes across
the flock (Maguire et al., 2013). We chose to investigate neuroendocrine correlates of social
networks because steroid hormones can be reciprocally related to both social interaction and
reproduction (Adkins-Regan, 2009; Oliveira, 2009; Wingfield et al., 1990), the foci of our study.
While hormone-behavior relationships are well-studied in a wide variety of species and social
contexts, the utility of social network-hormone relationships has not been established.
Additionally, natural co-variation among endocrine, reproductive, and behavioral factors can
provide insight into their function and connections. Here, we take a general approach to
identifying patterns of association of behavior and reproduction with hormones. We chose to
measure systemic cortisol, 11-ketotestosterone (KT), a potent fish androgen, and estradiol (E2)
in a subset of males, alphas, and betas because these steroid hormones are implicated
mechanistically for both behavioral and reproductive processes. Neuroendocrine regulation in L.
dalli has been extensively investigated in multiple tissues and ethologically-relevant social
contexts (Lorenzi et al., 2008; Lorenzi et al., 2012; Pradhan et al. in press; Rodgers et al., 2006),
providing a solid foundation for this study of hormones and social network analysis.

3.3

Methods

3.3.1 Study species
Lythrypnus dalli is a small (adult standard length (SL) 18-50 mm), marine fish that
undergoes socially regulated, bidirectional adult sex change (Reavis and Grober, 1999; Rodgers
et al., 2007). This species lives on rocky reefs in the Pacific Ocean, from Morro Bay, California
to as far south as the Galapagos Islands, Ecuador (Béarez et al., 2007; Miller and Lea, 1976).
Reproduction occurs between April and September, during which time the population is female-
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biased (Drilling and Grober, 2005; Wiley, 1976). Under natural conditions, L. dalli lives in
mixed-sex social groups of varying sizes, from small, isolated groups (3-10 fish; similar in size
to laboratory groups) to aggregations that reach densities of 120 fish/m2 (Steele, 1996). Males
are territorial, reproduce with a harem of females, and provide sole parental care for the eggs (St.
Mary, 1993). High ranking females tend to be highly site attached, while lower ranking females
move more frequently among male territories (Lorenzi, 2009).
We collected L. dalli from reefs offshore of Santa Catalina Island, California during the
reproductive season (July, California Fish and Game permit no. SC-11879). The fish were
brought immediately to a holding tank (197 L, 60 x 94 x 35 cm) at the Wrigley Institute for
Environmental Studies (Catalina Island, University of Southern California). The holding tank
and water tables for the social groups were continuously supplied with natural seawater and
exposed to a natural light cycle. We fed the fish brine shrimp twice a day. To form social
groups of specific sizes and sex ratios, we briefly anesthetized the fish in tricaine
methanesulfonate (MS-222; 500 mg/L salt water) before measuring SL and determining sex
based on genital papilla morphology (St. Mary, 1993). We then established 34 social groups of 4
fish each: 1 large male and 3 females of varying sizes. These laboratory social groups of 1 male
and 3 females are comparable in size, sex ratio, and density to social groups naturally found on
the reef (Lorenzi, 2009).
All fish were at least 3 mm SL smaller than the next largest fish to facilitate the rapid
establishment of social status (Reavis and Grober, 1999). We refer to the dominant female as
“alpha,” the middle-ranking female as “beta,” and the most subordinate female as “gamma.”
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3.3.2 Quantifying reproduction
In each social group, males were given a PVC tube “nest” (15.2 cm length, 1.9 cm
diameter). Females lay eggs in a single layer on a sheet of acetate lining the inside of the nest
tube, and males externally fertilize the eggs and then care for them until hatching. Eggs develop
over 6 days, and after hatching, the planktonic larvae leave the tanks through the flow-through
water system. We checked the nest tube once daily, at the same time each morning, for the
presence or absence of eggs. If eggs were present, we removed the acetate sheet from the nest
tube and took a digital picture. Within 3 minutes, we returned the eggs to the nest, and males
immediately resumed parenting. We used ImageJ software (Rasband, W.S., ImageJ, U.S.
National Institutes of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997-2012) to count
the total number of eggs laid in the male’s nest (“new eggs”) and the total number that hatched
(“hatched eggs”). New eggs were counted the first day they appeared in the nest. Because the
number of hatched larvae cannot be directly quantified, we used the number of eggs in the nest
on day 6 as the number of hatched eggs. All of these eggs were fertilized and had developed to
the eyed stage. We calculated hatching success by dividing the number of eggs hatched by the
number of eggs laid. We also recorded visual estimates of female gravidity each morning before
the fish were fed. Gravid L. dalli females have very noticeable bulging from hydrated eggs in
their ovaries; therefore, we scored females categorically from 0 to 3 based on the degree of
lateral bulging: 0: not gravid (no bulging); 1: slightly gravid (slight, noticeable bulging); 2:
gravid; and 3: very gravid.
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3.3.3 Agonistic behavioral observations
We observed agonistic behavior 3 times during the experiment, beginning at least 5 days
after groups were formed to ensure that the hierarchy was stable (Reavis and Grober, 1999). All
behavioral observations were conducted in the morning and lasted for 10 min per group. The
analyses presented focus on asymmetrical agonistic interactions including approaches, when one
fish swims directly towards another fish within 2 body lengths, and displacements, a response to
an approach in which the approached fish swims away. Displacements are a measure of
aggression, and being displaced is a signal of submission by subordinates (Rodgers et al., 2007).
Approaches and displacements are easily quantified in lab and field L. dalli social groups (Black
et al., 2005; Rodgers et al., 2007) and are frequently quantified in other social animals (Aragón et
al., 2006; Cronin and Field, 2007; Evers et al., 2011; Graham and Herberholz, 2008; Sneddon et
al., 2006; Sommer et al., 2002). From these behavior data, we calculated agonistic efficiency as
the proportion of approaches that led to a displacement (displacements / approaches) (SolomonLane et al., 2014). Behavior from the 3 observations were averaged and are presented as
behaviors per min.

3.3.4 Social network analysis
Average approaches and displacements per minute were used to create approach and
displacement networks for social network analysis. Networks represent all of the interactions
among individuals in the social group. Within a network, the connections (edges or ties)
between individuals (nodes) were directional to indicate that one fish initiated an interaction with
another fish, and the edges were also weighted to represent the frequency of interactions. We
then calculated five social network measures: density and reciprocity are network-level
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measures, and out-degree, in-degree, and power are individual-level measures. Density is the
sum of the value of all of the edges in a network (edge value is higher between individuals that
interact frequently) divided by the number of possible edges. Therefore, density is the average
strength of connections across all possible connections (Croft et al., 2008). Density is directly
related to the total number of approaches and displacements in a social group, a measure
previously found to be negatively associated with reproduction in L. dalli social groups
(Solomon-Lane et al., 2014). Reciprocity is the ratio of the number of pairs within a social group
with a reciprocated edge relative to the number of pairs that have any edge connecting them. In
a social hierarchy, agonism (e.g., displacement) is more likely to be asymmetrical because
dominants easily displace subordinates but subordinates rarely displace dominants; therefore,
reciprocity is predicted to be low (Borgatti et al., 2002; Croft et al., 2008). Out-degree is the sum
of directional edges (number and weight) originating at a node (e.g., male) and directed to other
group members (e.g., alpha, beta, gamma). In-degree is the sum of directional edges (number
and weight) directed at a single node originating from other group members. Power relates
conceptually to in- and out-degree, which describe individual centrality or connectedness, and
increases if an individual is well connected to individuals that are also well connected.
Social networks were analyzed using UCINET software. Density was calculated as the
“average value” within the “density overall” function, reciprocity was calculated as “hybrid
reciprocity” within the “reciprocity” function, and power was calculated as normalized power
(attenuation=0.5). In-degree and out-degree were calculated using the “degree” function within
the “degree and centrality” command (Borgatti et al., 2002).
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3.3.5 Quantifying systemic hormones
We collected water-borne hormones (systemic) from a subset of fish two times, both on
days that agonistic behavior was also observed (males: ntimes 1&2=10; alphas: ntime 1=19, ntime 2=20;
betas: ntime 1=9, ntime 2=10). All behavior observations were conducted in the morning (between 9
am and 12 pm), and hormones were collected from 2:30-3:30 pm. To collect water-borne
hormones, we gently removed all of the fish from a group using hand nets and placed them
individually in 200 mL polypropylene beakers containing 100 mL of fresh salt water. All
beakers were washed with soap and water, sterilized with ethanol, and rinsed with fresh and salt
water before use. After 1 hour, we removed the fish from the beakers and returned them to their
home tanks. Previous studies have shown that removing fish from their social groups for 1 hr to
collect water-borne hormones does not disturb the social dynamics of the group (e.g., Lorenzi et
al., 2012).
Water-borne steroid extractions were conducted in two phases and measured as in
Lorenzi et al. (2008). First, steroids were immediately extracted from the water sample using 3
cc Sep-Pak Vac C18 columns (Water Associates, Milford, MA, USA). We parafilmed both ends
of the C18 column and stored columns at -20˚C. We then shipped the columns to Georgia State
University (Atlanta, GA). There, we eluted steroids from the columns into 13 x 100 mm
borosilicate test tubes with two consecutive washes of 2 mL HPLC-grade methanol. The
samples were maintained at 37˚C (water bath) while the eluted solvent was evaporated by a
constant, gentle stream of nitrogen directed to the samples through an evaporating manifold. We
then resuspended the hormone pellet in 900 μL of 5% EtOH, 95% enzyme immunoassay (EIA)
buffer from the Cayman Chemical EIA kits (Ann Arbor, MI, USA). We used specific EIAs to
measure 11-ketotestosterone (KT), estradiol (E2), and cortisol. We completed the assay
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according to the supplied instructions, and all samples were assayed in duplicate. We read the
plates 90, 105, 120, and 135 min following the addition of the developing reagent (Ellman’s
reagent). We chose to analyze data based on the accuracy of the standard curves (11KT: 135
min, r2=0.97, r2=0.99; cortisol: 120 min, r2=0.96, 105 min r2=0.98; E2: 120 min, r2=0.98, 135
min, r2=0.98). The data are presented as pg/sample (pg/mL multiplied by 0.9 mL, the volume of
the resuspended sample).

3.3.6 Data analysis
Statistics were performed with JMP v11. Values presented in the text are means ±
standard error of the mean (SEM), and tests were considered significant at p<0.05. We used
linear regression analysis to test for associations between reproductive measures (e.g., new eggs,
hatching success, hatched eggs); between social network measures / agonistic behavior and
reproductive measures; and between hormones and social network measures. One-way ANOVA
was used to test for status differences in gravidity, and Tukey’s HSD test was used to post hoc
analysis of significant ANOVA results. Status differences in agonistic efficiency were analyzed
non-parametrically using a Kruskal-Wallis test. Because individual social network measures are
correlated within a social group, we used a factor analysis to reduce the number of variables to
the underlying latent factors. We used a varimax (orthogonal) rotation to maximize our ability to
associate a particular agonistic measure with just one of the 4 estimated latent factors. In the
factor analysis, we included out-degree, in-degree, and power for male, alpha, beta, and gamma.
All social network measures included in the factor analysis were calculated on approach (not
displacement) networks. To correct for the number of linear regressions used to identify
associations between social network measures / agonistic behavior with reproduction, we applied
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a Benjamini Hochberg correction to control for false discovery rate (Benjamini and Hochberg,
1995). We corrected for multiple tests with new eggs (7), hatching success (13), and hatched
eggs (8). We report adjusted p-values in the results and figures. One outlier was excluded from
analyses of new eggs (0 eggs laid) and hatching success (0% hatching success). Both social
groups were excluded from analyses of hatched eggs.
We chose to analyze general patterns of behavioral and reproductive associations with
hormones rather than focusing on the presence or absence of a few, noteworthy associations. We
first conducted a battery of regressions analyses (see below) to identify significant associations
between hormones and 1) social network measures, 2) gravidity, and 3) reproduction. Next, we
calculated the proportion of associations for each of the three categories that were significant
(p<0.05), or for which there was a trend (0.05≤p≤ 0.10). For these associations, we then
calculated the proportion of 1) associations with cortisol vs. KT vs. E2; 2) associations with male
vs. alpha vs. beta hormones; and 3) positive vs. negative associations. Using these data, we draw
general conclusions about behavioral and/or reproductive roles of cortisol, KT, and E2 and
present hypotheses to be tested in future studies.
Our analyses included all possible hormone-social network combinations for approach
network density, displacement network reciprocity, and approach network power, in-degree, and
out-degree for male, alpha, beta, and gamma (144 regressions). For gravidity, we included
alpha, beta, and gamma gravidity in association with male, alpha, and beta cortisol, KT, and E2
(27 regressions). For reproduction, we included new eggs, hatching success, hatched eggs,
average clutch size, and the number of clutches laid in association with male, alpha, and beta
cortisol, KT, and E2 (45 regressions). We chose to include associations of an individual’s
hormone levels with their social network position / gravidity as well as with the social network
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position / gravidity of group members because hormones can respond to their social and
reproductive context (e.g., Kidd et al., 2013).

3.4

Results

3.4.1 Reproduction and female reproductive state
Over 14 days, a total of 106,443 eggs were laid in 33 of 34 social groups. The maximum
number of clutches laid in one social group was 6 (3.68 ± 0.23), and clutch size ranged from 319
to 2,333 eggs (892.5 ± 62.8). Excluding the group in which no eggs were laid, there was a
significant, negative association between the number of clutches laid and average clutch size
(p=0.0079, r2=0.21). The number of new eggs laid in a group was not associated with the
hatching success of those eggs (p=0.43), but both reproductive variables (eggs laid: p<0.0001,
r2=0.67; hatching success: p<0.0001, r2=0.48) were necessarily associated with the number of
eggs hatched because new eggs*hatching success=eggs hatched. Hatching success ranged from
0 to 100% (66.1 ± 3.7%), and the number eggs hatched ranged from 0 to 4,995 eggs (2106 ±
189.8).
There were significant differences across social statuses in average female gravidity score
(0-3) (one-way ANOVA: F2,99=22.75, p<0.0001). Post hoc analysis showed that alpha and beta
gravidity did not differ (p=0.84), but both alphas (p<0.0001) and betas (p<0.0001) were
significantly more likely to appear gravid than gammas (Fig 3.1A). Average beta gravidity was
significantly and positively associated with the number of eggs laid in a social group (p=0.018,
r2=0.16) (Fig 3.1B), but neither alpha gravidity (p=0.59) nor gamma gravidity (p=0.48) was
associated with new eggs.
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3.4.2 Agonistic behavior was an important predictor of reproduction
Density was significantly and negatively associated with the total number of eggs hatched
in a social group within both approach (p=0.023, r2=0.20) and displacement social networks
(p=0.015, r2=0.28) (Fig 3.2A), our best experimental measure of male reproductive success.
Approach network reciprocity was not associated with hatched eggs (p=0.31), but there was a
significant, negative association between displacement network reciprocity and hatched eggs
(p=0.04, r2=0.16) (Fig 3.2B). Both new eggs and hatching success contribute to the number of
eggs hatched in a group; therefore, we next tested for associations with these components of
male reproductive success. Displacement network reciprocity was negatively associated with
hatching success (p=0.013, r2=0.23), but not the number of eggs laid (p=0.71).
Individual position within a social network is necessarily dependent on group members;
therefore, some values of male, alpha, beta, and gamma in-degree, out-degree, and power should
be correlated within a group. We used factor analysis to reduce the number of variables to the
underlying latent factors. The analysis resulted in the identification of 4 latent factors that
together accounted for 80.65% of the variance. Both factor 1 (p=0.046, r2=0.16) and factor 3
(p=0.030, r2=0.22) were significantly and negatively associated with the number of eggs hatched
in a social group. Neither factor 2 (p=0.50) nor factor 4 (p=0.19) were associated with hatched
eggs. We next tested for associations with new eggs and hatching success, the components of
male reproductive success. Factor 1 was significantly and negatively associated with the number
of eggs laid in a social group (p=0.039, r2=0.22) (Fig 3.3A) but not hatching success (p=0.94).
Factor 3 was significantly and negatively associated with hatching success (p=0.016, r2=0.25)
(Fig 3.3B) but not the number of new eggs (p=0.24). Only male and alpha social network
measures loaded on factor 1, including male and alpha out-degree; male and alpha power; and
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alpha in-degree. Factor 3 included alpha and gamma out-degree; and male, beta, and gamma indegree (Table 3.1).
Only male and alpha social network measures contributed to factor 1; therefore, we tested
whether dyadic interactions between male and alpha underlie the association with new eggs.
Following correction, there were no associations between male approaches to alpha and new
eggs (p=0.32) or between alpha approaches to male and new eggs (p=0.23). The association
between factor 3 and hatching success implicates agonism initiated by alpha and gamma and
received by male, beta, and gamma. Alpha approaches and displacements to beta were
significantly and negatively associated with hatching success (approaches: p=0.014, r2=0.24;
displacements: p=0.014, r2=0.23) (Fig 3.4A). Gamma approaches (p=0.014, r2=0.27) and
displacements to beta (p=0.0013, r2=0.46) were also negatively associated with hatching success
(Fig 3.4B). There were trends for negative associations between alpha approaches and
displacements to gamma and hatching success (approaches: p=0.076, r2=0.13; displacements:
p=0.076, r2=0.13) (Fig 3.4C), but gamma approaches (p=0.19) and displacements to alpha
(p=0.75) were not associated with hatching success. Neither alpha (p=0.71) nor gamma
approaches to the male (p=0.60) were associated with hatching success.
Although subordinates (e.g., gammas) can displace more dominant fish (e.g., betas),
significant status differences in agonistic efficiency (the proportion of approaches that lead to
displacement) demonstrate that L. dalli social groups are linear hierarchies (Kruskal-Wallis:
H=83.43, d.f.=3, p<0.0001). Post hoc analyses show that male agonistic efficiency was
significantly higher than betas (p<0.001) and gammas (p<0.001) but not alphas (p>0.05). Alpha
(p<0.001) and beta (p<0.001) agonistic efficiency was significantly higher than gammas, but
alpha did not differ from beta (p>0.05) (Fig 3.4D).
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3.4.3 Hormones, social networks, and reproduction
Overall, the percentage of relevant associations with cortisol, KT, or E2 was very low
(Fig 3.5A), even when including trends (< 15%) (Fig 3.5B). Comparing across associations with
social network measures, gravidity, and reproduction, the different hormones were not equally
important. Associations with cortisol were overrepresented for social network measures, and the
majority of the associations (p<0.1) involved male (40%) or beta (47%) hormone levels. The
few associations with KT were significant (p<0.05), while the associations with E2 were trends
(p<0.1). There was a relatively even split between positive (60%) and negative (40%)
associations with social network measures. For gravidity (p<0.05), the sex steroids KT and E2
were evenly represented, and there were no associations with cortisol. Alpha hormone levels
accounted for half (50%) of the associations, and the others involved the male (25%) and beta
(25%). Half (50%) of the associations were positive, and all involved alpha hormone levels.
There were no associations with gamma gravidity. For measures of reproduction, E2 was
overrepresented for significant associations (66%, p<0.05), but the hormones were evenly
represented for p<0.1 (33%). Beta hormone levels accounted for half (50%) of the relevant
associations (p<0.1), and the others involved the male (33%) and alpha (17%). The majority of
hormone associations with reproduction were negative (83%).

3.5

Discussion
In this study, we use replicate social networks of L. dalli to demonstrate that social

network structure is closely tied to reproduction, including male reproductive success (Fig 3.2).
Overall, fewer eggs hatched in high density social networks (Fig 3.2A), similar to a previous
study (Solomon-Lane et al., 2014). We show here for the first time in L. dalli that a specific
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network pattern of agonism is responsible. Males were more successful in social groups that
experienced low aggressive (displacement) reciprocity (Fig 3.2B). Hierarchies are defined
behaviorally by asymmetrical agonism in which dominants displace subordinates but
subordinates do not displace dominants (Drews, 1993). The variation in reciprocity in this study
demonstrates that, although a linear hierarchy is maintained, 1) subordinates can and do displace
more dominant fish and 2) this action has reproductive consequences. Reciprocity described the
most variation in hatching success, and factor analysis revealed a set of individual measures of
social network position that elucidate this connection. Factor 3 was negatively associated with
hatching success (Fig 3.3B) and only included measures of in-degree and out-degree (Table 3.1),
which suggests that directed, dyadic agonism might be important. Hatching success was lower
in social groups in which beta was targeted agonistically by alpha and gamma (Fig 3.4A,B).
Gamma displacements of beta explained almost half of the variation in hatching success (Fig
3.4B) and, as a subordinate displacing a dominant, contributed to the higher reciprocity in these
groups. Using different analytical methods, alpha and gamma agonism were also identified as
central to male reproductive success in our previous study (Solomon-Lane et al., 2014).
Social network analysis also provided insight into egg laying, which is first required for
the male to have any reproductive success. Similar to other goby species with nesting males (Ito
and Yanagisawa, 2006), there was a trade off in this study between the number of clutches laid
and the average size of the clutches. Although we were unable to assign individual clutches to
specific females, our data support a different reproductive role for females of different statuses
(e.g., Ang and Manica, 2010). Factor analysis revealed that only individual measures of male
and alpha social network position were associated with total number of new eggs laid in a male’s
nest (Fig 3.3A, Table 3.1). Simple dyadic interactions between the two dominant members of
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the group were not sufficient to explain the association between factor 1 and new eggs. This
demonstrates that, unlike factor 3, for which dyadic interactions were illuminating, social
network analysis provides unique insight into social dynamics and reproduction (Formica et al.,
2012).
As the only female identified in association with egg laying, these data also suggest that
alpha contributes the most reproductively. Alphas are frequently observed to be gravid (Fig
3.1A), and the absence of an association between gravidity and new eggs suggests that the timing
of alpha egg-laying is disassociated, in part, from reproductive state. Dominant female fish often
lay more frequently than subordinates (Ang and Manica, 2010; Heg, 2008), and alphas may time
their egg laying to maximize their own success. For example, female gobies of other species
prefer not to lay eggs in an empty nest because subsequent spawning females often eat eggs
while laying their own (Forsgren et al., 1996; Okuda et al., 2002). Alpha social network position
may also influence subordinate female reproduction. Although male reproductive success is
maximized by reproducing frequently with each female in the harem, alpha’s reproductive
strategy may conflict with the male’s (e.g., Fedigan et al., 2008).
Betas and gammas appear to serve a different reproductive role than alpha, which is
common in a social hierarchy (Ellis, 1995). Although betas appeared gravid as frequently as
alphas, on average (Fig 3.1A), beta gravidity was positively associated with new eggs (Fig 3.1B).
Alpha gravidity was not. Female L. dalli can lay eggs even when they do not appear to be
gravid, but beta laying may be more entrained to her reproductive state. If betas lay less
frequently than alphas, the betas that do contribute reproductively may appear more gravid for
longer as they wait for the opportunity to lay. Despite the importance of agonism targeted to
beta in this study, the connection to hatching success rather than egg laying suggests it may not
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serve the male to restrict beta’s spawning opportunities. Gammas likely contribute the least to
male reproductive success based on their size, status, and significantly lower average gravidity
(Fig 3.1A). These data implicate physiological reproductive suppression (e.g., Barrett et al.,
1993; Clarke and Faulkes, 2001; Fitzpatrick et al., 2008; White et al., 2002); however, we do not
think the suppression is complete (e.g., Heg, 2008; Westhuizen et al., 2006) because some
gammas did appear gravid. Ultimately, quantifying individual female egg laying will be
necessary to determine how status, social network structure, and individual social network
position impact female reproductive success.
The strong connections between hatching success and both social network reciprocity and
female agonism (Fig 3.3, 3.4) have led us to reconsider the simplistic narrative that gravid
females lay eggs in the male’s nest, after which the male is solely responsible for the proportion
of eggs that hatch. While it is clear that male parenting behavior and nest defense is critical to L.
dalli reproductive success (Behrents, 1983; Pradhan et al., 2014), as well as other nesting male
fishes (Karino and Arai, 2006), our data indicate that females can influence post-spawning
success (Mitchell, 2003). Across the distribution of hatching success, we see that most males
effectively maintain the majority of their eggs through hatching. The subset that suffered from
substantial egg loss were males in groups with the highest reciprocity. Whether the best males
were less affected by female agonism or whether females were not highly agonistic in the
presence of the best males remains unknown. It is also possible that this social context impacts
female or male physiology such that eggs and/or parenting are of lower quality (e.g., Mingist et
al., 2007). It will be important to test this connection between reciprocity and hatching success
in the field, where male nests are separated from the females and subordinates can be evicted
from the group (e.g., Hamilton and Taborsky, 2005).
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In general, our data support the hypothesis that there may be a fitness benefit across
species when the idealized expectations for social structure are met. For example, degus are
pluralistic breeders that exhibit communal offspring care. Strong associations among females
did not benefit reproductive success, but increased variation in association strength among group
members was associated with lower pup production. Thus, when interactions were more equal
among females, they experienced higher success (Wey et al., 2013). Similarly for rock hyrax,
which are also pluralistic breeders, variation in group member centrality was detrimental to
longevity (Barocas et al., 2011). For both species, when an ideally egalitarian society meets those
expectations, group members benefit. Our data demonstrate that in a species expected to be
hierarchical, adhering strictly to the social rules (i.e., low reciprocity) benefits male reproductive
success. Whether heterogeneity in group member network position is beneficial or detrimental
to fitness depends on the social organization of the species.
Steroid hormones have a highly conserved mechanistic role in the regulation of both
agonistic behavior and reproduction. Hormones also respond to social interactions and changes
in reproductive state (Remage-Healey and Romero, 2000; Wingfield et al., 1990). Overall, we
identified relatively few steroid hormone associations with behavior and reproduction in this
stable social context (Fig 3.5), which is consistent with data demonstrating more associations in
unstable contexts (Almeida et al., 2014; Wingfield et al., 1990), including in L. dalli (Lorenzi et
al., 2012). We took a general approach to identifying whether cortisol, KT, and E2 were
involved in a reproductive and/or behavioral capacity. Our data suggest that stable social
networks affect or are affected by cortisol (Fig 3.5). The hypothalamic-pituitary-adrenal
(interrenal in fish; HPA/I) axis is implicated in the control of agonistic behavior across species
(Denver, 2009; Lovejoy and Balment, 1999; Øverli et al., 2004; Pottinger and Carrick, 2001),
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and elevated glucocorticoids can indicate social stress related to social status and interactions
(Creel, 2001; Sapolsky, 2005). In our study, most of the associations involved male and beta
cortisol, and levels were associated primarily with the social network position of another
individual. Therefore, we hypothesize that social network dynamics lead to individual variation
in cortisol.
11-ketotestosterone may also play a behavioral role (Fig 3.5), and the relevant
associations we identified were all negative. Androgens have a conserved role in facilitating
reproductive season aggression, can increase in response to agonistic challenges (Wingfield et
al., 1990; Wingfield et al., 2001), and often decrease in response to stress (Schreck, 2010). Here,
KT levels could reflect agonism encountered in the social network; however, additional
connections with both gravidity and reproduction suggest multiple influences for systemic KT
(Fig 3.5). Only the classic sex steroids, KT and E2, were associated with L. dalli gravidity.
While E2 may have a straightforward role promoting female reproductive function (Brooks et
al., 1997; Ramsey et al., 2011), androgens also fluctuate during the female reproductive cycle in
fish (Kidd et al., 2013; Sisneros et al., 2004). Male androgens can also respond to changes in
female reproductive state (Kidd et al., 2013). Finally, we have evidence that all three steroid
hormones vary with reproduction in the social group (Fig 3.5). This finding was not surprising
given they are all critical to reproductive biology. To identify a causal role for hormones in
behavior and reproduction, hormones should be manipulated systemically and in the brain
(Solomon-Lane et al., 2013).

58

3.5.1 Conclusions
In this study, we show that reciprocity, a social network structure characteristic of social
hierarchies, is negatively associated with male reproductive success across replicate social
groups of L. dalli. These data provide a critical foundation for testing hypotheses about how this
optimal social structure is achieved and maintained, as well as the behavioral and neuroendocrine
mechanisms that link social structure and individual social network position to reproductive
success. For example, although dominants may exert disproportionately strong influence over
their social groups, subordinates in this study and others (Hamilton and Ligocki, 2012) have an
important role influencing the broader social group dynamics. Systematic manipulations of
social group members (e.g., Hamilton and Ligocki, 2012) and neuroendocrine manipulations
(e.g., Pradhan et al., 2014) can both be used with L. dalli to uncover how individuals contribute
to social network structure. Finally, incorporating neurophysiological measures and
manipulations (e.g., Hansen et al., 2009; Maguire et al., 2013) into studies of social network
dynamics and reproduction will be critical to developing and testing robust hypotheses about the
complex control of fitness in social species.
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Table 3.1: Rotated factor loading for factor analysis of social group agonism
Agonistic measure

Factor 1

Factor 2

Factor 3

Factor 4

Male out-degree
Male power
Alpha in-degree
Beta out-degree
Beta power
Alpha out-degree
Gamma in-degree
Beta in-degree
Male in-degree
Alpha power
Gamma power
Gamma out-degree

0.9357
0.8317
0.6453
0.0338
-0.1617
-0.4520
-0.0821
0.1792
-0.2459
-0.8792
-0.1801
-0.1023

-0.2268
-0.3112
0.4782
0.9814
0.8372
0.0098
0.5743
-0.0555
0.1152
-0.1489
0.0358
0.1204

0.0299
-0.1861
0.1663
0.1883
-0.1038
0.8910
0.7126
0.6849
0.3712
0.2764
0.0269
0.4682

-0.1877
-0.1760
-0.0923
0.0030
0.1577
0.0408
0.0601
0.1671
0.2177
0.0179
0.9337
0.8694

Social network analysis of approach networks was used to calculate male, alpha, beta, and
gamma out-degree, in-degree, and power. The agonistic measures that contribute significantly to
each factor are bolded. Factors in bold are significantly associated with reproduction in the
social group.
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Figure 3.1: Gravidity in stable social groups. A) Status differences in gravidity score (0-3,
non-gravid to very gravid) averaged over 14 days. Different letters indicate significant
differences (p<0.05). B) Association between average beta gravidity score and the number of
eggs laid in the social group.
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Figure 3.2: Associations between social network structure and reproduction. A)
Associations between approach network and displacement network density with the number of
eggs that hatched in a social group. B) Association between reciprocity, calculated from
displacement networks, and the number of eggs that hatched in a social group.
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Figure 3.3: Associations between reproduction and latent factors underlying male, alpha,
beta, and gamma in-degree, out-degree, and power. A) Association between factor 1 and the
number of eggs laid in a social group. B) Association between factor 3 and hatching success
(number of eggs laid / number of eggs hatched; %).
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Figure 3.4: Associations between hatching success (%) and dyadic agonistic interactions:
A) alpha approaches and displacements to beta, B) gamma approaches and displacements to
beta, and C) alpha approaches and displacements to gamma. Approaches shown in black
squares; displacements shown in grey triangles. D) Status differences in agonistic efficiency
(approaches/displacements; %). Horizontal lines show the mean. Different letters indicate
significant differences (p<0.05).
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Figure 3.5: Proportion of relevant associations with hormones in stable social groups. A)
Proportion of significant (p<0.05) associations between hormones (cortisol, KT, E2) and social
network measures (density, reciprocity, in-degree, out-degree, and power); gravidity (alpha, beta,
and gamma); and reproduction (new eggs, hatching success, hatched eggs, average clutch size,
and number of clutches laid). B) Proportion of associations that were significant (p<0.05) and
for which there was a trend (0.05<p<0.10) between hormones and social network measures,
gravidity, and reproduction.
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4

UNRAVELING THE RECIPROCAL CONNECTIONS AMONG HORMONES,
BEHAVIOR, AND REPRODUCTIVE STATE: A TEST IN THE BLUEBANDED
GOBY (LYTHRYPNUS DALLI)

4.1

Abstract
Connections between social behavior and reproduction are nuanced and reciprocal in social

species. For example, the reproductive and neuroendocrine state of females can affect patterns
of interactions within groups. Bluebanded gobies (Lythrypnus dalli) form linear hierarchies of
one dominant male and multiple subordinate females, and reproductive success is associated
with patterns of agonistic interaction within the hierarchy. To test the effects of reproductive
state on agonistic behavior, we formed social groups with females of different reproductive
states: the highest (alpha) and middle-ranking females (beta) were either very gravid or not
gravid. Gravidity had a status-specific effect on L. dalli social networks. In the presence of a
gravid beta (but not alpha), males had higher and betas had lower power, a measure of the
centrality within the social network. Males also interacted more with gravid betas. Within 48
hours, females had laid eggs in 41% of groups. 73% of the layers were alphas, indicating an
advantage for social dominance. Interestingly, we identified no social network differences
between social groups with eggs and those without. Alpha and beta females in social groups
with eggs had significantly lower systemic cortisol levels. Specifically, females that laid eggs
had lower systemic and ovarian cortisol than gravid females that did not lay during the course of
this experiment, suggesting a conserved reproductive role for cortisol. These data demonstrate
that reproductive state can cause social network and behavioral changes, with correlated changes
in hormones, in a highly social, group-living species.
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4.2

Introduction
In social species, reproduction is inextricably linked to social structure. The effects of

social behavior and status on reproductive success have been investigated in a diversity of
species. Social status, for example, is one of the strongest mediators of reproductive success
across species (Ellis, 1995; Wilson, 1980). Dominants may gain higher reproductive success by
suppressing subordinate reproduction (Barrett et al., 1993; Clarke and Faulkes, 2001; Fitzpatrick
et al., 2008; White et al., 2002), monopolizing mating opportunities, and producing more viable
offspring (East and Hofer, 2001; Heg and Hamilton, 2008; Henry et al., 2013; Robbins et al.,
2007; Smuts and Smuts, 1993; Trunzer et al., 1999; van Noordwijk and van Schaik, 1999;
Young et al., 2006). However, reproductive factors also feedback on the social environment.
For example, some social interactions, such as play behavior, only occur when reproductively
immature (Panksepp, 1981; Wommack and Delville, 2007); seasonal transitions from nonbreeding to breeding, as well as temporal progression through the breeding season itself, are
often characterized by changes in aggression (Cant et al., 2006; Oliveira, 2009; Wingfield et al.,
1990); and for an individual, there can be social trade-offs that result from reproductive
commitments to behaviors such as parenting (Wingfield et al., 1990).
To uncover the nature of the reciprocal connections between reproduction and sociality, we
focused in this study on the effects of female reproductive state and reproduction on social group
behavior. Across species, female patterns of social interaction can shift depending on her
reproductive state. For example, gravid female cichlids associate preferentially with territorial
males over the reproductively suppressed non-territorial males (Clement et al., 2004; Kidd et al.,
2013); lactating zebras tended to be leaders in their harems, and harems with lactating females
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tended to lead herds (Fischhoff et al., 2007); and preferred group size varied between gestating
and lactating female long-eared bats (Patriquin et al., 2010). Within a hierarchy, the timing of
aggressive acts can also coincide with specific stages of the female reproductive cycle. For
example, subordinate female banded mongooses are most often evicted from the social group by
dominant females during estrus or late in pregnancy. Evictions of pregnant females resulted in
abortion, after which subordinates were allowed to return to their groups (Bell et al., 2011; Cant
et al., 2010).
Hormones are important mediators of both reproduction and social behavior (e.g.,
Wingfield et al., 1990), and there is evidence for reciprocal connections among all three factors.
In this study, we investigate a role for the glucocorticoid cortisol. The hypothalamic-pituitaryadrenal (interrenal in fish; HPA/I) axis, which regulates the release of cortisol, integrates
important internal and external information in response to environmental stressors, or external
conditions that disrupt or threaten to disrupt homeostasis, and then coordinates behavioral and
physiological responses (Denver, 2009; Lowry and Moore, 2006). Cortisol may mediate the
interaction between reproduction and behavior in multiple, and potentially opposing, ways
(Solomon-Lane et al., 2013). First, glucocorticoids are critical to reproductive physiology, and
across vertebrates, there are similar patterns of fluctuation across reproductive states. For
example, glucocorticoids tend to peak towards the end of pregnancy / just prior to birth in
mammals, around hatching in birds, and around hatching for “large”-egg fish species (reviewed
in Crespi et al., 2013; Wada, 2008). Second, baseline glucocorticoid levels are correlated with
social status across a variety of vertebrate species. In approximately half of these cases,
subordinates are more socially “stressed” than dominants, while the other half show the opposite
pattern (Creel, 2001; Sapolsky, 2005). Third, glucocorticoids are implicated in the regulation of
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agonistic behavior and, as a result, social status (Solomon-Lane et al., 2013; e.g., Pottinger and
Carrick, 2001). Taken together, differences in baseline glucocorticoid levels could vary directly
with reproductive state and/or affect reproduction via associations with behavior or social status.
In a reproductive role, glucocorticoids could facilitate reproduction (Wada, 2008), whereas
cortisol resulting from social stress could inhibit it (Sapolsky, 2005).
In this study, we test the effects of female reproductive state and egg laying on social
behavior in bluebanded goby (Lythrypnus dalli) social groups. This highly social, sex changing
fish forms linear hierarchies of one dominant male and multiple subordinate females. The male
reproduces with each female in the harem, and he provides sole parental care for the eggs until
they hatch (Behrents, 1983; St. Mary, 1993). Lythrypnus dalli is a useful model for this research
for a number of reasons. First, agonistic and reproductive behavior has been well-characterized
from replicate social groups in both the laboratory (Pradhan et al., 2014; Reavis and Grober,
1999; Rodgers et al., 2007; Solomon-Lane et al., 2014) and in the field (Behrents, 1983; Black et
al., 2005; Lorenzi, 2009). Social behavior in the laboratory also parallels that of semi-natural
field social groups (Black et al., 2005). Second, females routinely lay eggs and males readily
parent in the laboratory. As a result, multiple aspects of reproduction can be directly measured,
including the number of eggs laid. Third, neuroendocrine function, in tissue and systemically,
has been thoroughly described for L. dalli in multiple, ethologically-relevant social contexts
(Lorenzi et al., 2008; Lorenzi et al., 2012; Pradhan et al. in press; Rodgers et al., 2006; SolomonLane et al., 2013).
Previous research has provided insight into the associations among reproduction, agonistic
behavior, and cortisol in L. dalli (Solomon-Lane et al., 2014; Solomon-Lane et al., 2013). For
example, there are strong connections between social network structure and reproduction. Social

69

network analysis revealed that networks in which group members interacted more frequently had
males with lower reproductive success. Specifically, networks with higher reciprocity had lower
reproductive output. In high reciprocity groups, dominants displaced subordinates, as is typical
in a social hierarchy, but subordinate members also displaced dominants (i.e., there was more
reciprocated aggression) (chapter 3). It remains unknown whether reproductive patterns lead to
differences in social network dynamics or vice versa. There are also effects of social status on
gravidity, suggesting some subordinate females may be reproductively suppressed (chapter 3).
Previous work also identifies a role for cortisol. Social status causes differences in systemic
cortisol, such that dominant males have significantly lower cortisol than subordinate females
(Solomon-Lane et al., 2013). In stable social groups, systemic cortisol was associated with
multiple social network and reproductive measures (chapter 3). Together, these data clearly
show interactions among social behavior, reproduction, and cortisol; however, the direction of
cause and effect has not been established.
To test the effect of reproductive state and egg laying on social behavior and cortisol, we
formed social groups with either gravid or non-gravid females in specific social statuses. We
then quantified agonistic interactions among all fish in the social group and measured cortisol
systemically and in the ovary. Forming social groups with gravid females also primed some
females to lay eggs, allowing for an additional comparison between groups with and without
eggs. We hypothesized that social network structure and individual position in the social
network would be affected by both female reproductive state and egg laying. In particular, we
predicted there would be differences in social network density, a measure of interaction
frequency, and reciprocity based on previous, significant associations with reproduction (chapter
3). If cortisol serves a reproductive role, then cortisol will differ among females in different
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reproductive states. If cortisol affects or is affected primarily by social context, then cortisol will
be associated with variation in agonistic behavior and/or differ between social statuses.

4.3

Methods

4.3.1 Study organism
Lythrypnus dalli is a small (adult standard length (SL) 18-45 mm), marine fish that
undergoes socially regulated, bidirectional sex change (Reavis and Grober, 1999; Rodgers et al.,
2007). This species is highly social and lives in mixed-sex social groups on rocky reefs in the
Pacific Ocean, from Morro Bay, California as far south as the Galapagos Islands, Ecuador
(Béarez et al., 2007; Miller and Lea, 1976). Under natural conditions, social groups range from
small (3-10 fish) isolated groups of 1 dominant male and multiple subordinate females to larger
aggregations with densities up to 120/m2 (Steele, 1996). Males are territorial and defend an area
that encompasses his harem of females and his nest. High ranking females tend to be highly site
attached while lower ranking females move more frequently among male territories (Lorenzi,
2009). Males reproduce with each female in the harem and provide sole parental care for the
eggs (Behrents, 1983; St. Mary, 1993). Patterns of agonistic interaction in lab social groups
(Reavis and Grober, 1999; Rodgers et al., 2007) parallel those observed in natural social groups
(Black et al., 2005).

4.3.2 Forming social groups; quantifying gravidity and egg laying
We collected L. dalli from reefs offshore of Santa Catalina Island, California during the
reproductive season (July/August, California Fish and Game permit no. SC-11879) using hand
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nets while SCUBA diving. The fish were brought immediately to a holding tank (197 L, 60 x 94
x 35 cm) at the Wrigley Institute for Environmental Studies (Catalina Island, University of
Southern California), where they acclimated for 1 day. The holding tank, and water tables for
the individual social groups, were continuously supplied with natural seawater and exposed to a
natural light cycle. We fed the fish brine shrimp twice a day. The morning after collection, we
formed social groups of 4 fish: 1 large, dominant male and 3 females of varying sizes (n=51)
(Fig 4.2). All fish were at least 3 mm shorter than the next largest fish in order to facilitate the
rapid establishment of social status (Reavis and Grober, 1999). We refer to the dominant female
as alpha, the middle-ranking female as beta, and the lowest-ranking female as gamma.
Females were chosen from the holding tank if they were either very obviously gravid or not at all
gravid. The abdomens of gravid females were visibly distended by the ovaries full of mature
eggs (Fig 4.1A). Females without any distention—the sides of their bodies were parallel—were
considered non-gravid (Fig 4.1B). We grouped females in 4 different gravidity combinations:
control groups in which none of the females were gravid (n=13); “alpha only” groups in which
the alpha was gravid but the beta and gamma were not (n=12); “beta only” groups in which the
beta was gravid but the alpha and gamma were not (n=12); and “alpha & beta” groups in which
the alpha and beta were gravid but the gamma was not (n=14). While social groups were being
organized, fish were placed temporarily in individual 200 mL plastic beakers. Before being
transferred into a tank with their other group members, fish were briefly anesthetized in tricaine
methanesulfonate (MS-222; 500 mg/L salt water) in order to verify sex based on genital papilla
morphology (St. Mary, 1993) and measure SL and mass. Using these SL and mass
measurements, we calculated each female’s mass residual to use as a quantitative assessment of
gravidity. When gravid, females should be relatively heavier for their body length. Our second
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quantitative measure of gravidity was width-to-length ratio, which we calculated from a digital
picture taken of the ventral side of the fish during recovery from anesthesia. We used ImageJ
software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, USA,
http://imagej.nih.gov/ij/, 1997-2012) to measure length (tip of the jaw to the caudal peduncle)
and width (abdominal wall to abdominal wall at the widest part of the body) (see dotted lines in
Figs 4.1A,B). Gravid females should be relatively wider for their length than non-gravid
females, resulting in a higher width-to-length ratio.
While the females were anesthetized, we also injected a small volume (~0.03-0.05 mL) of
either blue, yellow, or green food coloring (DecACake) intraperitoneally using a 28.5 gauge
insulin syringe (BD Lo-Dose) in order to dye eggs within the ovary (Fig 4.3A). Unless a female
is observed laying eggs, it is not possible to identify which female the eggs came from. Eggs
dyed with food coloring retain the color in the yoke until hatching; therefore, the layer can be
identified by the color of the eggs. We randomly assigned dye color across social statuses
(alpha, beta, gamma) and balanced dye/status combinations across treatment groups. Although
injecting food coloring temporarily (~24-36 hrs) dyed the entire fish the color of the dye, this did
not affect the agonistic behaviors performed or received in the social group (Solomon-Lane &
Grober, unpublished data). Once females recovered from the injection and anesthesia, all 4 fish
assigned to a social group were gently transferred into a tank at the same time.
In the tanks, males were provided with a PVC nest tube (15.2 cm length, 1.9 cm
diameter) lined with acetate, on which females lay eggs. We performed egg checks every 30
minutes from 6 am to 8 pm (daylight hours) by looking into the nest tube from the outside of the
tank. If eggs were present, we removed the acetate, took a digital picture, and then returned the
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eggs to the nest within minutes (Solomon-Lane et al., 2014). Females in the process of laying
eggs were not interrupted. We used ImageJ to count the number of eggs laid.

4.3.3 Behavioral observations and social network measures
We conducted 4 10-minute behavioral observations in the first ~52 hours after social
groups were formed (Fig 4.2). The first observation started 1 minute after the fish were
introduced into their group. The second observation started 3 hours after the first. The third
observation started ~24 hours after being in the social group. Finally, the fourth observation
started ~52 hours after being in the social group. We recorded asymmetrical agonistic
interactions including approaches, when one fish swims directly towards another fish within 2
body lengths, and displacements, a response to an approach in which the approached fish swims
away. Displacements (i.e., the number of times a fish displaces a group member) are a measure
of aggression, and being displaced is a signal of submission by subordinates (Rodgers et al.,
2007). Approaches and displacements were summed over the 4 observation periods and divided
by 40 (min) to calculate behaviors per minute during hierarchy establishment.
Total approaches and displacements were used to create approach and displacement
networks for social network analysis. Networks represent all of the interactions among
individuals in the social group. Within a network, the connections (edges or ties) between
individuals (nodes) were directional to indicate that one fish initiated an interaction with another
fish, and the edges were also weighted to represent the frequency of interactions. We then
calculated five social network measures: density and reciprocity are network-level measures, and
out-degree, in-degree, and power are individual-level measures. Density is the sum of the value
of all of the edges in a network (edge value is higher between individuals that interact frequently)
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divided by the number of possible edges. Therefore, density is the average strength of
connections across all possible connections (Croft et al., 2008). Reciprocity is the ratio of the
number of pairs within a social group with a reciprocated edge relative to the number of pairs
that have any edge connecting them. In a social hierarchy, agonism (e.g., displacement) is more
likely to be asymmetrical because dominants easily displace subordinates but subordinates rarely
displace dominants; therefore, reciprocity is predicted to be low (Borgatti et al., 2002; Croft et
al., 2008). Out-degree is the sum of directional edges (number and weight) originating at a node
(e.g., male) and directed to other group members (e.g., alpha, beta, gamma). In-degree is the
sum of directional edges (number and weight) directed at a single node originating from other
group members. Power relates conceptually to in- and out-degree, which describe individual
centrality or connectedness, and increases if an individual is well connected to individuals that
are also well connected. Social networks were analyzed using UCINET software. Density was
calculated as the “average value” within the “density overall” function, reciprocity was
calculated as “hybrid reciprocity” within the “reciprocity” function, and power was calculated as
normalized power (attenuation=0.5). In-degree and out-degree were calculated using the
“degree” function within the “degree and centrality” command (Borgatti et al., 2002).

4.3.4 Hormone collection: systemic and ovarian cortisol
We collected water-borne hormones from alpha and beta the afternoon of the second day
in social groups (2 pm-3 pm) (Fig 4.2). We removed alpha and beta females from their tanks at
the same time with hand nets and placed them in 200 mL beakers containing 100 mL of fresh salt
water. The beakers were washed with soap and water, sterilized with ethanol, and rinsed with
fresh and salt water before use. The gamma was also removed from the tank and placed in a

75

beaker, but hormones were not collected. The male was left alone in the tank for 1 hour.
Separating a social group for this amount of time does not impact the social dynamics. After 1
hour, we removed the fish, and the water-borne steroids were extracted using 3 cc Sep-Pak Vac
C18 columns (Water Associates, Milford, MA, USA). Columns were then parafilmed and stored
at -20° C until being shipped to Georgia State University (Atlanta, GA), where all assays were
completed as in Lorenzi et al. (2008). Briefly, samples were eluted from the columns into 13×
100 mm vials with two consecutive washes of 2 mL HPLC-grade methanol. The samples were
maintained at 40° C (water bath) while the eluted solvent was evaporated by a constant, gentle
stream of nitrogen directed to the samples through an evaporating manifold. We then
resuspended the hormone pellet in 900 μL of 5% EtOH, 95% enzyme immunoassay (EIA) buffer
from the Cayman Chemical Cortisol EIA kit (Ann Arbor, MI, USA). We completed the assay
according to the supplied instructions, and all samples were assayed in duplicate. We read the
plate 90, 105, 120, and 135 min following the addition of the developing reagent (Ellman's
reagent). We chose to analyze data based on the accuracy of the standard curve (105 min,
r2=0.96). The data are presented as pg/sample (pg/mL multiplied by 0.9 mL, the volume of EIA
buffer used to resuspend the sample).
As a result of the ip injections of food coloring, the water samples contained a small
amount of dye that had exuded from the fish during the hour-long collection. To verify that the
dye would not affect the EIAs, we completed an extra standard curve with wells spiked directly
with 1 μL of yellow, green, or blue dye. The dyed curve was identical to the undyed standard
curve (r2=0.99), indicating no confounding effect of any color dye.
Following the final behavioral observation, the alphas and betas were immediately
removed from the social group and euthanized in an overdose of ice cold MS-222. Females were
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then rapidly dissected to remove the ovaries (Fig 4.2), which were snap frozen on dry ice and
stored at -80° C. Samples were then shipped on dry ice to Georgia State for analysis. Hormones
were extracted from ovaries using an established protocol for solid phase extraction (Newman et
al., 2008). Briefly, the whole ovary was placed on a sterile piece of tin foil and weighed. It was
then quickly transferred to a 13x100 mm vial and ice-cold 0.1 M phosphate buffer (PB) was
added. The volume of phosphate buffer (μL) added was 3 times the mass of the tissue (mg) (50
μL minimum). The tissue was homogenized until the consistency was homogenous and no
pieces remained. HPLC-grade methanol was then quickly added to the vial (4 times the volume
of the tissue mass + PB volume). We vortexed samples for 1 minute and then stored them on
ice. The homogenizer was thoroughly cleaned between samples by running it for 30 seconds in
ultrapure H2O, 30 seconds in ethanol (100%), and then 30 seconds water again, after which the
tip was dried with a Kim wipe. One blank sample was included after every 25 tissue samples.
Samples were then shaken on a multitube vortex for 1 hour at room temperature and stored
overnight at 4° C. The next day, samples were shaken again for 1 hour on the multitube vortex
at room temperature, and then centrifuged for 10 minutes at 1000 g at 4C. The supernatant was
decanted into fresh 16 x 100 mm vials and diluted with 10 mL ultrapure H2O. A maximum of 1
mL supernatant was used. For samples with more than 1 mL of supernatant, final values were
corrected to represent the total amount of steroid in the tissue. Six cc Sep-Pak C18 columns (500
mg sorbent, Water Associates) were primed with HPLC-grade methanol (5 mL x 2), followed by
ultrapure H2O (5 mL x 2). The samples were then loaded into the column, followed again by
ultrapure H2O (5 mL x 2). HPLC-grade methanol was used for the final elution (5 mL).
Samples were then dried, resuspended in 1000 μL of 5% EtOH and 95% EIA buffer, and assayed
(Cayman Chemical Cortisol EIA kit) according to the methods above for water-borne cortisol.
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The 4 blanks included in our assay had low but detectable levels of cortisol. We averaged the
blanks (26.26 ± 4.59) and subtracted this value from each sample. We present ovarian cortisol as
pg/mg tissue.

4.3.5 Data analysis
Statistics were performed using JMP 11, and results were considered significant at the
p<0.05 level. We used Chi-squared tests to identify significant differences in the proportion of
alpha vs. beta females that laid eggs and the proportion of gravid vs. non-gravid females that laid
eggs. For data that met the assumptions of parametric statistics, pairwise comparisons were
analyzed using student’s t-tests. Transformations to normalize skewed data are specifically
indicated. Data that did not meet these assumptions were analyzed using a Mann-Whitney U
test. We compared gravid and non-gravid female mass residuals and width-to-length ratio to
validate our gravidity categorization and systemic cortisol to test for endocrine correlates of
reproductive state. We compared alpha and beta cortisol to test for effects of social status. Oneway ANOVAs were used to identify differences in systemic and ovarian cortisol among females
of different reproductive states. Two-way ANOVAs were used to test for the effects of alpha
gravidity, beta gravidity, or an interaction on social network density and reciprocity, as well as
individual power. T-tests were used for post hoc analysis of significant ANOVA results.
Finally, linear regression analyses were used to identify associations between the number of eggs
laid and gravidity (mass residual) and between cortisol and social network measures. All social
network measures we present were calculated from approach networks except for reciprocity,
which was calculated from displacement networks.
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4.4

Results

4.4.1 Gravidity manipulation and egg laying
The females that we categorized as gravid had significantly higher mass residuals (MannWhitney U test: U=1361, ngravid=52, nnon-gravid=101, p<0.0001) (Fig 4.1C) and significantly higher
abdominal width to length ratios (t-test, natural log transformation: p<0.0001) (Fig 4.1D) than
females classified as non-gravid. Within the 2.5 day experimental period, eggs were laid in 21
(41%) social groups. Significantly more of the egg layers were classified as gravid (86%) than
non-gravid (Chi-squared: χ2=51.8, d.f.=1, p<0.0001). Although equal numbers of gravid alphas
and gravid betas were included in this study, significantly more alphas (71%) laid eggs than
betas (Chi-squared: χ2=17.64, nα=nβ=26, p<0.0001) (Fig 4.3B). Only one clutch of eggs was laid
in each group, and the number of eggs laid varied substantially, from 56 eggs to 2,412 eggs. The
number of eggs laid by alphas was positively associated with her mass residual (p=0.015,
r2=0.38), but there was no association for betas (p=0.24).

4.4.2 The agonistic consequences of gravidity were status-specific
We used two-way ANOVAs, with alpha gravidity and beta gravidity as the independent
factors, to test the hypothesis that the reproductive state of females in the social group affects
social networks. For male and beta power, there was a significant main effect of beta gravidity
(male: F3,47=4.38, p=0.042; beta: F3,47=7.24, p=0.0098), but no effect of alpha gravidity (male:
F3,47=0.38, p=0.54; beta: F3,47=40.036, p=0.73 ) and no interaction (male: F3,47=0.39, p=0.53;
beta: F3,47=0.036, p=0.85 ). Post hoc analyses revealed that when betas were gravid, males had
significantly higher power (p=0.041) (Fig 4.4A) and betas had significantly lower power
(p=0.0094) (Fig 4B). For alpha and gamma power, there was no effect of alpha gravidity (alpha:
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F3,47=0.026, p=0.87; gamma: F3,47=0.21, p=0.65) or beta gravidity (alpha: F3,47=0.008, p=0.93;
gamma: F3,47=0.0013, p=0.97), and there was no interaction (alpha: F3,47=0.15, p=0.70; gamma:
F3,47=1.07, p=0.31). Density (natural log transformation) was not affected by alpha gravidity
(F3,47=0.088, p=0.77), but there was a trend for density to be lower in groups with gravid betas
(F3,47=2.78, p=0.10). There was no interaction effect (F3,47=0.015, p=0.90). Female gravidity
did not affect social network reciprocity (displacement networks, natural log transformation:
alpha: F3,47=0.022, p=0.88; beta: F3,47=0.048, p=0.83; interaction: F3,47=0.15, p=0.70).
To determine whether the dyadic interactions elucidate the effects of beta gravidity on
power, we compared male and beta agonistic behavior between treatment groups with a gravid
beta (alpha & beta, beta only) and a non-gravid beta (alpha only, control). Males approached
(Mann-Whitney U test: U=214, d.f.=1, p=0.037) and displaced females (Mann-Whitney U test:
U=191, d.f.=1, p=0.012) significantly more in groups with a gravid beta. Specifically, there was
a trend for males to approach (Mann-Whitney U test: U=222.5, d.f.=1, p=0.054) and displace
(Mann-Whitney U test: U=239.5, d.f.=1, p=0.11) betas more often (Fig 4.4C). There were no
differences in male approaches or displacements to alpha (Mann-Whitney U test: approaches:
U=269.5, d.f.=1, p=0.30; displacements: U=281, d.f.=1, p=0.41) or gamma (Mann-Whitney U
test: approaches: U=270, d.f.=1, p=0.31; displacements: U=254, d.f.=1, p=0.19) between groups
with gravid and non-gravid betas. Beta’s gravidity also did not affect her rate of approaching
(Mann-Whitney U test: U=297.5, d.f.=1, p=0.61) or displacing (Mann-Whitney U test: U=279.5,
d.f.=1, p=0.40).
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4.4.3 Social groups with eggs did not differ from groups without eggs
To test the hypothesis that egg laying was associated with social network structure, we
compared power, density, and reciprocity between groups with and without eggs. There were no
significant differences in male power (t-test: p=0.81), alpha power (t-test: p=0.40), beta power (ttest: p=0.12), or gamma power (t-test: p=0.94) between groups with and without eggs. There
were also no differences in density (t-test, natural log transformation: p=0.65) or reciprocity (ttest, natural log transformation: p=0.18).

4.4.4 Cortisol, reproduction, and behavior
We measured systemic (water-borne) and ovarian cortisol in alpha and beta females.
Systemic cortisol did not differ between gravid and non-gravid females (t-test, natural log
transformation: p=0.85), but levels were significantly lower in alpha and beta females in social
groups in which eggs were laid (t-test, natural log transformation: p=0.0009). Specifically, there
were significant differences in systemic cortisol among females that laid eggs prior to hormone
collection, those that laid eggs after hormone collection, gravid females that did not lay, and nongravid females that did not lay (one-way ANOVA, natural log transformation: F2,97=2.83,
p=0.043). Post hoc analysis showed that females that already laid eggs had significantly lower
cortisol than gravid females that did not lay (p=0.04). Cortisol levels of non-gravid females that
did not lay (laid eggs: p=0.19; gravid, did not lay: p=0.56) and females that will still lay (laid
eggs: p=0.67; gravid, did not lay: p=0.34) were intermediate and did not differ significantly from
either other group (p=0.85).
Ovarian cortisol was significantly and positively associated with systemic cortisol
(p<0.0001, r2=0.23), and hormones in the ovary showed similar differences across female
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reproductive states (one-way ANOVA, natural log transformation: F2,92=12.19, p<0.0001). Post
hoc analysis showed that females that laid eggs (p<0.0001) and non-gravid females that did not
lay eggs (p=0.0004) had significantly lower ovarian cortisol than gravid females that did not lay.
Ovarian cortisol did not differ between females that laid eggs and non-gravid females that did
not lay eggs (p=0.44).
Systemic cortisol did not differ significantly between alpha and beta females (t-test,
natural log transformation: p=0.95). There were, however, weak associations with individual
social network measures. Alpha and beta systemic cortisol was significantly and negatively
associated with out-degree (p=0.0073, r2=0.07) and power (p=0.016, r2=0.057). Beta systemic
cortisol was also significantly and positively associated with alpha power (p=0.16, r2=0.12).
Alpha cortisol was not associated with beta power (p=0.43). Systemic cortisol was not
associated with either density (p=0.11) or reciprocity (p=0.47).

4.5

Discussion
In this study, we showed that there was a status-specific effect of female reproductive

state on L. dalli social networks. Independent of alpha’s reproductive state, males were more
central and betas were less central in networks with a gravid beta. More frequent male-initiated
agonistic interactions with beta contribute to these shifts in network position (Fig 4.4).
Surprisingly, neither our measures of social network structure (e.g., density, reciprocity) nor
individual social network position (e.g., power, in-degree, out-degree) provided insight into why
females laid eggs rapidly in some social groups but not others. We also suggest there was a
reproductive role for cortisol, which differed systemically and in ovary depending on female
gravidity and egg laying (Fig 4.5A,B).
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Female reproductive state, both pre- and post-hatching / birth, affects social network
dynamics in a number of species (Bell et al., 2011; Clement et al., 2004; Fischhoff et al., 2007;
Patriquin et al., 2010). In comparison to species in which successfully reproducing draws
aggression (Cant et al., 2010; Heg and Hamilton, 2008), our data suggest that L. dalli
reproductive potential (e.g., gravidity) has a stronger effect on behavior and the social network
than laying eggs or the presence of eggs. When the beta was gravid, the male initiated more
interactions (Fig 4.4C), which could demonstrate reproductive interest. We did not find
differences in male courtship in this study (data not shown); however, males do not usually court
at high rates in the laboratory. Instead, we suggest the effect of beta gravity on male behavior
and male / beta power indicates a social strategy to facilitate beta reproduction. Although we do
not have direct evidence (i.e., individual female reproductive success), our previous data are
consistent with betas serving a distinct reproductive role from alphas, which could include
reproductive suppression or exclusion. For example, aggression directed at beta explains the
most variation in male reproductive success (chapter 3). As the dominant female, alpha
reproduction is not likely to be hindered by any group member; therefore, her reproductive state
may not promote any shift in social dynamics. If intrasexual female agonism does reduce
subordinate reproduction, males, as the dominant fish, should be able to intervene as males of
other species do, including to defend one female preferentially over the other (Kahlenberg et al.,
2008; Schradin and Lamprecht, 2000).
In stable L. dalli social groups, there are strong associations between social network
structure, egg laying, and male reproductive success (chapter 3; Solomon-Lane et al., 2014). A
primary goal of this study was to test one direction of the presumably reciprocal relationship
between sociality and reproduction. By forming social groups with gravid females in specific
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social statuses, females were primed to lay eggs. Within the short time course of this study, eggs
were laid in 41% of social groups (Fig 4.3B). Surprisingly, we did not identify any social
network differences between groups in which eggs were laid and those without eggs. It is
particularly noteworthy that neither density nor reciprocity was related to egg laying because
both of these structural measures were associated with reproduction in stable groups (chapter 3).
We may be unable to detect differences between groups with and without eggs because the
majority of egg layers were alpha females (Fig 4.3B). As the dominant female, we expect that
alphas can reproduce regardless of the agonistic tone of the group. This suggests subordinate
reproduction may be more closely tied to social network structure. Because few betas laid eggs,
our statistical tests lacked the power to identify the social network correlates of beta
reproduction; however, this is an important hypothesis to test.
These network similarities between groups with and without eggs are also consistent with
the hypothesis that social network context drives changes in reproduction, rather than vice versa.
Across social species, substantial evidence indicates that social interactions can have direct
reproductive consequences (e.g., Barrett et al., 1993; Henry et al., 2013; Nelson-Flower et al.,
2013; Young et al., 2006). Social network position can also affect reproductive success. For
example, male house finches (Carpodacus mexicanus) that actively seek out different social
groups in order to associate with relatively less attractive males, which changes their position
within the local population’s social network, experienced higher pairing success (Oh and
Badyaev, 2010). To test this hypothesis for L. dalli, it will be necessary to manipulate the social
network and quantify changes in reproduction. Either pharmacological manipulations of
individuals in a social group or social groups comprised of individuals of known and consistent
behavioral types (Pike et al., 2008) could be used to control social network structure. It is also
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possible that density and reciprocity, which were associated with reproduction in stable groups,
were not implicated in this study because these groups were establishing hierarchies.
In the context of this study, systemic cortisol has the potential to serve a primarily
reproductive and/or a behavioral role. Our data strongly suggest the former. We show
significant differences in systemic cortisol among females of different reproductive states,
including females that laid eggs prior to hormone collection, females that laid eggs after
hormone collection, gravid females that did not lay during the course of the experiment, and nongravid females that did not lay. These data suggest that L. dalli, like many major vertebrate taxa,
experience fluctuations in glucocorticoids during the reproductive cycle. Specifically,
glucocorticoids often peak just before reproduction (Wada, 2008). Cortisol in L. dalli was
highest in females preparing to reproduce (gravid but did not lay) and then decreased just before
laying (will lay, < 24 hours) (Fig 4.5A,B). The gravid females included in this study were
categorized based on physical appearance. These data suggest that among females that look
similarly gravid, there is relevant variation in reproductive physiology that could explain why
some females laid eggs quickly after social groups were formed but others did not. We had no
indication that gravid females that did not lay were not capable of doing so.
In teleosts, cortisol detected in the ovary is produced by the interregnal gland and reaches
target tissues, including the gonad, via the circulatory system. In our study, systemic cortisol
was positively associated with ovarian cortisol (Fig 4.5C), which supports the ovary as a sink for
the circulating hormone. Differences in ovarian cortisol levels across female reproductive states
were similar to that of systemic cortisol (Fig 4.5A,B). Gravid females that did not lay eggs had
the highest cortisol levels compared to non-gravid females that did not lay and females that did
lay eggs. Maternal cortisol serves important energetic and reproductive processes, including
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vitellogenesis, the synthesis of a lipoglycophosphoprotein yoke precursor. Maternal cortisol is
also allocated to the eggs: levels are typically high at fertilization and then decline through
hatching. Developing embryos do not have a functional HPI axis, therefore, the only available
cortisol is maternally-derived (Brooks et al., 1997; Hwang et al., 1992; Leatherland et al., 2010;
Nesan and Vijayan, 2013; Wada, 2008). High amounts of cortisol in the egg can also negatively
impact hatching success (Mingist et al., 2007), growth, and juvenile competitiveness in a social
contest (Burton et al., 2011).
Given the reciprocal nature of interactions among hormones, reproduction, and behavior,
cortisol could serve a reproductive role that was indirectly mediated by social context (e.g.,
social status). For example, socially-induced, chronic HPA/I axis activation can reduce
reproductive potential via suppression of steroid hormones critical to reproductive physiology
(e.g., estrogens and androgens) (Sapolsky, 2005). In this study, if reproduction was delayed or
inhibited as a result of the social context, cortisol could be building up in the ovary and explain
the elevation in gravid females that did not lay eggs. Given that the majority of these gravid
females that did not lay were betas, the elevated cortisol could also be socially-induced. We do
not think cortisol was primarily mediated by social factors in this study, however. First, systemic
cortisol decreased in anticipation of laying, suggesting that cortisol release is under reproductive
control. Second, we have limited evidence that cortisol reflects a socially stressed state. Beta
female cortisol was positively associated with alpha power (Fig 4.6C), indicating that the HPI
axis does respond to social context, but we did not detect any status differences in alpha and beta
cortisol (as in Solomon-Lane et al., 2013). The associations we identify between cortisol and
social network position (out-degree, power) also explain very little of the variation in cortisol (r2
≤ 0.07) (Fig 4.6A,B).
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4.5.1 Conclusions
In this study, we used replicate social networks of L. dalli in specific reproductive states
and social statuses to test the social and endocrine consequences of gravidity and egg laying. We
identified status-specific effects of female gravidity, such that gravid betas caused shifts in male
and beta power, as well as male agonistic interactions with beta (Fig 4.4). In contrast, laying
eggs was not associated with a social network structure or individual position within the social
network. Cortisol, in this context, was associated with female reproductive state (Fig 4.5A,B).
These data provide important insight into the direction of cause and effect among behavior,
reproduction, and hormones in a highly social, group-living species. This work also supports L.
dalli as a useful model for elucidating the mechanisms underlying the complex control of
behavior, reproduction, and hormones: all three factors can be manipulated and measured in the
same experimental system, under ethologically-relevant laboratory conditions. In particular, this
study highlights the nuanced reproductive decisions of female L. dalli, including when to lay and
how many eggs, which are critical to fitness.
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Figure 4.1: Female gravidity. Representative pictures of A) a gravid and B) a non-gravid
female. Length and width measurements used to quantify differences in morphology are
indicated with white dotted lines. Average ± SEM C) mass residual and D) width to length
ratios of gravid and non-gravid females (including alpha, beta, and gamma). ***p<0.0001,
gravid (n=52), non-gravid (n=101).
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Figure 4.2: Experimental timeline: fish were collected and allowed to acclimate to laboratory
conditions for ~24 hrs. After social groups were formed on the morning of Day 1, four
behavioral observations were conducted (black squares). On the afternoon of Day 2 (2-3pm),
water-borne hormones were collected (white square). After the final behavioral observation,
ovaries were collected from alpha and beta females for hormone analysis. Egg checks were
conducted every 30 min (6 am-8 pm) for the entire duration that social groups were together.
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Figure 4.3: Reproduction in experimental groups. A) Digital picture of multiple egg clutches
laid on acetate by females injected intraperitoneally with food coloring (proof of principle, not
from this experiment). The injected dye colors the eggs inside of the ovary, and females then lay
eggs with colored yokes. Black arrows point to examples of newly-laid eggs with a yellow yoke
laid by a female injected with yellow dye. White arrows point to examples of mature eggs with a
green yoke laid by a female injected with green dye. Eggs with an orange yoke were laid by an
un-dyed female. Blue dye was also used in this experiment (not pictured). B) The proportion of
social groups in which eggs were laid across treatment groups by status.
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Figure 4.4: Treatment differences in social network position and behavior. Mean ± SEM A)
male and B) beta power in social groups with a gravid beta (beta only and alpha & beta treatment
groups) and without a gravid beta (alpha only and control treatment groups). C) Mean ± SEM
male approaches and displacements in social groups with and without gravid betas. Gravid beta
(n=26), non-gravid beta (n=25), *p<0.05, **p<0.01.
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Figure 4.5: Alpha and beta systemic and ovarian cortisol. A) Average ± SEM systemic
cortisol levels in alpha females that laid eggs before hormone collection (n=8), females that laid
eggs after hormone collection (will lay, n=13), gravid females that did not lay (n=33), and nongravid females that did not lay (n=47). B) Average ± SEM ovarian cortisol levels in alpha and
beta females that laid eggs (ovarian: n=20), gravid females that did not lay eggs (n=33), and nongravid females that did not lay (ovarian: n=42). Different letters indicate significant differences
(p<0.05). C) Association between alpha and beta systemic and ovarian cortisol levels (n=95).

92

Figure 4.6: Associations between social network measures and cortisol. Associations
between alpha and beta A) out-degree and systemic cortisol and B) power and systemic cortisol
(n=101). C) Association between alpha power and beta systemic cortisol (n=50).
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5.1

Abstract
Socially regulated sex change in teleost fishes is a striking example of social status

information regulating biological function in the service of reproductive success. The
establishment of social dominance in sex changing species is translated into a cascade of changes
in behavior, physiology, neuroendocrine function, and morphology that transforms a female into
a male, or vice versa. The hypothalamic-pituitary-interrenal axis (HPI, homologous to HPadrenal axis in mammals and birds) has been hypothesized to play a mechanistic role linking
status to sex change. The HPA/I axis responds to environmental stressors by integrating relevant
external and internal cues and coordinating biological responses including changes in behavior,
energetics, physiology, and morphology (i.e., metamorphosis). Through actions of both
corticotropin-releasing factor and glucocorticoids, the HPA/I axis has been implicated in
processes central to sex change, including the regulation of agonistic behavior, social status,
energetic investment, and life history transitions. In this paper, we review the hypothesized roles
of the HPA/I axis in the regulation of sex change and how those hypotheses have been tested to
date. We include original data on sex change in the bluebanded goby (Lythyrpnus dalli), a
highly social fish capable of bidirectional sex change. We then propose a model for HPA/I
involvement in sex change and discuss how these ideas might be tested in the future.
Understanding the regulation of sex change has the potential to elucidate evolutionarily
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conserved mechanisms responsible for translating pertinent information about the environment
into coordinated biological changes along multiple body axes.

5.2

Introduction
The mechanisms underlying the initiation of teleost sex change remain of great scientific

interest in part because this life history transition is often socially regulated. Following the
removal of the dominant fish in the social group, the individual that establishes and maintains
dominance over the group changes sex (Godwin, 2009). Across species, the social environment
exerts a powerful influence over individual phenotype, behavior, neuroendocrine state,
reproductive success, and survival (Adkins-Regan, 2009; Ellis, 1995; Wilson, 1980). Here, we
highlight sex change as a unique opportunity to understand the dramatic and diverse biological
processes regulated by the social environment.
In addition, sex change has important fitness consequences. Dominance in sex changing
species offers a significant reproductive advantage, as it does in many non-sex changing species
(Smuts and Smuts, 1993). Social groups often have a heavily skewed sex ratio, and those
dominant individuals of the underrepresented sex reproduce with multiple subordinate group
members. The ability to transition from a subordinate of one sex to the dominant of the other sex
allows individuals to reproduce as female when young and small, for example, and as a male
when older, larger, and able to defend a territory. Sex change thus results in an exponential
increase in reproductive success (Ghiselin, 1969; Warner, 1975). Therefore, in understanding
sex change, there is the potential to uncover mechanistic links connecting social information to
the biological state of an individual to lifetime fitness.
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In this paper, we review what is known about sex change in fishes, articulate the
hypothesized roles for the hypothalamic-pituitary-adrenal axis (HP-interrenal in fish and
amphibians; HPA/I) in sex change and how those hypotheses have been tested, and present
original data that support roles for both cortisol and corticotropin-releasing factor (CRF) in both
social hierarchy establishment / maintenance and sex change in the bluebanded goby (Lythrypnus
dalli), a highly social, bidirectionally sex changing fish. We then synthesize our findings and
propose future research directions that will more clearly elucidate the role(s) of the HPI axis in
sex change.

5.3

Sex change in teleost fishes
Teleost fishes display a remarkable amount of sexual plasticity, including the ability to

sexually reorganize in adulthood (reviewed in Devlin and Nagahama, 2002; Godwin et al., 2003;
Kobayashi et al., 2013; Sadovy de Mitcheson and Liu, 2008). Here, we focus on sex change in
sequential hermaphrodites. Protogynous sex changing fish (e.g., wrasses, Labridae) can
transition from a functional female (i.e., producing female gametes) to a functional male (i.e.,
producing male gametes). Protandrous species (e.g., clownfish, Pomacentridae) change from
male to female, and bidirectionally sex changing species (e.g., gobies, Gobiidae) can change
back and forth multiple times (i.e., serial adult metamorphosis). For each type of sequential
hermaphrodite, individuals reproduce as male or female but not both simultaneously (see
simultaneous hermaphrodite). Sex change involves coordinated biological changes along
multiple body axes. Behavioral sex change is the earliest observable transition, often occurring
within minutes in a permissive environment. During this phase, individuals adopt patterns of
agonistic, courtship, and even reproductive behavior typical of the sex to which they are
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transitioning (Godwin, 2009; Reavis and Grober, 1999), changes that can occur independently of
the gonad (Godwin et al., 1996). Physiologically, the most critical changes occur within the
hypothalamic-pituitary-gonadal axis and result in the growth of new, and regression of old,
gonadal tissue (Bass and Grober, 2001; Frisch, 2004; Godwin, 2009; Godwin, 2010; Guiguen et
al., 2010). Gonadal steroid hormones drive morphological sex change (Bass and Grober, 2001),
which can range from relatively subtle changes in external genitalia for species that are not
sexually dimorphic (St Mary, 1993) to dramatic changes in coloration and size (Godwin, 2009).
Together, this coordinated cascade of behavioral, physiological, and morphological changes
results in a functional female becoming a functional male, or vice versa.
Although previous research has elucidated many of the biological changes occurring
during the different phases of sex change, particularly within the hypothalamic-pituitary-gonadal
axis (reviewed in Godwin, 2010), the biological signaling that interprets a permissive social
environment and translates that information into the initiation of sex change has yet to be
identified. A number of neuromodulators have been investigated as a potential biological switch
important for the initiation of sex change, including neural steroid hormones (i.e., estradiol, 11ketotestosterone, testosterone, cortisol) (Godwin, 2010; Lorenzi et al., 2012), gonadotropinreleasing hormone, arginine vasotocin (Bass and Grober, 2001; Godwin et al., 2000; Reavis and
Grober, 1999), aromatase (Black et al., 2011), and serotonin (Lorenzi et al., 2009), with an
increasing interest in kisspeptin (Godwin, 2010). Despite this focus, the biological link between
social environment and sex change has not been resolved. Here, we address the roles that the
HPA/I axis might play in the initiation or elaboration of adult sex change.
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5.4

Hypotheses for hypothalamic-pituitary-adrenal / interrenal axis regulation of sex
change
The HPA/I axis has been implicated on multiple levels in the mechanistic control of sex

change (e.g., Perry and Grober, 2003) because of its unique biological position translating
environmental cues into biological responses (Denver, 2009; Lowry and Moore, 2006). In all
vertebrates, the HPA/I axis integrates important internal and external information in response to
environmental stressors, or external conditions that disrupt or threaten to disrupt homeostasis,
and coordinates responses such as changes in behavior and physiology. In fish, CRF released
from the hypothalamus signals the release of adrenocorticotropic hormone, which then initiates
the release of glucocorticoids (GCs, e.g., cortisol) from the interrenal gland (Mommsen et al.,
1999; Wendelaar Bonga, 1997). Previous research supports a role for the HPI axis in the
regulation of three, non-mutually exclusive functions related to sex change: 1) social status, 2)
agonistic behavior, and 3) life history transitions.
First, HPA/I axis activity plays a role in the establishment and maintenance of social
status. In a range of social vertebrates, there are consistent differences in basal GC levels
between dominant and subordinate social group members. Across species, dominants are almost
equally likely as subordinates to have elevated GCs, and factors such as the distribution of
resources, social stability, reproduction, and the nature of agonistic interactions among group
members largely determine which status class is more socially “stressed” (Creel, 2001; Sapolsky,
2005). In cooperative breeders, for example, basal GCs are typically higher in dominant
individuals (Creel, 2001). Correlations between social status and GCs have been reported in a
number of teleosts, including rainbow trout (Bernier et al., 2008; Gilmour et al., 2005; Øverli et
al., 2004), cichlids (Mileva et al., 2009), zebrafish (Filby et al., 2010), protandrous anemonefish
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(Iwata et al., 2012), and protogynous sandperch (Frisch et al., 2007). There are also status
differences in brain CRF activity. In zebrafish, for example, CRF is more highly expressed in
dominant hypothalamus but subordinate telencephalon (Filby et al., 2010). In rainbow trout,
social subordination increases CRF expression in the preoptic area (Bernier et al., 2008), and in
the cichlid Astatotilapia burtoni, transitioning from dominant to subordinate status results in a
transient decrease in CRF, CRF receptor 2, and CRF binding protein (Chen and Fernald, 2011).
Together, these data support HPI axis activity as an indicator of status that could be utilized in
sex changing species to distinguish dominant from subordinate. A change in social status
concurrent with a change in HPI function could play a role in the initiation of sex change.
Second, the HPA/I axis is implicated in the control of agonistic behavior. In mammals,
fish, amphibians, and reptiles, neurons that express CRF are found throughout the brain in a
conserved distribution (Denver, 2009; Lovejoy and Balment, 1999), and CRF signaling has
highly conserved effects on arousal and anxiety-related behaviors, locomotion, exploration, and
feeding (Bale and Vale, 2004; Koob and Heinrichs, 1999; Lowry and Moore, 2006). Exogenous
manipulation of CRF signaling can also affect agonistic behavior and social status, although the
direction of the effect is not fully resolved (Backström et al., 2011; Carpenter et al., 2009). The
behavioral effects of CRF are likely mediated, in part, by monoamine signaling (e.g., serotonin,
dopamine) (Backström et al., 2011; Carpenter et al., 2009; Summers and Winberg, 2006). At the
level of GCs, fish that release greater amounts of cortisol in response to a stressor (high
responsive) are consistently subordinate to low stress responders (Pottinger and Carrick, 2001),
and individual variation in the amount of cortisol released in response to a stressor can be used to
predict dominance outcome in a novel pair of fish (Øverli et al., 2004). Because agonistic
behavior is critical during status establishment, and there are persistent behavioral differences
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among statuses in stable groups (Drews, 1993; e.g., Clarke and Faulkes, 2001; Graham and
Herberholz, 2008; Smuts and Smuts, 1993), the role of the HPI/A axis in the control of agonistic
behavior may be closely related to its role as a correlate of social status.
Third, the HPA/I axis could serve in an evolutionarily conserved role as a mediator of
vertebrate life history transitions (Denver, 1999). Importantly, this role as a regulator of
developmental plasticity seems to be independent of HPA/I-mediated responses to
“unpredictable” environmental stressors, responses that might include the mobilization of energy
reserves or altering behavior. Just prior to major transitions including birth / hatching
(mammals, reptiles, birds, “large egg” fish), fledging (birds), dispersal (mammals, reptiles,
birds), metamorphosis (amphibians), and smoltification (anadromous fish), both CRF and GCs
have been shown to naturally increase (reviewed in Crespi et al., 2013; Wada, 2008). Exogenous
elevation of GCs has also been used to initiate life history transitions (e.g., parturition in sheep),
increase the success of the transition (e.g., hatching success in turkeys), and facilitate behavior
(e.g., dispersal behavior in ground squirrels). In amphibians and fish, CRF stimulates the
secretion of both thyroid hormone and GCs, which promote developmental transitions between
life history stages and regulate developmental plasticity (e.g., amphibians: Boorse and Denver,
2004; Denver, 1997; Okada et al., 2007; fish: Ebbesson et al., 2011; Larsen et al., 1998) through
both individual and synergistic actions (Bonett et al., 2010; Hayes, 1997; Krain and Denver,
2004; Kulkarni and Buchholz, 2012). Increases in thyroid hormone also precede reproductive
maturation in fishes (also in mammals, Mann and Plant, 2010), and it has been hypothesized that
serial adult sex change is simply the reoccurrence of these maturation processes (Dufour and
Rousseau, 2007). Although there has been limited research on the thyroid axis and sex change
(An et al., 2010; Park et al., 2010), sex change shares many characteristics of “classical”

100

metamorphoses that are largely facilitated by actions of thyroid hormone and GCs. For example,
smoltification in salmon, amphibian metamorphosis, and sex change all involve environmentally
triggered morphological, physiological, and behavioral transformations in post-embryonic
animals (Laudet, 2011). Therefore, we hypothesize that evolutionary conserved hormonal
systems that mediate developmental plasticity, such as the HPA/I axis, are also acting during sex
change in fishes.
It is important to note that for each hypothesized role for the HPI axis in sex change,
HPA/I axis regulation of energy may also be relevant. Basal GCs are indicative of an
individual’s energetic demands and may be affected by time of day (e.g., appetite / foraging
patterns), season (e.g., reproductive state), and life history stage. Stress-induced GC levels
indicate the response of the HPA/I axis to an environmental challenge that requires energy
mobilization to fuel behavioral and/or physiological responses (Sapolsky et al., 2000). In the
case of social stressors, energetic demands may be elevated simply by the perception of
dominant individuals (Sapolsky, 2005), and status differences in HPA/I activity could serve to
facilitate differences in rates of behavior and/or reproductive demands. During life history
transitions, changes in behavior, physiology, and morphology dramatically increase energetic
requirements (Wada, 2008). For a transition like sex change, the exponential increase in
reproductive success clearly outweighs energetic costs of sexual reorganization (Schreck, 2010;
Warner, 1984; Warner et al., 1975). Finally, following a life history transition, HPA/I activity
may be set to a new baseline because the energetic demands of the pre- and post-transition
animal differ. In protogynous sex change, for example, reproductive investment might decrease
because the energy required to produce sperm is traditionally considered lower than the energy to
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produce eggs. For some species, however, this difference may not be as sexually dimorphic as
predicted (Yong and Grober, 2013), particularly for externally fertilizing species (Warner, 1997).
Together, these multiple lines of evidence strongly suggest a role for the HPI axis as a critical,
proximate regulator of sex change. Here, we present original data that elucidates the roles of
cortisol and CRF in a sex changing fish. All experiments were conducted in accordance with
IACUC regulations and standards (Georgia State University, Atlanta, GA).

5.5

Cortisol, social hierarchies, and sex change
Cortisol has been implicated in environmentally controlled sex determination in both

gonochoristic (e.g., Hattori et al., 2009) and sex changing fish (Perry and Grober, 2003). For
example, in gonochoristic fish with temperature-dependent sex determination, cortisol plays a
critical mechanistic role in masculinization. At high water temperatures that normally cause
testes development, pejerrey have elevated cortisol compared to fish at female-producing
temperatures (Hattori et al., 2009). Exogenous cortisol administration can induce
masculinization in the absence of high water temperatures in pejerrey (Hattori et al., 2009),
Japanese flounder (Yamaguchi et al., 2010), and medaka, and an antagonist can prevent this
masculinization (Hayashi et al., 2010). Cortisol seems to induce these changes through effects
on enzymes involved in androgen pathways (Fernandino et al., 2012; Yamaguchi et al., 2010),
and there is evidence in medaka that cortisol can also suppress feminization (Hayashi et al.,
2010).
In sex changing fish, cortisol could serve a similar role, linking environmental conditions
to sexual differentiation. In one of the first mechanistic hypotheses, Perry and Grober (2003)
suggested that dominant males of protogynous species prevent sex change in subordinate females
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via aggressive interactions that cause an increase cortisol levels. They hypothesized that this
chronically elevated female cortisol is responsible for inhibiting sex change. If the dominant
male were removed from the social group, then the most dominant female would be released
from social subordination stress and her cortisol levels would decrease to male-typical levels.
This release from social stress could trigger the initiation of sex change (Fig 1A). The remaining
females in the social group would not change sex despite the permissive environment because
aggression from the dominant female / sex changer would keep their cortisol elevated (Perry and
Grober, 2003). Frisch et al. (2007) tested this hypothesis with the protogynous sandperch
(Parapercis cylindrica) by inserting cortisol implants into the dominant female of a social group
to prevent sex change once the male was removed. While the implants successfully elevated
cortisol levels, they did not inhibit sex change (Frisch et al., 2007). If elevated CRF associated
with social stress is involved in sex change, however, this manipulation would not recapitulate
that condition. Interestingly, although designed to test the Release from Social Stress hypothesis
(Fig 1A), the cortisol manipulation in Frisch et al. actually mimics the action of GCs in the
competing hypothesis we present in this paper, the Classical Facilitation of Metamorphosis
hypothesis (Fig 1B, discussed below). It cannot be determined from the data presented in Frisch
et al. whether elevated cortisol facilitated or accelerated sex change, which could provide support
for this alternative hypothesis.
We took a different approach to testing the Release from Social Stress hypothesis (Fig
1A) and measured endogenous cortisol levels in experimental social groups of another sex
changing fish, the bluebanded goby (Lythrypnus dalli). This small (adult standard length (SL)
18-45 mm) marine goby is highly social and lives on rocky reefs in the Pacific Ocean, from
Morro Bay, California to as far south as the Galapagos Islands, Ecuador (Béarez et al., 2007;
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Miller and Lea, 1976). Mixed-sex social groups of L. dalli vary from small and isolated (2-10
fish) to aggregations of 120 fish/m2 (Steele, 1996) and are comprised of a dominant, territorial
male and multiple subordinate females (St Mary, 1993). On the reef, L. dalli primarily
undergoes protogynous sex change, and this could occur when a male is eliminated from his
territory by predation or when multiple females converge on a territory without a male. In the
laboratory, L. dalli is capable of both protogynous and protandrous sex change (e.g.,
bidirectional sex change, Rodgers et al., 2007).
The fish used in the following experiments were collected during the reproductive season
from reefs offshore of Santa Catalina Island, CA using hand nets and SCUBA diving. For
experiments described in Fig 2A and Fig 2B, fish were then shipped to Georgia State University
(Atlanta, GA) and housed communally before being placed into individual social groups (38 l
aquaria). These tanks were maintained with artificial salt water and exposed to a 12:12 lightdark cycle. All other experiments took place at the Wrigley Institute for Environmental Studies
(University of Southern California) on Catalina Island where water tables were continuously
supplied with ocean water and exposed to a natural light cycle. To form social groups of specific
sizes and sex ratios, fish were briefly anesthetized in tricaine methanesulfonate (MS-222), and
we measured SL and determined sex based on genital papilla morphology (St Mary, 1993).
We conducted 3 experiments to determine whether elevated cortisol levels could be responsible
for the chronic inhibition of sex change in female L. dalli. First, we tested whether cortisol
levels were elevated in females compared with males by forming social groups (n=39) of 1 large
dominant male, 1 large dominant female (alpha; smaller and subordinate to the male), and 2
smaller females (beta and gamma). Hierarchies in these social groups were allowed to establish
and be maintained for 21 days, and 10 minute behavioral observations were conducted multiple
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times to verify hierarchy stability. On day 22, water-borne hormones were collected, a measure
of systemic hormones closely related to hormone levels in circulation (i.e., plasma, Kidd et al.,
2010). Fish of each social status were placed individually in a beaker of salt water for 1 hour.
Steroids were extracted from the water using C18 columns and measured using cortisol enzyme
immunoassay kits (Cayman Chemical, Ann Arbor, Michigan) as in Lorenzi et al. (2008). The
hormone pellet was resuspended in enzyme immunoassay buffer (5% EtOH), and we completed
the assay according to the supplied instructions. All samples were assayed in duplicate.
We found that water-borne cortisol levels differed significantly among social statuses in
stable L. dalli hierarchies. Cortisol levels were highest in the alpha females and lowest in males.
Beta and gamma cortisol levels were intermediate between the males and alphas (Fig 2A). These
results are consistent with the hypothesis of Perry and Grober (2003) that protogynous sex
change could be inhibited in females via elevated cortisol, especially in the alpha female.
Elevated alpha cortisol levels could result from aggression received from the male, the hybrid
social position of being subordinate to the male yet needing to maintain dominance over the beta
and gamma females, and/or increased energetic demands to fuel higher rates of agonistic
interaction.
Next, we tested whether these status differences in cortisol were due to intrinsic
differences rather than a consequence of the social hierarchy, as hypothesized. To determine
whether social status drives differences in cortisol, we identified fish from the communal holding
tank to form an additional 15 social groups and measured water-borne cortisol in those
individuals prior to being placed in a social group, after 21 days in a social group, and then
following 1 (n=5), 2 (n=5), or 3 (n=5) days in isolation. The isolation chamber consisted of four
compartments separated by glass partitions with 5 cm of space between each compartment. In
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this apparatus, the male and 3 females from a social group remained in visual and olfactory
contact but could not physically interact. Fish were allowed to maintain some sensory contact
because total isolation has been shown to independently increase cortisol in some individuals,
particularly males (Earley and Grober, unpublished data). We found that before being placed
into a social group, males had higher cortisol levels than after 21 days in a social group.
Interestingly, females showed the opposite pattern and had higher cortisol levels after being in
the social group. Following isolation, female cortisol decreased significantly to levels
comparable to before being in the social group. Male cortisol levels did not change following
isolation (Fig 2B). These data strongly suggest that the status- and sex-dependent cortisol
differences after 21 days of interaction (Fig 2A) emerge as a consequence of the social
environment rather than being reflective of intrinsic variation.
Finally, we tested whether cortisol decreases in the alpha female following the removal of
the male. These data would provide support for the release of social stress initiating sex change
(Fig 5.1A). To quantify cortisol over the course of sex change, we formed social groups (n=60)
of 1 large dominant male, 1 large dominant female, and 3 smaller females. Eight days after the
groups were established, the male was removed to facilitate sex change in the alpha female.
Water-borne cortisol was collected from the alpha female when the male was still present (n=12)
and then subsequently from alphas in different social groups (n=12 each) 2 hours, 1 day, 3 days,
7 days, and 15 days following male removal. Cortisol levels differed significantly over time,
peaking 1-3 days after male removal (Fig 5.2C). These data show that contrary to the Perry and
Grober (2003) hypothesis, cortisol in the alpha female / sex changer increased following the
removal of the male. Interestingly, in the protandrous anemonefish (Amphiprion melanopus),
cortisol levels do not differ between males and females but increases in the sex changer
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following the removal of the dominant female (Godwin and Thomas, 1993). This elevation in
cortisol may be more consistent with the classical facilitation of metamorphosis hypothesis in
which the HPA/I axis acts in a conserved role to facilitate vertebrate life history transitions (Fig
5.1B).
These data, in combination with Frisch et al. (2007), strongly indicate that there is no
simple relationship between cortisol and sex change such that removing the male (the assumed
source of elevated alpha cortisol) removes social subordination stress and leads to the initiation
of sex change. Instead, cortisol may increase in the first few days of sex change, indicating
increased CRF signaling and HPI axis activity. This increase could be necessary to meet the
increased energetic demands involved with sex change and/or activate the thyroid axis, which
could regulate cellular differentiation and apoptosis associated with sex change, similar to the
gene programs activated by these axes during amphibian metamorphosis (Fig 5.1B).
Interestingly, environmental cues such as increased density, reduced water volume, and reduced
food availability activate the HPI axis in amphibian tadpoles and facilitate “stress-induced”
metamorphosis (reviewed in Crespi and Denver, 2005). There could be a similar role for the HPI
axis during sex change whereby a change in the environment (i.e., the removal of a social cue),
or the behavioral changes induced by the environmental change, facilitates an important life
history transition.

5.6

Corticotropin-releasing factor, social status, and sex change
To further investigate the increase in HPI axis activity during sex change (Fig 5.2C), we

focused on a role for CRF, the signal that drives the increase in cortisol. We hypothesized that a
change in social environment, from a stable social group to an environment permissive for sex
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change, leads to an increase in CRF that could be involved in the establishment of dominance,
agonistic behavior, and/or the metamorphic process of sex change (Fig 5.1B). To test these
hypotheses, we exogenously elevated CRF using intracerebroventricular (icv) injection that was
timed to coincide with a permissive environment: 2 size-matched female L. dalli in the absence
of a male.
We collected females from reefs offshore of Catalina Island, CA and housed them in
water tables at the Wrigley Institute for Environmental Studies. One day prior to pairing
females, we briefly anesthetized fish (MS-222) to measure SL and mass. Paired females were
size matched and differed in SL by an average of 0.19 ± 0.028 (SEM) mm and differed in mass
by 0.033 ± 0.0042 g. Females were then held in isolation overnight. The next morning,
immediately prior to pairing, we used an established protocol for icv injection (Solomon-Lane
and Grober, 2012) to acutely elevate CRF (Sigma-Aldrich, St. Louis, MO). Corticotropinreleasing factor-injected fish received 500 ng CRF / 50.6 nL 0.1M sterile phosphate buffer
solution. All CRF-injected fish (n=15) were paired with a size-matched female that received an
injection of vehicle only (50.6 nL phosphate buffer) to control for the effects of injection during
dominance establishment (similar design to Backström et al., 2011; Carpenter et al., 2009). Pairs
of injected fish were compared to non-anesthetized, non-injected control pairs (n=14). After
both females in a pair recovered from the injection (described below), they were transferred
simultaneously into a novel tank. Control females were not anesthetized and were transferred
into the novel tank directly from their isolated housing.
Injections were performed using a Nanoject II Auto-Nanoliter Injector (Drummond
Scientific Company, Broomall, PA, USA). Anesthetized fish were gently held under a dissecting
microscope, and the pulled capillary tube needle attached to the Nanoject was lowered into

108

position using a micromanipulator. The external anatomy of the head was used to correctly
position the needle, and after penetrating the skull at the midline of the brain, the solution was
injected into the third ventricle. Following injection, the needle was held in place for 5 s to
reduce leakage, and after the needle was removed entirely from the fish, we performed a test
injection to ensure that the needle was not clogged and to validate proper Nanoject function.
Between injections, the needle was wiped with ethanol and allowed to dry, and the needle was
changed between injections of CRF and vehicle. This technique has a success rate of at least
85% (Solomon-Lane and Grober, 2012) and has been used successfully in L. dalli to manipulate
enzyme activity in the brain (Pradhan et al., 2014).
Following injection, fish recovered in a 200 mL beaker of fresh salt water. Observing
recovery provides independent verification that the injection procedure does not compromise an
individual’s locomotion or capacity for social interaction. Recovery from anesthesia is
stereotyped and involves first initiating ventilation, indicated by movement of the opercula, and
then regaining equilibrium, when the dorsal fin of the fish first reoriented to a vertical position.
Observers were blind to the treatment of the recovering fish. Vehicle-injected fish did not differ
from CRF-injected fish in the time required to initiate ventilation (Mann-Whitney U test:
U=76.50, nCRF=15, nveh=15, p=0.14) or regain equilibrium (independent t-test: t=1.23, d.f.=28,
p=0.23) following anesthetization and injection, suggesting that CRF did not negatively affect
basal physiology or behavior. We also recorded ventilation rate for the first 300 s following the
initiation of ventilation. This serves as a bioassay for injection efficacy because CRF has an
evolutionarily conserved role in elevating ventilation rate. As previously shown in L. dalli
(Solomon-Lane and Grober, 2012), CRF injection significantly increased ventilation rate
compared to vehicle-injected fish (Fig 5.3), indicating the successful elevation of central CRF.
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Injected females were paired as soon as both members of the pair had recovered fully
(i.e., regained equilibrium) (CRF-injected: 16.2 ± 1.5 min post-injection; vehicle-injected: 22.8 ±
1.7 min post-injection). To pair females, we gently transferred each fish into a novel tank
simultaneously. Tanks were supplied with a PVC tube (15.2 cm length, 1.9 cm diameter) that
dominants establish as their territory and males use as a nest. Following a 1 min acclimation
period, we began behavioral observations (10 min each) and recorded approaches, when one fish
swims directly towards any part of another fish’s body, within 2 body lengths, and
displacements, in which the approached fish retreats or swims away. We also recorded lateral
displays, an escalated aggressive interaction. We conducted up to 3, rolling behavioral
observations (maximum 30 min). If dominance was established and one fish displaced the other
5 times without being displaced itself, we did not conduct additional morning observations.
Overall, significantly fewer injected pairs than control pairs had an established dominant fish
based on our original criteria (5 uninterrupted displacements) within the first 30 min of pairing
(injected: 3 of 15 pairs; control: 12 of 14 pairs) (Chi-squared: χ2=12.54, d.f.=1, p<0.001). Using
a broader definition of dominance that included occupation of the nest territory and high
agonistic efficiency, the proportion of approaches that lead to a displacement, a ratio that is
substantially higher in dominants, there were still significantly fewer injected pairs with a clear
dominant fish (injected: 7 of 15 pairs; control: 13 of 14 pairs) (Chi-squared: χ2=7.24, d.f.=1,
p=0.01). To determine if CRF facilitates dominance establishment in L. dalli, we compared the
number of pairs with a CRF-injected and a vehicle-injected dominant fish. Of the 7 injected
pairs with a clear dominant, only 1 dominant fish had been injected with CRF, which was not a
significant difference from random (Chi-squared: χ2=2.28, d.f.=1, p=0.13). During the afternoon
observation, approximately 3 hours after pairing, all 14 control pairs had an established dominant
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fish, defined by occupation of the nest territory and/or the consistent displacement of the
subordinate fish. For the injected pairs, 13 of 15 pairs had an established dominant fish, and
there was no difference between the number of CRF-injected (5) and vehicle-injected (8)
dominants (Chi-squared: χ2=0.3, d.f.=1, p=0.58).
These data demonstrate that contrary to our hypothesis, acute elevation of central CRF in
this context did not facilitate dominance establishment. In fact, within the first 30 min of
pairing, CRF-injected fish tended to become subordinate. In two similarly designed studies
using juvenile rainbow trout (Oncorhynchus mykiss), CRF had conflicting effects on dominance
establishment. Carpenter et al. (2009) showed that icv CRF at the same dose used in this study
positively affected dominance establishment (Carpenter et al., 2009); however, Backström et al.
(2011) report the same status outcomes after 60 min as we do for L. dalli during the afternoon
observation: 5 CRF-injected and 8 vehicle-injected rainbow trout became dominant.
Interestingly, at a higher dose, they show a negative effect of CRF on dominance (Backström et
al., 2011). These data suggest that CRF may facilitate subordinate status, which could be
confirmed for L. dalli with a larger sample size and/or by increasing the dose of CRF.
To investigate why status establishment was significantly delayed in injected pairs, we
compared rates of agonistic behavior during the morning observations. Fish that were injected,
including both CRF-injected and vehicle-injected fish, approached (Fig 5.4A) and displaced (Fig
4B) less than controls and engaged in fewer lateral displays (Fig 5.4C). These differences in
agonistic behavior were driven specifically by dominants. Injected dominant fish (1 CRF, 6
vehicle) approached (Fig 5.4D) and displaced (Fig 5.4E) significantly less than control
dominants, yet there were no differences in subordinate approaches (Fig 5.4F) or displacements
(Fig 5.4G). These data demonstrate that the injection procedure, independent of substance
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injected, depressed behavior, which is critical to the establishment of dominance. Interestingly,
this effect was mediated by social context: rates of behavior were depressed only in dominant
fish.
Although there was no significant difference in the number of CRF-injected vs. vehicleinjected dominants, vehicle-injected fish tended to become dominant in the first 30 min. To
determine whether behavioral differences explain this skew and/or whether CRF affected
agonistic behavior, we compared rates of approaches and displacements between CRF-injected
and vehicle-injected fish, independent of status outcome. There were no differences in
approaches (Fig 5.5A) or displacements (Fig 5.5B) in the first 30 minutes of pairing. Because
there was only 1 CRF-injected dominant and only 1 vehicle-injected subordinate, we could not
analyze whether agonistic behavior differed between CRF dominants and subordinates or vehicle
dominants and subordinates. During the afternoon observation, when 5 CRF-injected and 8
vehicle-injected fish were dominant, there were no significant differences between CRF- and
vehicle-injected dominants in approaches (Fig 5.5C) or displacements (Fig 5.5D). Although
rates of behavior were lower in CRF-injected dominants, CRF did not seem to reduce agonistic
efficiency: nearly all dominant approaches lead to a successful displacement. Among
subordinates, there were no differences in approaches (Fig 5.5E) or displacements. Despite the
low rates of subordinate behavior in the afternoon observation, CRF-injected subordinates
interacted more than vehicle-injected subordinates, showing that CRF did not consistently
decrease behavior further than the vehicle alone. Contrary to our hypothesis, therefore,
exogenous elevation of central CRF did not affect agonistic behavior during status establishment
and initiation of sex change. The lower rates of behavior due to injection, an effect also
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observed in rainbow trout injected with icv CRF (Carpenter et al., 2009), could also have limited
our ability to detect differences.
To test for an effect on HPI activity, resulting from the exogenous CRF and/or stress of
the injection, on status establishment and agonistic behavior, we collected water-borne cortisol
following the afternoon behavioral observation. Afterwards the pair was returned to its home
tank. Injected fish had significantly higher cortisol levels than control fish, but there was no
significant difference between CRF-injected and vehicle-injected fish (Fig 5.6A). This indicates
that the injection rather than the exogenous CRF activated the HPI axis. For both dominants (Fig
5.6B) and subordinates (Fig 5.6C), CRF-injected and vehicle-injected fish had significantly
higher cortisol than control fish but did not differ from each other. Despite similar HPI axis
activation between injected groups, these data provide additional support for our ability to
manipulate CRF centrally because the treatment difference in ventilation rate was not driven by a
CRF effect on cortisol. Overall, there was no effect of social status on cortisol (Fig 5.6D).
Both the injection and the novel social environment, which was designed to be
competitive by pairing size-matched females, likely contributed to the elevated cortisol levels, as
both of these factors have been shown to activate the HPA/I axis. Interestingly, in a previous
study of L. dalli, CRF injected icv in the absence of a social manipulation did not affect cortisol
levels when compared to anesthetized controls that were not injected (Solomon-Lane and
Grober, 2012). This suggests a possible synergistic effect of the stressors. Elevated levels of
CRF or cortisol also have been associated with suppression of behaviors, such as foraging,
reproductive behaviors, and aggressive behaviors (Crespi and Denver, 2004; Moore and Mason,
2001; Tokarz, 1987). This is relevant to the present study because rates of behavior were
depressed and cortisol levels were elevated in injected fish. Our inability here to distinguish
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between HPI activity in CRF-injected and vehicle-injected fish suggests that future tests of HPI
involvement in L. dalli sex change may be limited by the current techniques. The challenge of
manipulating the HPA/I axis without independently activating it via handling or administration
procedure is frequently encountered by researchers, and we discuss potential future directions
below.
Finally, to test whether CRF affected sex change, we allowed females to remain in their
pairs for 12 days, a sufficient time for L. dalli to change sex (Reavis and Grober, 1999). By day
6, all control (n=14) and injected (n=15) pairs had a clear dominant fish, and except for status
reversals in two control pairs, dominance remained stable through day 12. On day 6, CRFinjected fish had established and maintained dominance in 5 of 15 pairs, which was not
significantly different from random (Chi-squared: χ2=1.06, d.f.=1, p=0.30). We evaluated sex
change from digital images of the sexually dimorphic genital papilla (St Mary, 1993) and gonad
morphology. Lythrypnus dalli females have a rounded genital papilla with a length-to-width
ratio less than 1.4, whereas the male papilla is pointed with a ratio greater than 1.4 (Carlisle et
al., 2000; St Mary, 1993). In all pairs, the dominant fish changed sex, indicated by the
significantly higher genital papilla ratio in dominant compared to subordinate fish (Fig 5.7A),
which is consistent with many past studies in this species (Reavis and Grober, 1999; Rodgers et
al., 2007). Visual inspection of the gonads also confirmed that all dominants had transitional or
male-typical gonads. Among dominants, there was no effect of treatment on the genital papilla
ratio (Fig 5.7B) suggesting that neither a single icv injection of CRF nor the injection procedure,
both of which delayed status establishment and elevated cortisol, affected the rate of sex change.
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5.7

Summary and future research directions
In this paper, we have discussed multiple hypotheses about HPI axis involvement in the

regulation of teleost sex change and presented original data from our initial experiments with L.
dalli that test those hypotheses. We have shown that in L. dalli, variation in HPI axis activity
(measured as cortisol) was associated with social status in the hierarchy, and these differences
were socially mediated. We also showed that cortisol increased during early stages of sex
change, suggesting that activation of the HPI axis may be involved with stimulating the process
of sex change similar to the ways in which HPA/I axis activation is involved in other life history
transitions (Wada, 2008). Additional experiments suggested below could elucidate whether the
HPI axis is acting in this evolutionarily conserved manner during sex change.
Corticotropin-releasing factor, either through its hypophysiotopic actions or its own
actions as a neurotransmitter, also could facilitate sex change through two possible scenarios.
First, naturally occurring sex change is always coupled with social dominance; therefore, if CRF
facilitated dominance, CRF could indirectly mediate sex change. We showed that this is not the
case for L. dalli. Acute elevation of CRF in the brain (through icv injection) of fish in a
permissive environment was not associated with dominance establishment or the expression of
agonistic behavior, although there may be a role for CRF (and cortisol) in subordinate status
and/or behavior. Instead, both icv CRF and vehicle reduced agonistic behaviors and delayed
dominance establishment. Acute increases in CRF resulting from environmental stressors (e.g.,
predation threat, threatening abiotic conditions) could inhibit aggression because this switch in
behavior favors survival in such conditions, as it does in other vertebrates (e.g., Tokarz, 1987),
independent of its role in the regulation of behaviors that maintain hierarchies. More research is
needed to examine both of these hypotheses.
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Second, if CRF was the biological signal for the initiation of sex change, then CRF could
directly regulate this process, possibly even in the absence of social dominance. It is important
to note that since sex change is socially regulated by nuanced interactions among several
individuals, there may not be one agonist or antagonist, within or outside of the HPI axis,
capable of overriding the effects of social interactions and context. While we showed that a
single icv injection of CRF prior to status establishment in a permissive environment did not
trigger sex change, this does not necessarily rule out a role for CRF in its initiation. For
example, it is likely that a prolonged elevation of hypothalamic CRF is necessary to activate the
physiological hormonal cascade involved in sex change, as we detected elevated cortisol in alpha
females days after removal of a dominant male. Indeed, Denver (1997) used repeated
intraperitoneal (ip) injections of CRF to initiate precocious metamorphosis in tadpoles beyond a
certain stage of development, and conversely, used repeated ip injections of a CRF antagonist to
prevent metamorphosis.
Similar experiments could be conducted in L. dalli to test whether CRF administered to a
dominant female in a permissive environment for sex change can accelerate the transition. This
could be accomplished using multiple ip injections, which would allow for CRF to have
hypophysiotropic effects (Denver, 1997) but may be less stressful than icv injections because
less handling is required and anesthesia may not be necessary. Alternatively, icv injection of
CRF in a viral vector could activate CRF over a longer period of time, thereby allowing fish to
more fully recovery from the injection procedure before being exposed to a social challenge or
an environment permissive to sex change. Repeated icv injections via indwelling cannula would
also be possible in larger species of sex changing fish (e.g., wrasses, Labridae; parrotfishes,
Scaridae). Another critical experiment would involve chronically inhibiting CRF in an
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environment permissive to sex change via administration of an antagonist (e.g., alpha-helical
CRF), vivo morpholino (e.g., Ferguson et al., 2013), siRNA, or shRNA.
Overall, we encourage further investigation into the mechanisms underlying sex change
in order to broadly elucidate social regulation of metamorphic processes, and, more specifically,
identify a potentially evolutionarily conserved role for the HPI axis in this dramatic life history
transition.
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Figure 5.1: Hypotheses for HPI axis involvement in teleost sex change. (A) The release of
social stress hypotheses, originally put forth by Perry and Grober (2003), suggests that baseline
HPI axis activity is maintained at relatively constant, elevated levels in females of protogynous
species because of the stress of subordination imposed by the dominant male. After male
removal from the social group, HPI axis activity decreases in the most dominant female as she is
released from the social stress of subordination. It is this decrease in HPI activity that allows for
the initiation of sex change. Lower ranking females do not change sex because the dominant
female / sex-changer maintains their subordinate status and, subsequently, their elevated baseline
HPI axis activity. (B) The classical facilitation of metamorphosis hypothesis, discussed here for
the first time, suggests that following male removal, baseline HPI axis activity increases in the
dominant female / sex changer. Elevated HPI axis activity could be used to fuel the energetically
costly changes in behavior, physiology, and morphology that occur during sex change and/or
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activate the thyroid axis, which could regulate cellular differentiation and apoptosis associated
with sex change. This hypothesis is consistent with an evolutionarily conserved role for the
HPA/I axis in the regulation of life history transitions.
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Figure 5.2: Variation in water-borne cortisol levels. (A) Mean (± SEM) cortisol levels in
each status class from stable social groups. Cortisol levels differed significantly among males,
alpha females, beta females, and gamma females after 21 days in a stable social group (n=39)
(one-way ANOVA following a natural log transformation: F3,149 = 3.64, p=0.014). (B) Mean
water-borne cortisol in males, alpha females, beta females, and gamma females prior to being
placed in a social group (“before”) (n=15), after 21 days in a social group (“after”) (n=15), and
following at least 1 day in a social isolation chamber (“physical isolation”) (n=15). There were
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no differences in cortisol levels within statuses following 1, 2 or 3 days in the isolation chamber
(p>0.05); therefore, cortisol levels were pooled and presented in one column (“physical
isolation”). Male cortisol “before” was significantly higher than “after” (paired t-test: t14=2.06,
p=0.05), whereas female cortisol was significantly higher “after” than “before” (paired t-tests:
t14>2.8, p<0.01). Following isolation, cortisol levels were not significantly different from
“before” for any social status (paired t-test: t14<1.8, p>0.09). For alpha, beta, and gamma
females, “after” cortisol levels were significantly higher than isolation (paired t-tests: t14>1.9,
p<0.07); however there was no difference for males (paired t-test: t14=0.52, p=0.60). (C) Mean
water-borne cortisol differed significantly over time in alpha females in a stable social hierarchy
(“pre”) (n=12) and 2 hours, 1 day, 3 days, 7 days, and 15 days (n=12 each time point) following
the removal of the male (one-way ANOVA: F5,64=7.77, p<0.0001). Asterisks and different
letters (p≤0.05) indicate significant differences.
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Figure 5.3: Mean (± SEM) ventilation rate, measured as the number of opercular beats
recorded in 30 s intervals during the first 300 s following the initiation of ventilation. A two-way
mixed factorial ANOVA with time interval as the within subjects factor and treatment as the
between subject factor demonstrated a significant effect of treatment (F1,280=88.11, p<0.0001)
and time (F9,280=3.187, p=0.0011) on ventilation rate. Post hoc analysis revealed that CRFinjected fish had a significantly higher ventilation rate in the first 300 s following the initiation of
ventilation (independent t-test: t=4.83, d.f.=298, p<0.0001), indicating the successful injection of
CRF. Post hoc testing showed no significant effect of time on ventilation rate (one-way
ANOVA: F9,290=0.78, p=0.635).
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Figure 5.4: Mean (± SEM) agonistic behaviors within the first 30 min of pairing. Injected
fish (A) approached (independent t-test following natural log transformation: t=-3.09, d.f.=44,
p=0.0035) and (B) displaced (Mann-Whitney U test: U=214.5, nInj=30, nCon=26, p=0.0039)
significantly less than control fish. (C) Injected fish also engaged in significantly fewer lateral
displays (independent t-test following natural log transformation: t=-3.53, d.f.=24, p=0.0017).
Injected dominants (D) approached (independent t-test following natural log transformation: t=3.22, d.f.=18, P=0.0079) and (E) displaced (Mann-Whitney U test: U=9.0, nInj=7, nCon=13,
P=0.0043) significantly less than control dominants. There were no significant differences in
subordinate (F) approaches (Mann-Whitney U test: U=38.5, nInj=7, nCon=13, p=0.61) or (G)
displacements (Mann-Whitney U test: U=36.5, nInj=7, nCon=13, p=0.50).
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Figure 5.5: Mean (± SEM) agonistic behaviors in injected fish on day 1 of pairing. There
were no differences in (A) approaches (independent t-test following natural log transformation:
t=0.052, d.f.=24, p=0.95) or (B) displacements (Mann-Whitney U test: U=92.5, nCRF=15,
nVeh=15, p=0.41) by CRF-injected and vehicle-injected fish, independent of social status, within
the first 30 min of pairing. In the afternoon observation, dominant CRF-injected fish did not (C)
approach (Mann-Whitney U test: U=9.5, nCRF=5, nVeh=8, p=0.13) or (D) displace (MannWhitney U test: U=12.5, nCRF=5, nVeh=8, p=0.28) significantly more than vehicle-injected
dominants. There were not a sufficient number of subordinate approaches to analyze
statistically, and subordinate displacements are not shown because all values are 0.
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Figure 5.6: Mean (± SEM) water-borne cortisol levels (pg / sample). (A) Injected fish had
significantly higher cortisol levels than control fish (independent t-test following natural log
transformation: t=5.03, d.f.=56, p<0.0001). Control, CRF-injected, and vehicle-injected fish
cortisol also differed significantly (one-way ANOVA following natural log transformation:
F2,55=12.68, p<0.0001). (B) Cortisol levels differed significantly among dominant (one-way
ANOVA following natural log transformation: F2,21=10.30, p=0.0008) and (C) subordinate (oneway ANOVA following natural log transformation: F2,21=8.98, p=0.0015) fish. (D) There were
no differences between all (control, CRF-injected, and vehicle-injected) dominant and all
subordinate fish (independent t-test following natural log transformation: t=-0.18, d.f.=46,
p=0.86). Asterisks and different letters (p<0.05) indicate significant differences.
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Figure 5.7: Mean (± SEM) genital papilla length-to-width ratio. (A) Dominant fish (control,
CRF-injected, and vehicle-injected) had significantly higher genital papilla ratios than
subordinate fish (Mann-Whitney U test: U=12.0, ndom=25, nsub=27, p<0.0001). Dominant fish
had male-typical length-to-width ratios (average 1.99 ± 0.11) and subordinates had femaletypical ratios (average 0.89 ± 0.023). (B) There were no differences in genital papilla ratio
among dominant control, CRF-injected, or vehicle-injected fish (one-way ANOVA: F2,22=0.099,
p=0.91). Similarly, there was no difference among subordinates (data not shown, one-way
ANOVA: F2,24=0.22, p=0.81). Asterisks indicate significant differences (p<0.05).
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6

SOCIALLY-CONTROLLED INITIAL SEXUAL DIFFERENTIATION IN THE SEX
CHANGING BLUEBANDED GOBY (LYTHRYPNUS DALLI)

6.1

Abstract
Vertebrate sex is usually determined chromosomally; however, a number of teleosts rely

on environmental cues. In the bluebanded goby (Lythrypnus dalli), a highly social, sex changing
fish, social status regulates sexual phenotype. While the control of adult sex change is well
understood, this is the first investigation of sexual differentiation in juveniles. In study 1, we
formed all-juvenile social groups of laboratory-reared fish to test whether social status regulates
initial sexual differentiation, as in adults. In study 2, we analyzed gonadal and genital papilla
morphology, which is sexually dimorphic in adults, in field-caught juveniles of different sizes
and developmental stages. In study 3, we analyzed the distribution of wild juveniles and adults
to quantify the natural variation in juvenile local social environment. Finally, in study 4, we
tested whether early-life social status experience affected agonistic behavior in a novel social
context. In laboratory social groups, sex was socially regulated by status. Dominant juveniles
developed male-typical papillae, and the gonad was predominantly testicular tissue.
Subordinates had female-typical papillae and almost exclusively ovarian tissue. The majority of
field-caught juveniles had female-typical or ambiguous papillae, and the gonads were almost all
bisexual (female-biased). Wild juveniles were observed in a variety of local social
environments, with and without nearby juvenile and adults. Whether individuals developed as
dominants/males or subordinates/females, however, did not affect their ability to successfully
integrate into novel adult social groups. Thus, early-life social cues are critical to sexual
development and have a long-term impact of fitness.
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6.2

Introduction
The mechanisms controlling sexual differentiation are of fundamental biological

importance. For many vertebrates, sex is determined chromosomally, and sexual differentiation
proceeds largely impervious to environmental influence. Teleost fishes, however, display a
remarkable amount of sexual plasticity. At multiple time points during the life span,
environmental factors can determine sex (e.g., temperature). One of the most interesting
examples of this phenotypic plasticity is sex change, during which sexually mature adults can
reorganize biologically to transition from a female to a male, or vice versa. For example, a
protogynous sequential hermaphrodite can transition from a fully functional female (i.e.,
producing female gametes) to a male that fertilizes eggs. Bidirectional sex changers are capable
of changing from male to female and back again. Remarkably, this sexual reorganization is
usually social regulated. Following the removal of the dominant fish in the social group, the
individual that establishes and maintains dominance over the group changes sex. Thus, a social
cue is responsible for initiating a cascade of biological changes across multiple body axes
(Devlin and Nagahama, 2002; Godwin, 2009; Godwin et al., 2003; Kobayashi et al., 2013;
Sadovy de Mitcheson and Liu, 2008).
Although the timing and mechanisms underlying adult sex change have been wellstudied, the control of initial sexual differentiation has received relatively less attention. The sex
of an individual at first reproduction, however, is critically important to understanding the fitness
potential over a lifetime. Sex change allows reproductive success to be maximized at different
life history stages, across which the fitness benefits of maleness vs. femaleness vary. In a
haremic species with territorial males, for example, young, small males may not be
reproductively competitive. To maximize reproductive potential, therefore, an individual should
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reproduce as female when young and small, and then as a male when older and larger. While
predicting the optimal size / age at which to change sex is important for estimating fitness
potential (Ghiselin, 1969; Warner, 1975), the decision of whether to differentiate initially as male
or female is critical to these models and the probability of future fitness-related life history
transitions (e.g., adult sex change). Across vertebrates, early-life experiences are critical to
shaping lifelong phenotypic trajectories (Bateson, 2001; Weaver, 2009). Similar to adopting an
alternative reproductive phenotype (Taborsky, 1994), differentiating as a male rather than a
female should have important long-term consequences for behavior, physiology, and fitness.
Social mechanisms have been implicated in the regulation of initial sexual differentiation
in sex changing fishes. In a few different species, the proportion of undifferentiated juveniles
that develop as male vs. female differs when individuals were reared in isolation compared to a
social environment. For example, isolated juvenile Cephalopholis boenak developed as male
(Liu and Sadovy, 2004b), whereas isolated juvenile blueheaded wrasse (Thalassoma
bifasciatum) developed as female (Munday et al., 2006). In contrast, when reared with juvenile
conspecifics, C. boenak developed a 1:1 sex ratio (Liu and Sadovy, 2004b), and a male
developed in some of the T. bifasciatum groups (Munday et al., 2006). Interestingly, juvenile
coral-dwelling gobies (Gobiodon erythrospilus) reared in isolation did not mature at all,
indicating that social cues are necessary for sexual differentiation. When paired with an adult,
juvenile G. erythrospilus developed into the opposite sex of the adult (Hobbs et al., 2004),
similar to juvenile anemonefish, Amphipnon frenatus (Bruslé-Sicard et al., 1994). Together,
these data suggest that similar social mechanisms may regulate sexual organization early in life
and in adulthood.
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In this study, we use multiple experimental approaches to investigate initial sexual
differentiation in the bluebanded goby (Lythrypnus dalli), a highly social fish capable of
bidirectional sex change. On the reef, L. dalli functions primarily as a sequential protogynous
(female to male) hermaphrodite. Adults form linear social hierarchies composed of a large,
dominant male and multiple subordinate females. If the male is removed from the social group,
the dominant female changes sex. In experimental all-male groups, the dominant male will
remain male, and all subordinates sex change back to female (Reavis and Grober, 1999; Rodgers
et al., 2007). The male reproduces with each female in the harem, and he provides sole parental
care for the eggs until they hatch approximately 6 days later (Solomon-Lane et al., 2014). The
larval stage is planktonic for L. dalli, and larvae metamorphose and settle on the reef between 40
and 100 days post hatching (Archambeault et al., in press). During the reproductive season,
juveniles are observed in large numbers on the reef, often interspersed with adults. Juveniles are
always subordinate to adults (e.g., Bruslé-Sicard et al., 1994), and over time, there are
opportunities to ascend in status. Lythrypnus dalli is a useful model for this research because
juveniles can be easily observed and collected from natural populations during the reproductive
season. Juveniles can also be reared in the laboratory (Archambeault et al., in press). In
addition, our strong understanding of the behavioral, morphological, and neuroendocrine basis of
adult sex change in the laboratory and in the field (Behrents, 1983; Black et al., 2005; Lorenzi et
al., 2012; Reavis and Grober, 1999; Rodgers et al., 2007) provides an important comparison to
initial sexual differentiation.
We completed 4 studies to investigate causes and consequences of initial sexual
differentiation in L. dalli juveniles. In study 1, we used lab-reared juveniles to test the
hypothesis that initial sexual differentiation is socially-regulated by the same mechanisms as in
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adults: social status (Reavis and Grober, 1999; Rodgers et al., 2007). If sex is regulated by social
status in juveniles, then the juvenile that establishes and maintains dominance in an all-juvenile
group will develop as male, while subordinates will develop as female. In the wild, juveniles
recruit to areas of the reef with established adult social groups. Therefore, at least a proportion
of recruits develop in the presence of nearby adults rather than all-juvenile social groups. To
describe the local social environments within which juveniles develop, in study 2, we used
transects to map the distribution of juveniles, adult males, and adult females. In study 3, we
collected wild juveniles across a range of sizes and stages of development and analyzed genital
papilla and gonad morphology. We hypothesized that developing gonads contain both sperm
and eggs but are predominantly female-biased because juveniles are always subordinate to
adults. Furthermore, we hypothesized that genital papilla morphology, which is sexually
dimorphic in adulthood (St. Mary, 1993), is a reliable indicator of developing gonad
morphology. Finally, early-life social experience can be an important influence on future
behavior (e.g., Taborsky et al., 2012). Using mature, lab-reared juveniles from study 1, we
tested the hypothesis that without any subordinate experience, dominant juveniles would
integrate less successfully into a novel adult social group than a juvenile that developed as a
subordinate. Individual variation in adult social behavior impacts reproductive success
(Solomon-Lane et al., 2014), and early-life social experience could be an important source of
adult behavioral variation.
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6.3

Methods

6.3.1 Study organism
Lythrypnus dalli is a small (adult standard length (SL) 18-45 mm), marine fish that
undergoes socially regulated, bidirectional sex change (Reavis and Grober, 1999; Rodgers et al.,
2007). This species is highly social and lives in mixed-sex social groups on rocky reefs in the
Pacific Ocean, from Morro Bay, California as far south as the Galapagos Islands, Ecuador
(Béarez et al., 2007; Miller and Lea, 1976). Under natural conditions, social groups range from
small (3-10 fish) isolated groups of 1 dominant male and multiple subordinate females to larger
aggregations with densities up to 120/m2 (Steele, 1996). Within the aggregations, high ranking
females tend to be highly site-attached, while lower ranking females move among social groups
(Lorenzi, 2009). Patterns of agonistic interaction in lab social groups (Reavis and Grober, 1999;
Rodgers et al., 2007) parallel those observed in natural social groups (Black et al., 2005). There
are differences across statuses in the expression of agonistic behavior, including aggression,
submission, and agonistic efficiency (displacements/approaches) (Rodgers et al., 2007; SolomonLane et al., 2014), and status classes are also characterized by differences in body size (Behrents,
1983), neuroendocrine function (Lorenzi et al., 2012; Solomon-Lane et al., 2013), and
reproductive success (Behrents, 1983).

6.3.2 Study 1: Development of lab-reared L. dalli in all-juvenile social groups
Juvenile L. dalli—Fish were reared at Roger Williams University (Bristol, RI) as in
(Archambeault et al., in press). The larval phase is planktonic and non-social. Just before larvae
metamorphosed (1 day) and settled, they were transferred into individual tanks in groups of 4
individuals (Fig 6.1C,D); therefore, all juvenile social experience was controlled and limited to
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the experimental social group during reproductive maturation. Although juveniles were matched
based on developmental stage, they were not matched exactly for size at settlement, and there
was some variation. The social groups of 4 juveniles were then shipped in their groups to our
fish facility at Georgia State University (Atlanta, GA) for the remainder of the study. There was
some variation (< 3 weeks) among groups in the age at which juveniles were shipped from Roger
Williams to Georgia State; however, at both universities, fish were housed in their identical
social groups. Some studies of initial sexual differentiation in sex changing juveniles have
included isolated juveniles as a developmental control (e.g., Liu and Sadovy, 2004b; Munday et
al., 2006). We did not include this treatment group because L. dalli does not respond well to
isolation: gonads regress in isolated adults, for example. Once at Georgia State, fish were
transferred into 38 liter aquaria with gravel substrate and a PVC tube that adult males use as a
nest. The fish facility was maintained on a 12:12 light/dark cycle at 18-20˚C, and fish were fed
daily. At first, fish were fed New Life SPECTRUM Small Fish Formula. As the juveniles grew,
brine shrimp were slowly substituted until that was the only food supplied.
Social groups and behavioral observations—This study was conducted in 2 rounds. In
2013, social groups (n=11) arrived at Georgia State between March 6 and March 23. Weekly
behavioral observations began on April 2 and continued through May 21 (7 weeks). In 2014, all
social groups (n=10) arrived at Georgia State on March 20. The previous year, all juvenile
groups formed and maintained clear hierarchies; therefore, only 4 behavioral observations were
conducted in 2014: April 8, April 15, April 22, and June 9. In the event of a death, social groups
were maintained as groups of 3 or as pairs. All behavioral observations lasted for 10 minutes per
group and were conducted in the afternoon. We recorded asymmetrical agonistic interactions
including approaches, when one fish swims directly towards another fish within 2 body lengths,
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and displacements, a response to an approach in which the approached fish swims away.
Displacements are a measure of aggression, and being displaced is a signal of submission
(Rodgers et al., 2007). Hierarchies were simple to construct during behavioral observations, and
juveniles were assigned a social status from 1 (dominant) to 4 (most subordinate). Status was
assigned prior to looking at the morphology of the sexually dimorphic genital papilla.
Differences in approaches, displacements, and submissions were compared across social statuses
using one-way ANOVAs. The behavioral data presented are averaged (± standard error of the
mean; SEM) across 7 weeks from 2013 to take advantage of the long-term data set. Submission
data from 2014 are also included to demonstrate that hierarchies were also formed in these
groups.
Growth; genital papilla and gonad morphology—Twice during the study (April 9 and
May 9, 2013; April 10 and May 9, 2014), SL and mass were measured, and a digital image of the
genital papilla was taken. Juveniles were removed from their tanks with hand nets and
transferred into individual 200 mL beakers. Fish were briefly anesthetized in tricaine
methanesulfonate (MS-222; 500 mg/L salt water) before handling and then returned to their
beaker to recover. Once all of the fish in a group recovered, all group members were transferred
gently back into their home aquarium. Both years, a few fish died during processing and were
preserved to analyze the gonad (described below). Genital papilla length to width ratio was
analyzed using ImageJ software (Rasband, W.S., ImageJ, U.S. National Institutes of Health,
Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997-2012). Growth between the two processing
dates was calculated by subtracting the earlier SL and mass from the later measurements. At the
end of the study, fish were sacrificed in an overdose of MS-222. We took a digital image of the
genital papilla and then transferred the fish into 4% paraformaldehyde. After at least 1 week in
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paraformaldehyde, fish were transferred to 0.1 M phosphate buffer (PB) and then dissected to
remove the gonad.
We used squash preparations of whole gonads stained with hematoxylin (100%) and
eosin (100%) to analyze developing gametes. To stain the gonad, it was submerged sequentially
in the following reagents in wells of a spotting tile: ultrapure H2O (1 minute), hematoxylin (50
seconds), ultrapure H2O (1 minute), eosin (1 minute), ultrapure H2O (5-10 seconds in 3 separate
wells). The gonad was then placed in a drop of water on a slide and coverslipped for analysis
with a light microscope. Using this technique, sperm and eggs were easily observable and
distinguishable (Fig 6.2). For analysis, all regions of the gonad were examined under the
microscope, and we focused through the tissue using the fine focus. Detailed drawings were
made delineating regions of sperm and eggs, and from these drawings, the proportion of the
gonad that was ovarian vs. testicular tissue was estimated. While this method was being
established, two researchers analyzed each gonad independently and then compared conclusions.
Once the researchers were consistently in agreement, the remaining gonads were analyzed by
one researcher. The most advanced stage of gamete development was also noted: either tailed
sperm or vitellogenic eggs. We used one-way ANOVAs to compare growth (SL, mass), genital
papilla ratio, and proportion ovarian tissue across social statuses.

6.3.3 Study 2: Local social environment of wild juveniles
We completed 20 60-meter transects, 10 on Isthmus Reef (approximately 33.447109
latitude, -118.493022 longitude) and 10 at Bird Rock (approximately 33.450466 latitude, 118.486573 longitude). We haphazardly chose transect locations and used tape measures to
mark the length of the transect. We swam the length of the transect using SCUBA and recorded
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the location of every L. dalli we observed within 1 ft, on either side, of the transect line.
Individuals were marked either as juvenile, adult male, or adult female. Adult sex was
determined based on subtle but easily distinguished differences in body and head shape.
Lythrypnus dalli is a benthic fish that is easy to see and moderately to highly site attached,
depending on the social status (Lorenzi, 2009). The rocky reefs contain numerous crevices and
passage ways into which can fish retreat; therefore, a limited number of fish were overlooked
using this sampling method. We were careful not to record density in the event that fish were
startled into hiding. We calculated fish density by dividing the number of fish observed per
transect within the sampling area (60 m long x 0.61 m wide=36.58 m2). We also divided
juveniles into categories based on the number of juveniles observed together (1-2, 3-10, 10-31
fish) and the number of adults nearby. We represented the frequency of each occurrence on a
frequency distribution.

6.3.4 Study 3: Sex ratio of population samples
We sampled juvenile L. dalli during the reproductive season (July) from areas of Isthmus
Reef and Bird Rock that were not used for transect analysis in Study 2. Juveniles were collected
(California Fish and Game permit no. SC-11879) haphazardly from different regions of the reef,
along with nearby adults, using hand nets while SCUBA diving (n=238). Fish were then
transferred to a bucket on the boat, and juveniles were separated from adults and immediately
euthanized with an overdose of MS-222. They were then transferred to 4% paraformaldehyde.
At the lab, the SL and mass of preserved juveniles were measured, and a digital image of the
genital papilla of each animal was taken. Juveniles were then dissected and, if present, the
gonads were removed (n=76), stored in paraformaldehyde for at least 1 week, and then
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transferred to PB. Although L. dalli initially develops primordial gonadal tissue (V Lorenzi,
personal communication), in this study we were interested in the appearance and development of
the two-lobed gonadal structure. Gonads were then stained and analyzed as in Study 1. Linear
regression analysis was used to identify associations between SL and mass, genital papilla ratio
and the proportion of ovarian tissue in the gonad, and genital papilla ratio and SL.

6.3.5 Study 4: The effect of early-life social status on behavior in a novel context
In 2013, we selected 4 dominant juveniles (rank 1) and 4 subordinate juveniles (three
rank 3s and one rank 4) from laboratory social groups (Study 1) in which eggs had been laid and
fertilized (eggs developed to the eyed stage). Juveniles were then transferred into social groups
of adult L. dalli, including 1 dominant male and 2 subordinate females. With the addition of the
juvenile, these social groups contained 4 fish, the same size as the original juvenile groups.
Adult tanks were matched based on overall activity level (male + alpha female + beta female
approaches) such that the dominant and subordinate juveniles from the same tank were
transferred to adult tanks of similar activity levels. Immediately after transfer into the adult
social group, we observed behavior for 30 minutes. We observed behavior again 3 hours after
the initial observation (10 minutes), then once on day 5 and day 14 (10 minutes each). We
recorded approaches and displacements among all of the fish in the social group, as described for
Study 1. Submissions were quantified as the number of times an individual was displaced by a
group member. We compared approaches and submissions between juveniles that developed as
dominants and those that developed as subordinates using Mann-Whitney U tests.
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6.4

Results

6.4.1 Study 1: Juvenile social status regulated initial sexual differentiation
All juvenile social groups formed hierarchies. As expected, fish of different social
statuses submitted at significantly different rates (one-way ANOVA, square root transformation:
F3,36=28.1, p<0.0001). Post hoc analysis showed that ranks 3 and 4 submitted significantly more
than both rank 1 (rank 3: p<0.0001; rank 4: p<0.0001) and rank 2 (rank 3: p=0.044; rank 4:
p=0.0029). Rank 2 also submitted significantly more than rank 1 (p=0.0002). The social groups
from 2014 showed a similar patterns of submission (one-way ANOVA, square root
transformation: F3,36=17.03, p<0.0001). Post hoc analysis showed that rank 2 (p=0.0001), rank 3
(p<0.0001), and rank 4 (p<0.0001) all submitted significantly more than rank 1. There were no
significant differences in submission among the subordinate ranks (rank 2 vs. 3: p=0.77; rank 2
vs. 4: p=0.37; rank 3 vs. 4: p=0.89) (Fig 6.1A).
Statuses also differed significantly in rates of approaches (one-way ANOVA, square root
transformation: F3,36=3.65, p=0.021) and displacements (one-way ANOVA, square root
transformation: F3,36=7.79, p=0.0004). For approaches, post hoc analysis showed that rank 1
approached significantly more than rank 4 (p<0.011) but did not differ from ranks 2 (p=0.30) or
3 (p=0.33). Rank 2 did not differ significantly from ranks 3 (p=1.00) or 4 (p=0.39), and rank 3
did not differ significantly from rank 4 (p=0.45) (Fig 6.1B). For displacements, post hoc
analysis showed that ranks 1 and 2 did not differ significantly (p=0.15), and both statuses (rank
1: p=0.0001; rank 2: p=0.041) displaced significantly more than rank 4. There was a trend for
rank 3 to displace more than rank 4 (p=0.073), but there were no differences with rank 1
(p=0.15) or rank 2 (p=1.00) (Fig 6.1B).
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By the first processing date (April 9, 2013; April 10, 2014), there were already significant
differences in genital papilla ratio (Kruskal-Wallis: H=40.15, d.f.=3, p<0.0001), such that rank 1
papilla ratios (average 2.31 ± 0.14), were significantly greater (more male-typical) than all of the
subordinate ranks (p<0.0001; rank 2: 1.14 ± 0.08; rank 3: 1.05 ± 0.06; rank 4: 1.21 ± 0.08) (Fig
6.3A). These differences were maintained through the second processing date (May 9, 2013;
May 9, 2014) (Kruskal-Wallis: H=40.80, d.f.=3, p<0.0001). Again, rank 1 papilla ratios were
significantly greater than any of the subordinate ranks (p<0.0001) (Fig 6.3A). Gonad
development paralleled that of the genital papilla. The proportion of the gonad that was ovarian
tissue differed significantly across social statuses (Kruskal-Wallis: H=21.52, d.f.=3, p<0.0001).
Rank 1 had significantly lower proportion of ovarian tissue in the gonad than any subordinate
rank (rank 2: p<0.001; rank 3: p<0.001; rank 4: p<0.01). There were no significant differences
among the subordinate ranks (p>0.05) (Fig 6.3B). The proportion of the gonad comprised of
ovarian tissue was significantly and negatively associated with genital papilla ratio (p<0.0001,
r2=0.41) (Fig 6.3C).
Size and growth also varied with social status and sex. Differences in SL and mass were
similar across statuses; therefore, we will only present the data for mass. On the first processing
date (April 9, 2013; April 10, 2014), there were already significant differences in mass across
social statuses (one-way ANOVA, square root transformation: F3,68=18.37, p<0.0001). Post hoc
analysis showed that rank 1 was significantly heavier than all of the subordinate ranks (rank 2:
p=0.0008; rank 3, 4: p<0.0001). Rank 2 was also significantly heavier than rank 4 (p=0.0091)
but did not differ from rank 3 (p=0.68). Ranks 3 and 4 did not differ (p=0.16) (Fig 6.4A). Over
the 1 month period between the first and second processing dates, there were significant
differences in growth for fish of different statuses (one-way ANOVA, natural log transformation:
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F3,59=6.99, p=0.0004). Rank 1 gained significantly more mass than rank 2 (p=0.004) and rank
4 (p=0.0008), and there was a trend for a difference with rank 3 (p=0.085). Rank 3 did not differ
significantly from ranks 2 (p=0.73) or 4 (p=0.33), and ranks 2 and 4 did not differ from each
other (p=0.87) (Fig 6.4B). On the second processing date (May 9, 2013 and 2014), status
differences in mass showed the same pattern as the month before (one-way ANOVA, square root
transformation: F3,68=21.49, p<0.0001). Post hoc analysis showed that rank 1 was significantly
heavier than all of the subordinate ranks (p<0.0001). Rank 2 was significantly heavier than rank
4 (p=0.038) but did not differ from rank 3 (p=0.95), and rank 3 did not differ from rank 4
(p=0.15) (Fig 6.4A).

6.4.2 Study 2: Local juvenile social environment varied in the wild
On the two reefs, we recorded a total of 1,318 individuals, including 85 adult males, 358
adult females, and 875 juveniles. This sampling revealed an adult sex ratio of 4.21 females per
adult male. Adults were observed at a density of 0.032 fish/m2, including females at a density of
0.026 fish/m2 and males at 0.0062 fish/m2. Juveniles were observed at a density of 0.061 fish/m2.
We examined the number of juveniles observed together and how that was related to the number
of nearby adults. There was substantial variation in the local social environment of juveniles.
Juveniles ranged from being observed alone to one group of 31 juveniles (average 4.83 ± 0.41).
Juveniles were mostly frequently observed alone or with one other individual and with no nearby
adults. Juveniles in groups of 1-2 and 3-10 were also often observed with just a few nearby
adults (≤ 3) (Fig 6.5A).
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6.4.3 Study 3: Wild-caught juveniles had bisexual gonads
We collected 238 juveniles that ranged in size from 7.1 to 21.8 mm SL (14.44 ± 0.21)
and 0.0071 to 0.16 g (0.056 ± 0.0022). Seventy-one of these juveniles had a gonad that could be
removed by dissection. The smallest fish with a detectable gonad was 13.4 mm SL, and the
largest fish without a detectable gonad was 18.1 mm SL. All fish larger than 18.1 mm SL had a
gonad (Fig 6.5B). Of the 71 gonads analyzed, only 1 fish had a gonad without any eggs present,
and only 5 fish had no sperm present. Therefore, the vast majority of gonads contained both
eggs and sperm (91%). Genital papilla length-to-width ratio was significantly and negatively
associated with the proportion of the gonad that was ovarian tissue (p<0.0001, r2=0.30) (Fig
6.5C). Genital papilla ratio was also significantly and positively associated with standard length
(p<0.0001, r2=0.16).
In our sample populations of laboratory-reared and field-caught juveniles, both frequency
distributions for genital papilla ratio were skewed towards the female range (0.8-1.4).
Laboratory-reared fish also had relatively more male-typical genital papillae (Fig 6.6A). Fieldcaught juveniles tended to have 30-80% ovarian tissue in their gonad, while the most frequent
composition for laboratory-reared juveniles was 100% ovarian tissue (Fig 6.6B).

6.4.4 Study 4: Early-life social status did not affect agonistic behavior in a novel context
All of the dominant and subordinate juveniles transferred into novel adult social groups
integrated successfully, and continued to live with the adults for 14 days. We compared rates of
submission and rates of approaching between juveniles that developed as dominants (n=4) with
those that developed as subordinate (n=4) in a novel adult social group. Neither rates of
submission (Fig 6.7A) nor rates of approaching (Fig 6.7B) differed significantly between
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dominant- and subordinate-reared juveniles during any of the behavioral observations, including
in the first 30 minutes in the novel group (Mann-Whitney U-test: submissions: U=6.00, p=0.69;
approaches: U=6.00, p=0.69), 3 hours later (Mann-Whitney U-test: submissions: U=6.00,
p=0.69; approaches: not a sufficient number of non-zero values to analyze), 5 days later (MannWhitney U-test: submissions: U=6.50, p=0.69; approaches: U=2.00, p=0.20), or 14 days later
(Mann-Whitney U-test: submissions: U=4.99, p=0.34; approaches: U=4.00, p=0.34).

6.5

Discussion
In this study, we show that initial sexual differentiation in L. dalli is socially regulated.

Using laboratory-reared fish, we were able to control the entire social experience of juveniles by
forming social groups just prior to their metamorphosis from a larvae to a recruit. Hierarchies
were formed in every juvenile social group, and one fish in each group quickly distinguished
itself behaviorally as the dominant (Fig 6.1) and morphologically as the largest (Fig 6.4). These
status differences persisted for the duration of the study. Dominant fish had male-typical genital
papilla (Fig 6.3A) and a significantly lower proportion of ovarian tissue in their gonad compared
to subordinates of any rank (Fig 6.3B). These data clearly demonstrate that L. dalli juveniles
follow the same sex determination rules as adults: if subordinate, be female; if dominant, be male
(Reavis and Grober, 1999; Rodgers et al., 2007).
Social factors have been shown to influence initial sexual differentiation in other sex
changing fishes, as well. When juvenile coral-dwelling gobies (Gobiodon erythrospilus) (Hobbs
et al., 2004) and anemonefish (Amphipnon frenatus) (Bruslé-Sicard et al., 1994) were paired with
an adult, the juvenile differentiated into the opposite sex as the adult, often after the adult
changed sex if the context was permissive. Because juveniles are always subordinate to adults,
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these data implicate social status as the relevant social cue (Bruslé-Sicard et al., 1994). In groups
of juvenile false clown anemonefish (Amphiprion ocellaris), there were status differences in
proportion of the gonad developing as testes. In this species, long-term social interactions appear
to be necessary for juveniles of different statuses to fully differentiate (Iwata et al., 2008). In
other species, social cues are implicated, but a link to status was not empirically established. For
example, isolated juvenile Cephalopholis boenak developed as male (Liu and Sadovy, 2004b),
and isolated juvenile blueheaded wrasse (Thalassoma bifasciatum) developed as female
(Munday et al., 2006). In social groups, juvenile C. boenak developed a 1:1 sex ratio (Liu and
Sadovy, 2004b), while one male developed in approximately half of the T. bifasciatum groups
(Munday et al., 2006). Ours is the first study to our knowledge to control for all juvenile social
experience. For animals so attuned to social cues, early social environment could impact
important aspects of gonadal cell fate (e.g., via genetic signaling) (Sandra and Norma, 2009).
In addition to sex, the size and growth of juveniles also differed substantially across
statuses in our study (Fig 6.4) and others (Iwata et al., 2008; Liu and Sadovy, 2004b; Munday et
al., 2006). Rank 1 juveniles were already significantly bigger than subordinate ranks 2-4 by the
first time we quantified their size. Dominants also grew at a significantly faster rate, similar to
developing C. boenak males (Liu and Sadovy, 2004b) and dominant A. ocellaris (Iwata et al.,
2008). Juvenile T. bifasciatum that developed as male also tended to be the largest fish in the
group (Munday et al., 2006). It has been previously shown for L. dalli that in size-matched pairs
of females, the female that establishes dominance quickly becomes longer and heavier than the
subordinate (Rodgers et al., 2005); therefore, we suggest that dominance drives size rather than
vice versa. Here, we did not control for size at metamorphosis in order to prioritize grouping
larvae of the same developmental stage. The small size of larvae / new recruits also makes them
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difficult to measure at this stage. That size at settlement could be an important factor affecting
early-life social status, agonistic behavior, and initial sexual differentiation, depending on the
local social environment into which the individual recruits. Age at settlement varies
substantially in laboratory-reared L. dalli, from 40 to 100 days post hatching (Archambeault et
al., in press).
Our field data are consistent with the developmental trajectory observed in the laboratory.
In both laboratory-reared and field-caught juveniles, there was a significant negative association
between genital papilla length-to-width ratio and the proportion of ovarian tissue in the gonad
(Fig 6.3C; Fig 6.5C). In adults, the genital papilla is sexually dimorphic and a reliable indicator
of gonadal sex (St. Mary, 1993). Our data suggest that these tissues develop in parallel.
Although the variation ovarian tissue for a given papilla ratio is noteworthy (Fig 6.5C), our field
data show that juveniles with approximately equal amounts of eggs and sperm also had
intermediate papilla ratios, similar to the transitioning papilla of sex changing adults (St. Mary,
1993). The variable local social environment of juvenile L. dalli on the reef (Fig 6.5A) is also
consistent with the variation we found in genital papilla ratio and gonad morphology among
juveniles of similar sizes. While we observed a number of juveniles alone, or with just one other
juvenile and no nearby adults, there were also multiple occurrences of 10+ juveniles together
with 9 or more adults (Fig 6.5A). As a result, early-life social status and sexual differentiation
should vary considerably depending on where recruits settle. The skew towards female-typical
papilla ratios and ovarian-biased gonads among field-caught juveniles supports our hypothesis
that most L. dalli juveniles are subordinate and develop as female (Fig 6.6). This mechanism
also provides insight into the developmental origins of the skewed sex ration present in adult
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populations. In this study, we observed 4.21 adult females per male, which is consistent with
previous studies (Behrents, 1983; Wiley, 1976).
A number of environmental cues influence where and when planktonic larvae settle onto
a reef. Overall, the process is far less random than originally hypothesized. In a survey of
multiple species of coral reef fish, larvae utilized multiple sensory modalities to identify a
settlement location, including chemosensory, visual, and lateral line systems. The majority of
species were attracted towards conspecifics (Lecchini et al., 2005), although some species also
use habitat cues (e.g., host anemones) (Dixson et al., 2011). Among the species attracted to
conspecifics, habitat availability and the state of resident conspecifics affects whether a recruit
was able to settle successfully. In the anemone fish A. frenatus, recruits tend to settle on
anemones that had lost a resident (Hattori, 20015). If resident density is high, another anemone
fish, A. percula, will aggressively prevent recruitment (Buston, 2003; Elliott et al., 1995).
Analysis of the settling patterns of two species of damselfishes, Dascyllus aruanus and Dascyllus
marginatus, revealed important variation in and control of microhabitat selection. While D.
aruanus settled near but not with adults, D. marginatus tended to form groups of recruits (BenTzvi et al., 2009). In addition to cross-species variation, individual variation within a species in
settling likely affects developmental trajectory, whether that variation results from stochastic
events or preference. For L. dalli, for example, local social environment should dictate whether
an individual initial differentiates as a male or a female. It is also possible that settlement
decisions affect the development of mini males, an alternative male reproductive phenotype in L.
dalli (Drilling and Grober, 2005; Pradhan et al., in press).
Nearly all of the gonads that we collected from field-caught juveniles contained both
eggs and sperm (Fig 6.5C), suggesting that all individuals initially develop a bisexual gonad.
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This is similar to some species (Bruslé-Sicard et al., 1994; Iwata et al., 2008; Liu and Sadovy,
2004a), but different than others (Miura et al., 2003). Adult L. dalli can also maintain both
testicular and ovarian tissue while reproducing successful as one sex or the other (not both
simultaneously) (St. Mary, 1993). Our data suggest that the speed of gonadal development may
also be affected by social cues (e.g. Bruslé-Sicard et al., 1994). Laboratory-reared juveniles
were more likely than field-caught juveniles to have only ovarian tissue visible in the gonad (Fig
6.6B). Laboratory-reared females also had eggs at a more advanced, vitellogenic stage than
field-caught fish. This suggests that the lack of ambiguity in social context in the laboratory may
accelerate development. Similar factors affect the speed of adult sex change (Reavis and Grober,
1999). The abundance of food and lack of adult competition also could have contributed to
developmental rate. In laboratory-reared males, the gonad still had a relatively high percentage
of ovarian tissue. As in adult sex change, it is likely a higher priority to produce mature sperm
than to invest in the degeneration of eggs. The absence of large sperm pockets in female gonads
suggests that testicular tissue may be easier to eliminate.
A few fish in this study did not conform to the pattern of socially-regulated initial sexual
differentiation. For example, in 2013, there were 2 dominant juveniles with male genital papilla
but almost exclusively ovarian gonadal tissue (90% and 100%). In one case, the rank 2 fish
differentiated in the opposite pattern: a female papilla with primarily testicular tissue (90%
testicular). In the other case, all of the subordinates had ovaries and female papilla, as expected.
There were also few subordinates that developed male-typical genital papilla and ovaries.
Interestingly, the social dynamic in the group was not sufficient to explain this deviation from
the norm. The two dominants that developed ovaries were, in fact, dominant over their
subordinates. This is consistent with previous research demonstrating that individuals behave in
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accordance with their social context, independent of reproductive physiology. For example, an
adult female implanted with 11-ketotestosterone, a potent fish androgen, will continue to behave
as subordinate female despite undergoing physiological sex change to male (Rodgers, 2007).
Given the importance of social cues for L. dalli sexual differentiation, our data support
the hypothesis that the brain sexually differentiates first (Francis, 1992; e.g. Iwata et al., 2010).
These effects may have lasting consequences for behavior and physiology because early-life
experiences often have a disproportionately strong impact on an individual (Bateson, 2001;
Weaver, 2009). Therefore, our final study was a preliminary investigation into the effect of
early-life social status on behavior in a novel social context. Specifically, we hypothesized that
the dominant’s lack of subordinate experience would negatively affect his ability to integrate into
a novel social group as a subordinate. Contrary to this hypothesis, all of the juveniles, whether
dominant or subordinate, successfully integrated and lived in novel adult social groups for 14
days. Early-life social status also did not affect how often juveniles submitted, suggesting the
small males were not aggressively targeted any more than small females. In comparison to the
submission data, the rates of juvenile approaches in adult social groups were highly variable.
Our sample size was too small to detect statistical differences, but this will be an important
hypothesis to test in future studies. In adults, individual variation in agonistic behavior is
associated with reproductive success (Solomon-Lane et al., 2014).

6.5.1 Conclusions
In this study, we show for the first time in L. dalli that initial sexual differentiation is
socially regulated by the same rules that dictate adult sex / sex change: if dominant, be male; if
subordinate, be female (Rodriguez et al., 2005). On the reef, nearly all developing juvenile
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gonads contained both eggs and sperm, and there was a strong skew in the population sample
towards female-typical genital papilla ratios and higher proportions of ovarian tissue. The local
social environment of juveniles on the reef also varied considerably, and based on our laboratory
findings, should be responsible for directing initial sexual differentiation. This hypothesis can be
tested directly in future studies of juvenile social behavior in the field. In addition, investigations
into the sensory cues that larvae use to settle on the reef and the neural signaling responsible for
interpreting social status and initiating developmental pathways will provide important insight
into the mechanistic control of sex and behavior. These early-life experiences and
developmental processes likely have long-term consequences for individual variation among
adults (e.g. Solomon-Lane et al., 2014) and lifetime fitness.
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Figure 6.1: Mean (± SEM) rates of juvenile agonistic behavior: A) submission, B)
approaching, and displacing across social statuses in laboratory-reared social groups. Behavior
was averaged from 7 sequential weeks of behavioral observations on n=11 social groups from
2013. 2013: rank 1 (n=11), rank 2 (n=11), rank 3 (n=9), rank 4 (n=9). 2014 submissions: rank 1
(n=10), rank 2 (n=10), rank 3 (n=10), rank 4 (n=9). Significant differences (p<0.05) are
indicated by different letters.
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Figure 6.2: Squash histological preparation of whole gonads stained with hematoxylin and
eosin. A) Field-caught juvenile gonad with nucleated eggs and sperm present. B) Portion of
field-caught juvenile gonad with predominantly sperm. C) Lab-reared subordinate female
juvenile gonad full of well-developed eggs.
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Figure 6.3: Genital papilla and gonad morphology of laboratory-reared juveniles. A) Mean
(± SEM) genital papilla length-to-width ratio of laboratory-reared juveniles across social
statuses. The first (rank 1: n=21; rank 2: n=21; rank 3: n=20; rank 4: n=17) and second (rank 1:
n=20; rank 2: n=18; rank 3: n=17; rank 4: n=16) processing dates occurred 1 month apart. B)
The proportion of the gonad comprised of ovarian tissue across social statuses in laboratoryreared juveniles. Different letters indicate significant differences (p<0.05). C) Association
between genital papilla length-to-width ratio and the proportion of ovarian tissue in the gonad.
The regression line describes the association for all juveniles together (ranks 1-4).
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Figure 6.4: Size and growth of laboratory-reared juveniles. A) Mean (± SEM) laboratoryreared juvenile mass (g) at two different processing dates across social statuses. B) Average (±
SEM) growth over the 1 month period between processing dates across social statuses. Different
letters indicate significant differences (p<0.05). Rank 1 (n=20), rank 2 (n=18), rank 3 (n=17),
rank 4 (n=16).
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Figure 6.5: Field-caught juveniles. A) Frequency distribution of the number of juveniles
observed together on the reef (1-2 juveniles, grey bars; 3-10 juveniles, open bars; 10-31
juveniles, black bars) by the number of adults observed nearby (x-axis numbers). B) Plot of
field-caught juvenile standard length (mm) by mass (g). Juveniles with gonads sufficiently
developed to dissect out are indicated in grey triangles (n=77). Juveniles without a developed
gonad indicated in black squares (n=161).
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Figure 6.6: Relative frequency distributions of laboratory-reared and field-caught
juveniles: A) genital papilla ratio (lab-reared: n=71; field-caught: n=238) and B) the proportion
of the gonad comprised of ovarian tissue (lab-reared: n=47; field-caught: n=71).
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Figure 6.7: Juvenile agonistic behavior in novel adult social groups. Mean (± SEM) A)
submissions and B) approaches by dominant (rank 1) and subordinate laboratory-reared juveniles
(n=4). The day 1 AM behavioral observation was 0-30 min following the transfer of the juvenile
into the adult tank. The day 1 PM observation (10 min) took place 3 hours following the start of
the first observation. Ten min observations were also conducted 5 and 14 days after the initial
transfer into the adult group.
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7

PAYING ATTENTION TO THE HERE AND NOW: CONDITION, NOT PREVIOUS
EXPERIENCE, AFFECTS STATUS CONTEST OUTCOME

7.1

Abstract
Social status within a hierarchy can change over a lifetime. Status transitions have fitness

consequences and are often influenced by previous experience: previous winners tend to
dominate in future interactions while losers tend to remain subordinate. We investigated the role
of social status experience on future status contests in the bluebanded goby (Lythrypnus dalli), a
highly social, sex-changing fish. Lythrypnus dalli females were randomly selected for long-term
experience as the alpha (dominant) or beta (subordinate) in a stable social group. We
hypothesized that females with previous dominance experience would be more likely to establish
and maintain dominance in a novel context and change sex, a status-dependent transition.
Contrary to our hypothesis, status experience did not affect status outcome or the rate of sex
change in novel size-matched pairs of a previous alpha and previous beta. Instead, females in
relatively better physical condition were more likely to establish dominance, and contest duration
was dependent on self assessment of physical condition. There may also be important
connections between behavior, experience, and status. Previous status had a transient behavioral
effect on agonistic efficiency during status establishment: significantly fewer approaches led to
displacement in pairs in which the previous beta established dominance. In addition, betas that
approached the male more frequently in the stable groups were more likely to dominate in the
pairs. Together, these data suggest that long-term tenure as a subordinate does not hinder status
ascension, but current physical condition and individual patterns of behavior may influence who
ascends successfully.
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7.2

Introduction
In many social species, individuals ascend and descend in social status over their lifetime.

It is critical to understand the intrinsic and extrinsic factors influencing transitions between social
status classes because status is closely tied to fitness (Ellis, 1995; Wilson, 1980). In general,
status transitions are expected if status is determined by traits like body size, weapon size,
fighting ability, age, or behavior (Colléter and Brown, 2011; Cronin and Field, 2007; Drews,
1993; Emlen, 2008; Fitzpatrick et al., 2008; Wilson, 1980). These traits can change over time
(e.g., animals grow; senescence can be detrimental to fighting ability), and/or the benefits
afforded by these traits can change relative to other group members (e.g., a size advantage is
dependent on the size of other group members). Within social groups, there are often extended
periods of stability punctuated by transient instability resulting from life history transitions (e.g.,
maturity, immigration / emigration, death) and/or changes in the environment (e.g., shifting
availability of resources, season, predator populations) (de Waal and Tyack, 2003; Wilson,
1980). In comparison, hierarchies determined by stable traits such as maternal rank are relatively
constant over a lifetime (Silk et al., 2009).
Multiple factors influence the outcome of status contests, including the physical condition
of each individual in the contest, behavior towards the other competitor, and the social and
environmental context within which the contest occurs. In this study, we investigate the effects
of previous social experience on future status contests. Substantial evidence from species as
diverse as insects and mammals suggests that after winning an agonistic interaction (i.e.,
establishing dominance), winners are more likely to dominate in future agonistic interactions.
The losers of agonistic interactions are more likely to be subordinate in future interactions.
Species that exhibit winner and loser effects run the gamut from solitary (e.g., Schuett, 1997) to
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highly social (e.g., Franck and Ribowski, 1987) (Hsu et al., 2006). In a solitary species,
individuals may go long periods of time without encountering another conspecific following a
win or a loss. In contrast, winners and losers within highly social groups continue to interact,
sometimes hundreds of times a day. When social individuals first meet and establish their
dominance relationship, the interactions often escalate into aggression and fighting. The winner
attains a higher social status than the loser. If in subsequent interactions the status of the
competitors does not change, then status is considered stable. During periods of social stability,
agonistic interactions rarely escalate because subordinates demonstrate their lower status
behaviorally and do not engage in status contests (Drews, 1993). As a result, high status
individuals experience long winning streaks, low status individuals experience long losing
streaks, and middle status individuals experience a combination of wins and losses. In species
with robust winner and/or loser effects, previous social experience could be an important
predictor of future social status(es) and, therefore, a good estimate of fitness.
Two types of social experience are discussed in the literature: the experience of
establishing status vs. the experience of establishing and maintaining status (i.e., achieving social
stability) (Franck and Ribowski, 1987). Most studies focus on the former: the effect of
establishing status, which can take place within minutes to hours, on future status contests. In
this context, winner and loser effects are very common (reviewed in Hsu et al., 2006). In social
species, the experience of establishing and maintaining social status is more ethologically
relevant, however, because status transitions often follow periods of stability (Wilson, 1980).
Interestingly, the importance of previous experience is highly variable following the maintenance
period because winner and loser effects are not permanent (Chase et al., 1994; Hsu et al., 2006).
In green swordtails (Xiphophorus helleri), for example, winning and losing experience affects
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the outcome of status contests one day later (Beaugrand et al., 1991; Beaugrand et al., 1996), yet
experience as a dominant or subordinate in a stable group does not affect future status outcome
(Franck and Ribowski, 1989). Similarly, in groups of hens (Cloutier and Newberry, 2000),
common marmosets (Saltzman et al., 1996), and cleaning gobies (Whiteman and Côté, 2004), no
effect of previous stable status experience was detected. In contrast, data from crickets
(Simmons, 1986), cockroaches (Ewing and Ewing, 1973), green sunfish (McDonald et al., 1968),
and blue-footed boobies (Drummond and Canales, 1998; Drummond and Osorno, 1992) suggest
that stable status experience does affect behavior and status outcome in future contests. For
example, the majority of dominant green sunfish exposed to 5 days of subordination experienced
a status reversal when returned to their original pair (McDonald et al., 1968). In blue-footed
booby sibling pairs, status during the first 2-3 weeks of life affects agonistic behavior in a novel
pair immediately after pairing (Drummond and Osorno, 1992). Loser effects persist for at least
10 days in blue-footed booby pairs, while winner effects are more transient (Drummond and
Canales, 1998).
Winner and loser effects are thought to be mediated by altered perceptions or improved
assessment of fighting ability, willingness to engage in a contest, and willingness to escalate a
contest (Hsu et al., 2006). Although winners achieve a higher status and gain the associated
fitness benefits, engaging in and escalating a contest costs time and energy and risks injury.
Therefore, individuals should compete only when the benefits outweigh the costs. Species that
do not appear to be influenced by previous stable status experience may instead, or in
combination, rely on real-time assessments of current conditions. Physical size and condition are
among the most common proxies for honest signals of fighting ability, and physical assessments
of oneself and/or one’s competitor should be central to agonistic behavior, fight duration and

159

intensity, and status outcome. In many species, but not all (e.g., Reddon and Hurd, 2009), size
and condition are associated with social status, which can itself constrain growth rates and
impact body condition (Buston, 2003; Gilmour et al., 2005; Hofmann et al., 1999; Huang et al.,
2011; Jonart et al., 2007; Sloman et al., 2000; Vervaecke et al., 2005). In status contests,
individuals of larger size and/or better condition are also more likely to win (Cloutier and
Newberry, 2000; Earley and Dugatkin, 2006; Earley et al., 2006; Gomagano and Kohda, 2008;
Jonart et al., 2007; López and Martín, 2001).
In this study, we tested the effects of previous stable social status experience and physical
condition on future status outcome in the bluebanded goby (Lythrypnus dalli), a highly social,
sex-changing fish. This is a useful system for investigating factors that influence status outcome
for a number of reasons. First, social status changes naturally over a lifetime. Adults form linear
social hierarchies composed of a large, dominant male and multiple subordinate females.
Juveniles join adult social groups at the bottom of the hierarchy and, over time, ascend in status.
Status contests typically occur following the emigration or death of a group member, when an
immigrant joins an existing group, and between novel individuals when establishing a new
group. Second, social status for L. dalli is tied to reproductive success. Males, which are always
dominant, have substantially higher reproductive success than females because they reproduce
with each female in the group. Within the hierarchy of females, high status females can take
priority when laying eggs in the male’s nest (Solomon-Lane & Grober, unpublished data).
Third, because L. dalli is capable of bidirectional sex change, winning status contests can also
result in a female becoming male or vice versa (Reavis and Grober, 1999; Rodgers et al., 2007).
Sex change is an easily quantified, downstream consequence of winning or losing that directly
affects reproductive success.
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In social groups of L. dalli, winning or losing a status contest has important
consequences for individual social experience, which could affect future status contests. Status
classes differ significantly in how frequently they initiate agonistic interactions with other group
members (Solomon-Lane et al., 2014). By definition, status also dictates the outcome of these
interactions (Drews, 1993). If a dominant L. dalli approaches a subordinate, the subordinate
submits. If a subordinate approaches a dominant, the dominant does not submit and either
ignores the subordinate or approaches the subordinate in return to elicit a submission. In a stable
lab social group, individuals are involved in over a thousand agonistic interactions per day, on
average (Solomon-Lane & Grober, unpublished data), leading to dramatically different histories
of winning and losing depending on social status. Despite the highly stereotyped nature of
agonistic interactions in stable social groups, for L. dalli, they are critical to status maintenance.
For example, if a male is prevented from interacting with the females in his harem, despite being
visible to them, the dominant female will change sex to become the male of the group (Lorenzi et
al., 2006). Based on our knowledge of status establishment and maintenance in other species,
and the importance of status in determining agonistic experience for L. dalli, we hypothesized
that females with experience establishing and maintaining dominance would be more likely to
establish dominance, and subsequently change sex, in a future status contest. Alternatively,
current cues about the physical condition of the competitors may be of greater importance than
experience. We tested these hypotheses by pairing novel, size-matched females, one with
previous stable dominance experience and one with previous stable subordinate experience.
These data will contribute to our understanding of the evolution of and mechanisms underlying
life history transitions in L. dalli and other highly social, group-living species.
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7.3

Methods

7.3.1 Study species
Lythrypnus dalli is a small (adult standard length (SL) 18-45 mm), marine fish that
undergoes socially regulated, bidirectional sex change (Reavis and Grober, 1999; Rodgers et al.,
2007). This species is highly social and lives in mixed-sex social groups on rocky reefs in the
Pacific Ocean, from Morro Bay, California as far south as the Galapagos Islands, Ecuador
(Béarez et al., 2007; Miller and Lea, 1976). Under natural conditions, social groups range from
small (3-10 fish) isolated groups of 1 dominant male and multiple subordinate females to larger
aggregations with densities up to 120/m2 (Steele, 1996). Within the aggregations, high ranking
females tend to be highly site-attached, while lower ranking females move among social groups
(Lorenzi, 2009). Patterns of agonistic interaction in laboratory social groups (Reavis and Grober,
1999; Rodgers et al., 2007) parallel those observed in natural social groups (Black et al., 2005).
There are differences across statuses in the expression of agonistic behavior, including
aggression, submission, and agonistic efficiency (displacements/approaches) (Rodgers et al.,
2007; Solomon-Lane et al., 2014), and status classes are also characterized by differences in
body size (Behrents, 1983), neuroendocrine function (Lorenzi et al., 2012; Solomon-Lane et al.,
2013), and reproductive success (Behrents, 1983).
We collected L. dalli on reefs offshore of Catalina Island, California using hand nets
while SCUBA diving (California Fish and Game permit #: SC-10676) and transported them to
our fish facility at Georgia State University (Atlanta, GA, USA). The fish facility was
maintained on a 12:12 light/dark cycle at 18-20˚C, and fish were fed brine shrimp once daily
until satiation. In the 8 months prior to the start of this experiment, we housed fish in social
groups of one large male and 3-6 females of varying sizes in 38 L aquaria. Similar studies have
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included periods of isolation before their social manipulation to limit the effects of preexperiment housing conditions (e.g., Dugatkin and Druen, 2004); however, this species does not
respond well to isolation. To minimize the effect of pre-experiment experience, we employed
random selection (Beaugrand and Goulet, 2000) when assigning females to either dominant or
subordinate stable social status experience.

7.3.2 Stable social status experience
Females were randomly selected to be either the alpha (dominant) or beta (subordinate)
female in a social group with a large, dominant male. To form groups of specific sizes and sex
ratios, we briefly anesthetized fish in tricaine methanesulfonate (MS-222; 500 mg/L salt water)
before measuring SL and determining sex based on genital papilla morphology (St. Mary, 1993).
We took a digital image of the genital papilla and calculated the length-to-width ratio using
ImageJ software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD,
USA, http://imagej.nih.gov/ij/, 1997-2012). Males have long and pointed papillae with a lengthto-width ratio greater than 1.4. Females have short and rounded papillae with a length-to-width
ratio less than 1.4 (St. Mary, 1993). In the social groups, males were at least 3 mm SL longer
than the alpha female, and alphas were at least 3 mm SL longer than their beta, in order to
rapidly induce the desired social status. The male was dominant over both females, and the
alpha female was dominant over the beta female. As a result, the alpha gained dominance
experience while the beta female did not. The fish remained in these groups for 7 weeks (April
15-June 6). Two, 10 min behavioral observations (described below) were conducted
approximately 6.5 weeks after group formation (June 1 and June 3) to confirm female social
status before transferring fish into a novel social context. These observations were also used to
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determine whether agonistic behavior in the stable social groups was predictive of social status
outcome in the novel pair.

7.3.3 Social status contest in a novel pair
After 7 weeks in the stable social groups, we removed males and re-paired females such
that an alpha was paired with a novel beta. We removed fish from their aquaria using hand nets
and isolated them for approximately 1 hr in a 200 mL plastic beaker filled with fresh salt water.
This brief period of isolation was logistically necessary while rearranging fish to guarantee that
each novel pair was placed into a novel aquarium. Isolated females were then gently transferred
from the plastic beaker into a novel aquarium at the same time as their pair.
Females were paired in two different size conditions. To determine whether previous
stable social status experience affected social status outcome in this novel context, we formed
size-matched pairs (n=10) of one previous alpha and one previous beta. Standard length
measurements taken 1 week prior to re-pairing were used for size matching. We did not measure
fish closer to the time of re-pairing to avoid an effect of handling stress on agonistic behavior or
status outcome. To validate the accuracy of our size matching (and size mismatching, see
below), we re-measured female SL and mass 24 hours after females were placed in their novel
pair. Females were then immediately returned to their home aquarium. Based on measurements
24 hours post-pairing, size-matched females differed in SL (mean ± SEM) by 0.23 ± 0.05 mm
and in mass by 0.04 ± 0.007 g. Previous work in L. dalli shows that size differences this small
do not bias status outcome (Rodgers et al., 2005). We also formed size-mismatched pairs (n=12)
in which the previous alpha was at least 3 mm SL longer than the previous beta (mean
differences: SL 6.03 ± 0.34 mm, mass 0.29 ± 0.03 g). This size difference should result in the
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larger previous alpha easily establishing and maintaining dominance over the smaller previous
beta. In size-matched pairs, both females should be effective competitors for dominant status;
therefore, size-mismatched pairs served as controls for agonistic behavior during status
establishment. Females remained in these pairs for 10 days.
One minute after female pairs were transferred into their novel aquarium, we began 3
rolling 10 min behavioral observations. We observed up to 30 minutes or until dominance
criteria were met by one of the females. Dominance establishment was defined as one female
displacing the other 5 times without being displaced herself, similar to dominance criteria used in
other studies (Beaugrand et al., 1991; Reddon and Hurd, 2009). Agonistic interactions were
initiated with an approach, when one fish swam directly towards any part of another fish’s body
within 2 body lengths. Approaches led to a displacement if the approached fish swam away
within 5 seconds. From these data, we calculated individual agonistic efficiency (AgEf), the
proportion of approaches that led to a displacement (displacements/approaches). To confirm that
social status was maintained after status establishment, we conducted additional 10-minute
behavioral observations 8, 9, and 10 days after females were paired. During these observations,
dominance was determined by patterns of displacement / submission and occupying the nest
territory. Figure 7.1 summarizes the 3 social contexts included in this study: stable social
groups, novel pairs, and stable pairs.
Pairing two female L. dalli in the absence of a male is a sex change permissive social
environment, and the female that establishes and maintains dominance changes sex (Rodgers et
al., 2005). We evaluated sex change using a digital image of the genital papilla 10 days after
pairing (Carlisle et al., 2000; St. Mary, 1993). We calculated genital papilla length-to-width
ratio using ImageJ software.
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7.3.4 Body size and physical condition
We calculated the differences in size between paired females by subtracting subordinate
mass from dominant mass. We estimated physical condition based on condition index, actual
mass/expected mass (%), a value used across species to evaluate general health, stress, and
energy stores (Stevenson and Woods, 2006). Expected mass was calculated using the
relationship between L. dalli SL and mass (based on 396 field-caught fish,
mass=0.000019055*SL2.94), which is very similar to the general estimate (SL3) from Fulton’s
condition factor, K (Stevenson and Woods, 2006). Condition index asymmetry was calculated
by subtracting subordinate from dominant condition.

7.3.5 Data analysis
Statistics were performed using JMP 8.0, and the data presented in the text are means ±
standard error of the mean (SEM). For clarity, we will explicitly refer to the different social
contexts as “stable social groups” or “pairs.” We will refer to females in the stable social groups
as “alpha” and “beta” (the most dominant fish was male) and fish in the pairs as “dominant” and
“subordinate.” In the pairs, either the previous alpha or previous beta could establish dominance.
In the size-mismatched (control) pairs, all of the larger alphas established and maintained
dominance; therefore, we will continue to refer to these pairs as “size-mismatched.” We will
refer to size-matched pairs in which the previous alpha became dominant as size-matched
“SAME status pairs” (i.e., alphas remained dominant and betas remained subordinate: individual
status was the same in the stable social group and in the pair). Size-matched pairs in which the
previous beta became dominant will be referred to as “SWITCHED status pairs” (i.e., alphas
became subordinate and betas became dominant: individual status switched between the stable
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social group and the pair) (summarized in Fig 7.1). For statistical comparisons, “treatment
groups” refers to comparisons among size-mismatched, size-matched SAME status, and sizematched SWITCHED status pairs. A significant effect of treatment group, in which size
mismatched and size matched SAME status pairs differed from SWITCHED status pairs, would
indicate an effect of previous stable social status experience. A significant effect of treatment
group, in which size-mismatched differed from the size-matched pairs, would indicate an effect
of size difference in the pair.
For the following pairwise comparisons, data that met the assumptions of parametric
statistics were analyzed using student’s t-tests. Transformations to normalize skewed data are
specifically indicated. Data that did not meet these assumptions were analyzed using a MannWhitney U test. To identify status differences in the stable social groups, we conducted pairwise
comparisons of alpha and beta agonistic behavior and condition. To determine whether agonistic
behavior in the stable social groups was predictive of status outcome in the pairs, we compared
the stable group behavior of alphas that dominated in the pairs (SAME status pairs) to alphas that
became subordinate (SWITCHED status pairs). Similarly, we compared stable group beta
behavior between betas that dominated in the pairs (SWITCHED status pairs) and those that
were subordinate (SAME status pairs). To determine whether physical differences between sizematched females were predictive of status outcome, we compared condition index, condition
index asymmetry, and mass asymmetry between SAME and SWITCHED status pairs. We used
a Chi-squared test to determine whether the number of size matched SAME status vs. size
matched SWITCHED status pairs was significantly different from chance.
We conducted two-way analysis of variance (ANOVA) with status in the pair and
treatment group as independent factors to determine whether stable social group status, status
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outcome in the pairs, or an interaction affected behavior during status establishment, behavior in
the stable pairs, or genital papilla ratio 10 days after pairing. Behavior during status
establishment was averaged from the rolling observations and analyzed as behaviors per min.
Two size-matched pairs were excluded from the behavior analyzes on the day of pairing because
the social status of the females reversed between that day and day 8. Behavior in the stable pairs
was averaged from the observations 8, 9, and 10 days after pairing and analyzed as behaviors per
min. One-way ANOVA was used to analyze treatment differences in the time required to
establish dominance. Post hoc analyzes of significant ANOVA results were conducted using a
student’s t-test or Tukey HSD test, where appropriate. Linear regression analysis was used to
identify associations among agonistic behavior, physical condition, and time to establish
dominance.

7.4

Results

7.4.1 Agonistic behavior, but not physical condition, was status-dependent in stable social
groups
In the stable social groups, agonistic behavior differed between females of different
statuses. Alpha females approached (t-test, natural log transformation: p<0.0001) and displaced
(Mann-Whitney U test: U=5.5, nα=nβ=22, p<0.0001) significantly more than betas, and alphas
had significantly higher AgEf than betas (Mann-Whitney U test: U=8.0, nα=22, nβ=21,
p<0.0001) (Fig 7.2). There were no significant differences between alpha and beta condition
index (t-test: p=0.78) (Fig 7.3A).
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7.4.2 Social status outcome in the novel pairs
In the size-mismatched control pairs, all of the previous alphas (n=12) established
dominance within 30 min and maintained dominance for the following 10 days of the
experiment. Eight out of 10 size-matched pairs established dominance within 30 min according
to our criteria (5 consecutive displacements). In 6 of those 8 pairs, the previous alpha established
dominance, which was not significantly different from chance (Chi-squared test: χ2=2.0, d.f.=1,
p=0.16). By day 8, all size-matched pairs had a clear dominant and subordinate, and there was
no effect of previous stable status experience: dominance reversed in 2 size matched pairs,
resulting in 5 previous alphas (SAME status pairs) and 5 previous betas (SWITCHED status
pairs) establishing and maintaining dominance.

7.4.3 Physical condition, status contest, and status outcome in the novel pairs
In size-matched pairs, the asymmetry in condition index (t-test: p=0.025) (Fig 3B) was
significantly greater in size-matched SAME status pairs than size-matched SWITCHED status
pairs. In SAME status pairs, previous alphas/dominants had a condition advantage over previous
betas/subordinates. In SWITCHED status pairs, however, the average difference in condition
was not different than zero: in 3 pairs, the previous betas/dominants had a condition advantage,
but in the remaining 2 pairs, the previous alpha/subordinate had a small advantage. Overall,
condition index did not differ between SAME status dominants and subordinates (MannWhitney U test: U=5.0, ndom=nsub=5, p=0.15) or between SWITCHED status dominants and
subordinates (Mann-Whitney U test: U=12.0, ndom=nsub=5, p=1.00). There were significant and
positive associations between dominant (r2=0.22, p=0.036) and subordinate (r2=0.22, p=0.039)
condition index (all treatment groups) and the time required to establish dominance (Fig 7.3C),
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but the asymmetry in condition index within a pair was not associated with the time required to
establish dominance (Fig 7.3D). The asymmetry in mass (t-test: p=0.10) did not differ
significantly between females in size-matched SAME status and size-matched SWITCHED
status pairs.

7.4.4 Behavior in the stable social groups was associated with status outcome in the pairs
There were no differences in alpha approaches (t-test, natural log transformation: p=0.84)
(Fig 7.4), displacements (t-test: p=0.93), or AgEf (t-test: p=0.37) in the stable social groups
between alphas that went on to be dominant in the size-matched pairs (SAME status pairs) and
those that became subordinate (SWITCHED status pairs). Betas that established and maintained
dominance in the pairs (SWITCHED status pairs) approached more in the stable social groups (ttest: p=0.052) (Fig 7.4). To better understand the importance of approaches in the stable social
groups, we analyzed both alpha and beta approaches more specifically as approaches to the male
and approaches to the other female. Betas that became dominant (SWITCHED status pairs)
approached the male significantly more than betas that remained subordinate in size-matched
pairs (SAME status pairs) (t-test: p=0.026). There were no differences in alpha approaches to
the male between those that remained dominant (SAME status pairs) and those that became
subordinate (SWITCHED status pairs) (t-test, natural log transformation: p=0.48). For alphas (ttest: p=1.00) and betas (Mann-Whitney U test: U=8.50, nsame=nswitch=5, p=0.42), there were no
differences in approaches to the other female (Fig 7.4). There was a trend for a positive
association between beta approaches and beta condition index in the stable social groups
(p=0.07). Alpha approaches were not associated with condition index (p=0.94).
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7.4.5 Agonistic behavior during status establishment
For pairs that established dominance within 30 min, there were no significant differences
in the time to establish dominance among size-mismatched, size-matched SAME status, and
size-matched SWITCHED status pairs (ANOVA: F2,15=1.77, p=0.20). We conducted two-way
ANOVAs to determine whether status in the stable social group, status outcome in the pairs, or
an interaction affected agonistic behavior during status establishment. For approaches and
displacements, there was a significant effect of status in the pair, but no effect of treatment group
and no interaction effect (approaches: status in the pair: F1,34=21.19, p<0.0001; treatment group:
F2,34=0.91, p=0.41; interaction: F2,34=0.60, p=0.56; displacements: status in the pair: F1,34=30.19,
p<0.0001; treatment group: F2,34=1.56, p=0.22; interaction: F2,34=1.77, p=0.19). Post hoc
analysis showed that, independent of previous status, individuals that established dominance
approached (p<0.0001) and displaced (p<0.0001) significantly more than subordinates (Fig
7.5A). For AgEf, there was a significant effect of status in the pair (ANOVA: F1,32=32.81,
p<0.0001), a significant effect of treatment group (ANOVA: F2,32=3.28, p=0.051), and a trend
for an interaction (ANOVA: F2,32=2.76, p=0.078). Post hoc analysis of the pairs status effect
showed that dominants had significantly higher AgEf than subordinates (p<0.0001). Post hoc
analysis of the treatment effect revealed that size-matched SAME status pairs had significantly
higher AgEf than SWITCHED status pairs (p=0.047), and there was a trend for higher AgEf in
size-mismatched pairs than size-matched SWITCHED status pairs (p=0.096). There was no
difference between AgEf in size-mismatched and size-matched SAME status pairs (p=0.69) (Fig
7.5B).
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7.4.6 Status and sex change in the stable pairs
The same individuals were dominant and subordinate during the behavior observations 8,
9, and 10 days after pairing, indicating that status was stable and being maintained. Two-way
ANOVA revealed a significant effect of status in the pair on genital papilla ratio 10 days after
pairing (F2,38=4.96, p=0.032), a measure of sex change. There was no effect of treatment group
(F2,38=0.83, p=0.44) and no interaction (F2,38=1.64, p=0.21). Post hoc analysis showed that
dominants had significantly larger (more male-typical) length-to-width ratios than subordinates
(p=0.0042) (Fig 7.6).

7.5

Discussion
In this study, we show that alpha and beta females in stable L. dalli social groups have

dramatically different agonistic experiences of winning and losing (Fig 7.2), yet in a status
contest against a novel, size-matched opponent, this long-term experience did not affect status
outcome. Females showed surprising behavioral plasticity, and with the exception of a transient
effect on AgEf (Fig 7.5B), there were no differences in behavior during status establishment (Fig
7.5A). Instead, physical condition appears important for status outcome (Fig 7.3B,C). These
data suggest that L. dalli does not experience significant winner or loser effects following
periods of social stability (i.e., status maintenance), similar to green swordtails (Franck and
Ribowski, 1989), cleaning gobies (Whiteman and Côté, 2004), common marmosets (Saltzman et
al., 1996), and hens (Cloutier and Newberry, 2000). Like L. dalli, these species are highly social.
Winner and loser effects are thought to affect future status contests by influencing the assessment
of costs and benefits. For example, losing could indicate poor fighting ability and should
discourage engagement in or escalation of future contests. Following extended periods of social

172

stability, however, the information gained from a previous win or loss may become outdated.
Additionally, agonistic interactions in stable social groups are highly ritualized and occur among
familiar individuals, which may not provide valuable information about future performance (e.g.,
fighting ability). Thus, previous winning and/or losing may not be especially relevant in highly
social species (Hsu et al., 2006). Alternative mechanisms may be utilized to minimize the costs
and maximize the benefits of future status contests, such as individual recognition and memory
of previous agonistic interactions (e.g., Grosenick et al., 2007). The importance of factors like
physical condition could also make an effect of previous social experience difficult to detect.
For example, there may be a subtle, transient benefit to previous dominance experience in L.
dalli: previous alphas initially established dominance in 6 of 8 size-matched pairs. In this study,
sample size limitations may have affected our ability to detect subtle effects of experience;
however, these data provide an important foundation for testing specific hypotheses about the
control of social status in future experiments.
Rather than relying on experience, our data suggest the physical condition of competing
females influenced status outcome and behavior. Similar to other studies (e.g., Jonart et al.,
2007; López and Martín, 2001), superior physical condition was an advantage for establishing
and maintaining dominance in size matched pairs (Fig 7.3B). In SAME status pairs, the relative
condition of the previous alpha/dominant was consistently higher than the previous
beta/subordinate with which they were paired. In SWITCHED status pairs, condition
asymmetries were markedly smaller than in SAME status pairs and, on average, did not differ
from zero. These data surprisingly suggest that when the relative difference in condition (and
size) is small, the individual with subordinate experience may have a slight advantage.
Condition in other species has been shown to influence an individual’s willingness to engage in
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or escalate a status contest, and it can also serve as a signal of fighting ability or status that
influences the competitor’s behavior (Hsu et al., 2006; Jonart et al., 2007; López and Martín,
2001; Mager et al., 2007; Schuett, 1997). The connection between relative condition and status
suggests that L. dalli condition could be an honest signal of fighting ability and/or dominance
when size differences are negligible. In fact, all of the status contests in this study were resolved
without fighting—the most intense agonism observed was a lateral display, a ritualized sizing up
of one’s competitor—which supports the use of a reliable signal to reduce escalation. It will be
critical to directly test the role of condition for L. dalli agonistic behavior and status outcome by
pairing fish of specific conditions and condition asymmetries in future studies.
Individual behavior during the status contest was also influenced by physical condition.
The positive associations between both subordinate and dominant condition index and time to
establish dominance (Fig 7.3C), and the lack of association with condition asymmetry (Fig
7.3D), suggest that female persistence is predominantly influenced by her own condition
(Gammell and Hardy, 2003; Taylor and Elwood, 2003). Subordinate condition likely drives the
association for both females in the pair. Females of inferior condition should have a lower
threshold for persistence during a status contest; thus, the better condition females were in, the
longer they invested in the contest. Even though dominants may not test their own persistence
limits because the subordinate threshold is lower, the presence of the relationship for
subordinates can itself produce a parallel association between dominant condition and contest
duration (Taylor and Elwood, 2003). Since L. dalli agonistic interactions rarely escalate, taking
longer to evaluate various factors affecting the contest likely does not carry an increased risk of
injury. Consistent with this idea, but perhaps contrary to conventional wisdom, size-mismatched
pairs did not reach dominance criteria faster than size-matched pairs, suggesting that even when
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a size difference was imposed to bias status outcome, both large and small individuals invested
in the contest. Evidence for self assessment can be found in multiple species, including crickets,
crabs, and spiders (Taylor and Elwood, 2003), although contests may also be influenced by the
opponent (Reddon et al., 2011).
In addition to physical condition, agonistic behavior measured in the stable social groups
was associated with status outcome in the novel pairs. Betas that became dominant
(SWITCHED status pairs) approached the male in their stable social group significantly more
often than betas that remained subordinate (SAME status pairs) (Fig 7.4). No alpha behavior in
the stable social group distinguished between alphas with different status outcomes in the pairs,
although alphas that became dominant also approached the male more frequently (Fig 7.4). In
general, L. dalli females approach males within agonistic and reproductive contexts. Males
respond by either approaching and displacing the female or allowing her to remain nearby; males
do not submit (get displaced by) to females. Within the context of this experiment, we suggest
that more frequent beta approaches to the male and dominance in the pairs could share an
underlying mechanism or represent behaviors correlated across social contexts (e.g., personality
or behavioral syndrome, Sih et al., 2004). For example, individual variation in aggressiveness,
boldness, and activity are associated with social status in rainbowfish (Colléter and Brown,
2011), zebrafish (Dahlbom et al., 2011), cichlids (Riebli et al., 2011), and common marmosets
(Saltzman et al., 1996). Specific tests for these behavioral traits have yet to be conducted for L.
dalli; however, frequent approaches to the dominant male by a subordinate female could be
consistent with an aggressive, bold, or active individual.
Stable social status experience had a very specific effect on behavior during status
establishment. Agonistic efficiency was significantly lower in size-matched SWITCHED status
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pairs than size-matched SAME status pairs (Fig 7.5B); however, there were no treatment
differences in approaches or displacements (Fig 7.5A). In general, AgEf starts low for all group
members during status establishment. As dominance relationships form, AgEf increases
dramatically in all individuals except the lowest rank, which has no subordinate to consistently
displace (Solomon-Lane et al., 2014). In this study, although size-matched SWITCHED status
dominants did not take longer to establish dominance, they failed to achieve an AgEf higher than
their subordinates before meeting dominance criteria. Either dominant or subordinate behavior
could compromise dominant AgEf in SWITCHED status pairs. In these pairs, the subordinates
had alpha experience, a status that does not submit to other females. This experience could make
her reluctant to submit (i.e., be displaced) in the novel context. In contrast, the dominants had
beta experience, a status that rarely displaced others (Fig 7.2). This experience could affect her
ability to execute an approach that successfully elicited a displacement. We think it is more
likely that subordinates drive down dominant AgEf because although dominants can initiate an
approach, subordinates dictate the outcome of the agonistic interaction by submitting, ignoring,
or escalating (e.g., Schuett, 1997). To thoroughly test this hypothesis, females with the same
stable social status experience should be paired so that only one individual per pair experiences a
change in status (as in Franck and Ribowski, 1989).
Within the context of this study, low dominant AgEf in SWITCHED status pairs did not
have long-term consequences. None of the SWITCHED status pairs experienced status
reversals, and there were no behavioral differences among treatment groups in the stable pairs
(data not shown). However, status establishment does not naturally take place in such a simple
social context: on the reef, L. dalli can live in larger social groups. Mathematical models have
been critical in bridging the gap between dyadic status contests, for which there is a wealth of
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empirical data, and status establishment in groups (Beacham, 2003; Beaugrand, 1997; Chase,
1982; Hsu et al., 2006). Conceptually, sequential dyadic contests are at the center of many of
these models (e.g., the tournament model, Chase, 1974). Extrapolating from the status contests
in this study, the low dominant AgEf could have negative consequences in a group context. For
example, our data suggests it takes longer for dominants in SWITCHED status pairs to achieve
the high AgEf typical of dominant L. dalli (Fig 7.5B). Longer contests require more energy, for
example, or may be more likely to escalate, increasing the risk of injury. These costs could
impact individual performance in the next round(s) of status contest. Additionally, bystanders
(Grosenick et al., 2007) / future competitors could alter their behavior based on the agonistic
behaviors they observe. Empirical data suggests that status outcome in dyads is predictive of
status outcome in groups for some species (Chase, 1982; Dugatkin and Druen, 2004) but not for
others (Cleveland and Lavalli, 2010).
Ultimately, one of the most important reasons for understanding the control of social
status is the link between status and fitness (Ellis, 1995; Wilson, 1980). For L. dalli, establishing
and maintaining dominance in a sex change permissive context can lead to dramatic increases in
reproductive success (Reavis and Grober, 1999; Rodgers et al., 2007). We tested whether stable
social status experience affected the rate of sex change. Although dominants in all treatment
groups had more masculine genital papilla length-to-width ratios than subordinates, genital
papilla ratios did not differ among size-mismatched, size-matched SAME status, and sizematched SWITCHED status pairs (Fig 7.6), indicating no difference in the rate of sex change.
Interestingly, dominants in size-mismatched pairs were the only group with obviously maletypical papillae (ratios >1.4) (Fig 7.6). Previous studies with L. dalli demonstrate that the social
context within which dominance is established affects the rate of sex change. In unfamiliar
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social groups and in groups of similarly sized fish, sex change takes longer because establishing
dominance in these contexts takes longer (Reavis and Grober, 1999). Based on the behavioral
similarities between size-mismatched and size-matched SAME status pairs during status
establishment (Fig 7.5), we predicted that papilla ratios would also have been more similar in
these pairs; however, the size-matched pairs are more comparable. Given the importance of
agonistic behavior to sex change, these data suggest there may be behavioral differences that we
did not measure in this study (after 30 min and before day 8) between size-mismatched and sizematched pairs.

7.5.1 Conclusions
Following long-term experience in a stable social group, L. dalli shows surprising
behavioral plasticity in a novel social context. Social status experience and dramatically
different histories of winning and losing did not affect whether an individual successfully
established and maintained dominance in a novel context. These data suggest that extended
tenure as a subordinate does not affect an individual’s probability of ascending in the hierarchy,
which may be a hallmark of highly social species (Hsu et al., 2006, e.g., Franck and Ribowski,
1989). Based on these data, we predict that in wild populations, there are likely multiple
successful social strategies that involve different social status trajectories over a lifetime.
Overall, this study suggests that future investigations with L. dalli, a highly social, sex changing
fish in which important factors such as condition, familiarity, prior residence, eavesdropping, and
group size (Bernstein and Gordon, 1980; Earley and Dugatkin, 2006; Oliveira, 2009; Whiteman
and Côté, 2004) can be manipulated in ethologically relevant ways could further elucidate the
intrinsic and extrinsic factors influencing social status and status transitions across social species.
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Figure 7.1: Overview of the 3 social contexts, and associated nomenclature, for fish in this
study. We refer to the different social contexts as A) stable social groups, B) novel pairs (in
which status has yet to be established), and C) stable pairs. In (B) and (C), we will refer to sizematched pairs in which the previous alpha established dominance as size-matched SAME status
pairs (i.e., alphas remained dominant and betas remained subordinate: individual status was the
same in the stable social group and in the pair). We refer to pairs in which the previous beta
established dominance as size matched SWITCHED status pairs (i.e., alphas became subordinate
and betas became dominant: individual status switched between the stable social groups and the
pairs).
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Figure 7.2: Behavior and physical condition in stable social groups. Mean (± SEM) alpha
and beta approaches, displacements, and agonistic efficiency in the stable social groups.
***p<0.0001. Alpha (n=22); beta (n=22).
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Figure 7.3: Physical condition in stable social groups and novel pairs. A) Mean (± SEM)
alpha (n=22) and beta (n=22) condition index (actual mass / expected mass) in the stable social
groups. B) Mean (± SEM) difference in condition index (actual / expected mass) between
paired previous alphas and previous betas in size matched SAME status (n=5) and size matched
SWITCHED status pairs (n=5). Positive asymmetry indicates that previous alphas were in better
condition than previous betas. *p<0.05. C) In the pairs, dominant and subordinate condition
index (all treatment groups) was significantly and positively associated with the time required to
establish dominance in the novel pairs. D) The difference between dominant and subordinate
condition index (all treatment groups) was not associated with the time required to establish
dominance in the novel pairs.
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Figure 7.4: Behavior from stable social groups and status outcome in novel pairs. Mean (±
SEM) alpha and beta approaches in the stable social groups. Approaches refer to the total
number of approaches, including approaches to the male and approaches to other female (alpha
approaches to beta and beta approaches to alpha). Alphas that went on to become dominant in
the pairs (alpha-to-dominant; size matched SAME status pairs; n=5) are compared to alphas that
became subordinate in the pairs (alpha-to-subordinate; size matched SWITCHED status pairs;
n=5). Betas that went on to become dominant in the pairs (beta-to-dominant; size matched
SWITCHED status pairs; n=5) are compared to betas that became subordinate in the pairs (betato-subordinate; size matched SAME status pairs; n=5). *p<0.05.
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Figure 7.5: Behavior and status outcome in novel pairs. A) Mean (± SEM) dominant and
subordinate approaches and displacements expressed during status establishment in size
mismatched (n=12), size matched SAME status (n=5), and size matched SWITCHED status
(n=3) pairs. B) Mean (± SEM) dominant and subordinate agonistic efficiency during status
establishment in size mismatched (n=12), size matched SAME status (n=5), and size matched
SWITCHED status pairs (n=3). Two-way ANOVA revealed a significant effect of treatment on
agonistic efficiency (p=0.051). Different letters indicate significant differences.
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Figure 7.6: Genital papilla morphology in stable pairs. Mean (± SEM) genital papilla lengthto-width ratios in size mismatched (n=12), size matched SAME status (n=5), and size matched
SWITCHED status (n=5) pairs 10 days after pairs were formed. Ratios above 1.4 are maletypical, and ratios below 1.4 are female-typical. Two-way ANOVA revealed a significant main
effect of status on genital papilla ratio (p=0.032). Dominant genital papilla ratios were
significantly higher than subordinate genital papilla ratios (p=0.0042).
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8

DISCUSSION

The reciprocal connections among behavior, hormones, and reproductive success serve
the biological goal of context-specificity. For example, by responding to agonistic interaction
with an increase in androgens, hormones that can also facilitate the expression of aggression, the
individual prepares itself for additional “challenges” (Wingfield et al., 1990). In general, this
biological feedback is effective because, over a lifetime, the environmental challenges that an
individual will encounter likely resemble previous or current challenges. My research effort
focused on individual variation in behavior because it is the phenotype on which natural
selection acts. Although this work is not alone in incorporating measures of behavior, hormones,
and fitness (e.g., Angelier et al., 2006; Bender et al., 2006; Saraiva et al., 2010; Wingfield et al.,
2001), more than not, research focuses on two legs of the triangle: hormones and behavior;
behavior and fitness; or hormones and fitness. Given the interdependence and highly contextdependent nature of all three factors, however, comprehensive evaluations are critical to
uncovering the underlying connections.
Arguably, behavioral research may benefit the most by incorporating fitness measures,
though not to the exclusion of advances in behavioral and reproductive neuroendocrinology (e.g.,
Remage-Healey and Bass, 2006; Remage-Healey et al., 2008). A primary focus of social
behavior research is understanding how individuals navigate variable social contexts. Across
species, including humans, doing so effectively has widespread benefits (e.g., Bennett et al.,
2006; Latkin et al., 2013; Silk, 2007). Even the “simple” ability to avoid eviction and maintain
group membership benefits resource acquisition, survival, and reproduction (Wilson, 1980). In
humans, group membership can convey a variety of health benefits (Bennett et al., 2006;
Centola, 2011; Latkin et al., 2013; Makanjuola et al., 2014; McKenzie et al., 2013; Meyer-
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Lindenberg and Tost, 2012). Identifying successful behavioral phenotypes is challenging for
many species, including L. dalli, because behavior is often not interpreted within the context of a
dynamic life history. For L. dalli, social context can change in minutes due to changes in nearby
conspecifics (death, immigration / emigration). More permanent changes in social status or sex
dramatically alter the role an individual serves in a social group (Reavis and Grober, 1999).
Therefore, even fitness benefits within a single social context cannot be thoroughly interpreted
with respect to lifetime fitness consequences. A “successful” individual may 1) have a fixed
behavioral phenotype (Koolhaas et al., 1999; Sih et al., 2004) that is, for any number of reasons,
successful in that single context or 2) strategically express behaviors optimal for any social
context encountered. Additionally, behaviors that appear less successful may increase
reproductive success in a different context or during a life history stage in which a higher
proportion of lifetime fitness is accrued (e.g., high social status) (Ellis, 1995; Kokko and
Johnstone, 1999). For example, L. dalli males have substantially higher fitness than females
because they reproduce with each female in the social group. Selection could act on the capacity
to optimize reproduction at each social status encountered and/or favor strategies to become male
quickly.
My work examines connections among agonistic behavior, reproductive success, and
hormones in multiple social contexts that provide important insight into different stages in the
life history of L. dalli, including early-life stable and novel social groups, stable adult social
groups, establishing hierarchies of adults, and sex change permissive environments. I use direct
measures of reproduction to estimate fitness, as well as social dominance, sex change, and
maleness, which provide a reproductive advantage in this species. Together, these studies
provide a comprehensive look at the social, reproductive, and neuroendocrine factors associated
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with individual variation in agonistic behavior and, importantly, and empirically-based
predictions about the fitness consequences.

8.1

Reproductively successful social networks
Agonistic behavior and social network dynamics are closely tied to reproduction,

including male reproductive success, in stable L. dalli social groups. In one of the first studies
using social network analysis on replicate social networks and direct reproductive measures
(Royle et al., 2012; Ryder et al., 2008), I show that social network structure is predictive of male
reproductive success. Males had higher hatching and reproductive success in social networks
with lower reciprocity (chapter 3). The connection to reciprocity, which is expected to be low in
social hierarchies and high in egalitarian societies (Croft et al., 2008), suggests that even when
social status is stable, agonistic behavior that does not conform to the expectations of the
hierarchy has negative consequences. I hypothesize that this is representative of a pattern across
species (Barocas et al., 2011; Wey et al., 2013) that conforming to an idealized social structure
appropriate for the species has fitness benefits. The analyses utilized in this research are not
species-specific and could provide a meaningful metric by which to make cross-species
comparisons (Croft et al., 2008). Such comparisons could elucidate the evolution of sociality
and the mechanisms underlying social behavior.
Within social groups, there are often extended periods of stability punctuated by transient
instability resulting from life history transitions. Instability offers both social and reproductive
opportunity (de Waal and Tyack, 2003; Wilson, 1980), and studying times of transition for L.
dalli can complement findings from stable groups. Experimentally, forming new social groups
also makes it feasible to control female reproductive state, for example. Reproductive state and
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egg laying could feedback on social network dynamics via the same mechanism by which social
networks and agonistic behavior affect reproductive state and egg laying. That appears not to be
the case for L. dalli. While in stable groups, the social network positions of male and alpha were
associated with the number of eggs laid in a male’s nest (chapter 3), in newly establishing
groups, egg laying was not associated with male or alpha social network position or social
network structure, including reciprocity. Beta gravidity did cause a subtle shift in male and beta
power without affecting network-wide measures such as density or reciprocity (chapter 4).
Together, these data provide evidence for independent but bidirectional connections between
agonistic behavior and reproduction because distinct aspects of the social network are implicated
depending on the direction of effect.

8.2

Expanding the triangle: agonistic behavior and social status; reproductive state and
reproductive success
The simple triangle model of reciprocal connections among behavior, reproduction, and

hormones provides a useful framework within which to organize empirical data. My data
support two primary structural changes in order to reflect our current understanding for L. dalli.
First, the corner representing agonistic behavior should be expanded in order to separate social
status from agonistic behavior. Although I show that there are significant differences in
agonistic behavior across social statuses, which is expected in a social hierarchy (Drews, 1993),
there is substantial individual variation within status classes (chapter 2). Based solely on rates of
approaching or displacing, it would not be feasible to determine the social status of the
individual. More surprisingly, agonistic efficiency is not predictive either. Because males,
alphas, and betas tend to direct their agonism to lower-ranking fish, the proportion of approaches
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that lead to displacement is similar among these statuses. However, my data suggest that each
social status serves a distinct reproductive role, which allows for distinct connections to
reproductive success and hormones. For example, I show that gamma gravidity is suppressed in
comparison to other females in the group, and alpha agonistic behavior, in particular, is
implicated in egg laying in the social group (chapter 3). Previous research with L. dalli also
shows status differences in systemic and tissue hormone levels, as well as and status-specific
associations between hormones and agonistic behavior in L. dalli (Lorenzi et al., 2012; SolomonLane et al., 2013).
Interestingly, my data highlight a keystone-like reproductive and social role for beta, the
middle-ranking female, in multiple social contexts. Beta agonistic efficiency was the only
agonistic measure to be positively associated with reproduction (chapter 2), and agonism
directed at beta, especially from gamma, explained the most variation in male hatching and
reproductive success. Furthermore, the importance of beta reproductive state for social network
structure and male reproductive success highlights the second adjustment that should be made to
the triangular model: reproductive success should be subdivided to include reproduction separate
from reproductive state (discussed in more detail below). In stable social groups, beta was the
only female for which gravidity was positively associated with the number of eggs laid in the
male’s nest (chapter 3). Beta gravidity also caused significant changes to the social network,
affecting male and beta power, as well as male agonistic behavior. The importance of beta in
social groups of this size is unlikely to be causal. Instead, I hypothesize that beta behavior and
reproductive state serves as an indicator of the group’s social and reproductive dynamic. These
data support other research indicating that individuals at all levels of the hierarchy can contribute
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to the group dynamic in important and unique ways (Flack et al., 2005; Hamilton and Ligocki,
2012).
The utility of separately examining reproductive state and reproduction was more
surprising than for behavior and status. Reproductive and endocrine state are often closely tied
to sexual behavior and reproduction (Crews, 1984). In the classic rodent model, female sexual
behavior is positively correlated with estrogen and ovulation, and negatively correlated with
aggression. In fact, the estrogen-mediated decrease in female Syrian hamster aggression is
necessary for the male to get close enough to mate (Adkins-Regan, 2009). Females and males
often advertise their reproductive state, which is associated with specific neuroendocrine states,
using multiple sensory modalities. Reproduction can also be much more covert, as with
alternative male reproductive phenotypes, such as streakers, sneakers, or satellite males
(Taborsky, 1994). For some species, however, reproductive state, hormones, and behavior are
not directly related. Although the underlying mechanisms and consequences vary greatly,
diverse species exhibit dissociated reproductive patterns, including humans and northern
swordtail fish (Crews, 1984; Ramsey et al., 2011).
My data show that L. dalli females and males make nuanced reproductive decisions,
suggesting that the timing of spawning may be flexible with respect to reproductive and
endocrine state. In stable social groups, visually tracking gravidity state and the appearance of
eggs in the nest was not sufficient to identify which female had spawned. Eggs appeared in
groups with no apparently gravid females or with no dramatic changes in gravidity. There were
also groups with gravid females in which no eggs were laid for extended periods of time
(chapters 2 and 3). Using an egg dying technique that I developed, I demonstrated that although
gravid females were more likely to lay, females that appeared non-gravid were still capable of
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laying large numbers of eggs. Direct examination of ovaries showed that some females laid just
a small portion of their available eggs, some laid out of just one lobe of the ovary, while others
laid all of their eggs. Tracking changes in steroid hormones, agonistic behavior, and spawning
during the female reproductive cycle in future studies will provide interesting insight into
whether L. dalli have dissociated reproductive patterns.

8.3

A variable role for the HPI axis in association with L. dalli behavior and reproduction
Steroid hormones, including systemic and tissue levels of KT, E2, and cortisol, have

provided important insight into L. dalli reproductive biology, life history transitions including
sex change and parenting, and agonistic behavior (Black et al., 2011; Lorenzi et al., 2008;
Lorenzi et al., 2012; Pradhan et al., in press; Pradhan et al., 2014; Rodgers et al., 2006; SolomonLane et al., 2013). In my research, cortisol appears to serve a particularly interesting and
variable role. Previous work has shown that cortisol levels respond to changes in social status
and tends to be higher in subordinate females compared to males (Solomon-Lane et al., 2013).
In stable social groups, associations with cortisol were overrepresented for social network
measures, rather than with reproductive state or reproduction, suggesting a behavioral role for
the hormone (chapter 3). However, in establishing social groups, direct tests for associations
between cortisol and social network measures revealed only weak associations (chapter 4), and
exogenous manipulation of corticotropin-releasing factor in the brain did not have a clear role
promoting or inhibiting agonistic behavior or social dominance (chapter 5). Finally, cortisol
fluctuates with female reproductive state, similar to other vertebrates (Wada, 2008). Systemic
and ovarian cortisol was highest in gravid females that had not yet laid eggs and lowest in
females that had just laid eggs, with a decrease in systemic cortisol occurring just prior to laying
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(chapter 4). It is difficult to detect a clear pattern from these data, although the recurring
relevance of cortisol suggests additional research is warranted. The evidently diverse role of
cortisol for L. dalli is consistent, however, with other research. Across species and contexts, it is
notoriously difficult to generalize about the role of the hypothalamic-pituitary-adrenal/interrenal
axis in social and reproductive processes (Breuner et al., 2008; Crespi et al., 2013).

8.4

Variation in life history trajectories: multiple, evolutionarily successful paths
Life history stages can vary considerably, and as a result, the requirements for a

successful phenotype also vary over time (de Waal and Tyack, 2003; Krebs and Davies, 1984).
Sex changing fish offer one of the most flexible life history strategies. Sex, which is canalized in
most vertebrates, is regulated socially in L. dalli. Juveniles that associate with adults begin life
as a subordinate (chapter 6), and over time, there are opportunities to ascend in the hierarchy.
Along with changes in social status, L. dalli must adjust to behaving and reproducing within new
social and reproductive contexts (chapters 2, 3, and 4). In the most dramatic transition, a
dominant female-turned-male must adapt to reproducing as an entirely different sex with
different reproductive strategies (Godwin, 2009; Reavis and Grober, 1999; Rodgers et al., 2007).
Individuals surely vary in their life history trajectory through the hierarchy, with some ascending
in status faster than others. I hypothesize that the behavioral flexibility of L. dalli contributes to
the diversity of these different life history trajectories and that there are likely distinct strategies
with similar fitness outcomes over a lifetime.
The different social contexts utilized in this research provide important insights into the
demands of different life history stages and transitions, as well as how to optimize success. I
show that initial sexual differentiation in L. dalli is socially-regulated by the same mechanisms
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regulating adult sex (Reavis and Grober, 1999; Rodgers et al., 2007). Although early-life local
social environment varies considerably, most wild juveniles develop as subordinate and female
(chapter 6). I expect that young/small females at the bottom of a hierarchy experience some
reproductive suppression (e.g., chapter 3) or exclusion, but their reproductive success is likely
higher than for young/small males (Ghiselin, 1969; Warner et al., 1975). It is possible these
small males become mini males, an alternative male reproductive morph (Drilling and Grober,
2005; Pradhan et al., in press). Unlike other species for which early life social experience exerts
lasting effects on behavior (Taborsky et al., 2012), both dominant (male) and subordinate
(female) juveniles integrated successfully into adult social groups, although there may be
differences in agonistic behavior. Thus, the long-term effects of early-life circumstances may be
limited in scope for this species (chapter 6). Similarly as an adult, prolonged experience as a
subordinate does not inhibit dominance establishment or sex change in a novel context (chapter
7). This work highlights the impressive behavioral plasticity that L. dalli exhibits at multiple life
history stages and the potential for diverse life history trajectories.

8.5

Future directions
It remains to be tested whether particular life history strategies are more successful than

others. The strong connections that I have demonstrated among agonistic behavior, social status,
and reproductive success (chapters 2 and 3) suggest that an optimal strategy would involve
adjusting agonistic behavior for each social status context encountered (Horn and Rubenstein,
1984). It is the rule, rather than the exception, that highly social species are incredibly sensitive
to social context (Abbott et al., 2003; Axelrod and Hamilton, 1981; Drews, 1993; Ellis, 1995;
Wilson, 1980; Wingfield et al., 2001), and social fishes, birds, and mammals are adept enough to
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infer social information by observing interactions among conspecifics and adjust their behavior
in response to subtle social cues (Bergman et al., 2005; Bond et al., 2003; Grosenick et al., 2007;
Laporte and Zuberbühler, 2010; Oliveira, 2009; Weiszlig et al., 2010). In the last fifty years, a
number of terms have been coined to describe the capacity to navigate social landscapes
optimally (Byrne and Whiten, 1988; Horn and Rubenstein, 1984; Pianka and Parker, 1975), such
as social or animal intelligence (Holekamp et al., 2007; Humphrey, 1976; Jolly, 1966), social
cognition (Cheney et al., 1986; Silk, 2007), social skill (White et al., 2010), and social
competence (Byrne and Whiten, 1988; Oliveira, 2009; Taborsky and Oliveira, 2012).
Competence is currently the preferred terminology (Taborsky and Oliveira, 2012), and it
is one of the few definitions that explicitly mentions fitness (Oliveira, 2009; Taborsky and
Oliveira, 2012; White et al., 2010), the only standard against which the success of behavior can
be evaluated. Lythrypnus dalli is an ideal species to test whether individuals strategically shift
their behavior to achieve high reproductive success across a range of ethologically-relevant
social contexts. Behavior and reproductive success can be directly measured in this species, and
using simple manipulations of the social group, the same individual can be investigated as any
status of female and as a dominant male. Furthermore, I have shown that 1) agonistic behavior
within status classes varies, 2) reproductive success varies, 3) agonistic behaviors are associated
with reproductive success, and 4) there is a reproductive advantage associated with expressing a
particular suite of social behaviors in the appropriate social status context. Important insight into
the evolution of social behavior could come from tracking the fitness of the same individual
across multiple, ethologically-relevant social contexts as a means of modeling variation that
occurs over a lifetime. Whether or not L. dalli will meet the operational criteria of social
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competence, it is clear from this work that the vast majority of the population is impressively
above social incompetence.
This research also raises a number of interesting mechanistic questions. At the level of
the social network, and in tests related to social competence, it will be critical to understand how
the behavior of individuals within the hierarchy synergizes to result in the overarching social
network structure. For example, as the dominant members of the hierarchy, the male and alpha
likely have greater control over the agonistic tone of the social group than beta or gamma.
However, I have shown important agonistic roles for beta and gamma that are associated with
male reproductive outcome. One way of addressing the hypotheses that 1) individual behavior
can shift the social network structure (e.g., Hamilton and Ligocki, 2012) and 2) social status
increases the effect of individual behavior on the social network is to systematically form social
groups with individuals of known behavioral profiles (e.g., rates of approaching). After
observing fish in an original social group, I moved a highly interactive male, for example, to a
social group that had been with a low activity male, and vice versa. I then observed behavior
again. I will determine whether the male imposes a similar social network structure on both
groups of which he was a part, or whether the females, which remained the same throughout, set
the agonistic tone. This experiment was also repeated with alphas and betas in order to compare
across statuses.
Understanding the neural mechanisms responsible for generating high fitness agonistic
behavior will also be an important avenue of research. As discussed, highly social species are
especially adept at generating context-specific behavior within dynamic contexts. Therefore, the
underlying mechanisms should relate to decision-making processes, in addition to the generation
of the behavior itself. The social decision-making network is comprised of a highly conserved
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set of brain regions and is responsible for integrating salient environmental cues with
information about an individual’s internal physiological state to generate appropriate and
context-specific behavior (O'Connell and Hofmann, 2011; O'Connell and Hofmann, 2012).
Exogenous manipulations of neuromodulators, including steroid hormones (Remage-Healey and
Bass, 2006; Remage-Healey et al., 2008), in the brain has the potential to elucidate the
mechanistic control of behavior in context (e.g., Pradhan et al., 2014).
One way to address the mechanisms responsible for L. dalli agonistic behavior utilizes
intracerebroventricular injections of arginine vasotocin (AVT) or Manning compound, an AVT
antagonist, in the alpha female of an establishing social group. Within and across vertebrates,
AVT signaling in the social decision-making network is an important source of social behavioral
variation (Goodson and Thompson, 2010), including intraspecific sex differences, seasonal
changes, and alternative social and reproductive tactics (Goodson and Bass, 2001). The role of
AVT in aggression and courtship is remarkably conserved evolutionarily (Donaldson and Young,
2008; Godwin and Thompson, 2012; Goodson and Thompson, 2010), including in teleosts
(Backstrom and Winberg, 2009; Godwin and Thompson, 2012; O'Connell et al., 2012; Oldfield
and Hofmann, 2011; Santangelo and Bass, 2010; Yaeger et al., 2014) and humans, where
dysregulation is implicated in social disorders such as autism and social anxiety (Young and
Flanagan-Cato, 2012).
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