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Abstract

Identifying sources of variation in individual reproductive success is crucial to our
understanding of population dynamics and evolutionary ecology. In many systems,
the determinants of success are not well known. Where species have parental care,
for example, determinants of success can be particularly challenging to partition be-
tween parents and offspring. In this thesis I investigate drivers and consequences
of variable life histories, for a small reef fish that exhibits male parental care (the
common triplefin Forsterygion lapillum). 1 examined the influence of individual life
history, phenotype and behaviour on (1) the performance of recently settled juve-

niles, and (2) the reproductive success adult males.

I made field-based observations of adult males during the breeding season, mea-
sured their phenotypic traits (body size and condition) and used their otoliths to
reconstruct life history characteristics (hatch dates and mean growth rates). My life
history trait reconstructions suggested two alternate pathways to 'success’ for adult
males. Successful males hatched earlier and therefore had a developmental "head
start” over less successful males (i.e., males with eggs > male territory holders with-
out eggs > floaters). Alternatively, males can apparently achieve success by growing
faster: for males born in the same month, those with eggs grew faster than those with
territories and no eggs, and both groups grew faster than floaters. These results sug-
gest that accelerated growth rate may mediate the effects of a later hatch date, and
that both hatch dates and growth rates influence the success of adult males, likely

through proximate effects on individual phenotypes.

Identifying sources of variation in individual reproductive success is crucial to our
understanding of population dynamics and evolutionary ecology. In many systems,
the determinants of success are not well known. Where species have parental care,
for example, determinants of success can be particularly challenging to partition be-
tween parents and offspring. Male parental care is common among fishes, where
resources such as high quality territories and mates often may be limiting. In such
systems, individual success of offspring may result from distinct life history path-
ways that are influenced by both parental effects (e.g., timing of reproduction) and by
the offspring themselves (e.g., ‘personalities’). These pathways, in turn, can induce
phenotypic variation and affect success later in life. The drivers and consequences of

variable life histories are not well understood in the context of reproductive success.

In this thesis I investigate drivers and consequences of variable life histories, for

a small reef fish that exhibits male parental care (the common triplefin Forstery-
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gion lapillum). 1 examined the influence of individual life history, phenotype and
behaviour on (1) the performance of recently settled juveniles, and (2) the repro-
ductive success adult males. I made field-based observations of adult males during
the breeding season, measured their phenotypic traits (body size and condition) and
used their otoliths to reconstruct life history characteristics (hatch dates and mean
growth rates). Some males showed no evidence of territorial defence and were de-
fined as “floaters’; others defended territories, and a subset of these also had nests
with eggs present. Adult male body size was significantly higher for males that
defended breeding territories, and body condition was significantly higher for the
males that had eggs (i.e., had successfully courted females). My otolith-based re-
constructions of life history traits suggested two alternate pathways to 'success’ for
adult males. Successful males hatched earlier and therefore had a developmental
'head start” over less successful males (i.e., males with eggs > male territory hold-
ers without eggs > floaters). Alternatively, males can apparently achieve success
by growing faster: for males born in the same month, those with eggs grew faster
than those with territories and no eggs, and both groups grew faster than floaters.
These results suggest that accelerated growth rate may mediate the effects of a later
hatch date, and that both hatch dates and growth rates influence the success of adult

males, likely through proximate effects on individual phenotypes.
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I evaluated the effects of variable life history in a complimentary lab-based study.
Specifically, I manipulated the developmental environments (feeding regime and
temperature) for young fish and evaluated the direct effects on life history traits and
phenotypes. Then, I conducted an assay to quantify the indirect effects of develop-
mental environment, life history traits, and phenotypes on aggression and perfor-
mance of young fish. These developmental environments did not have a clear, over-
all effect on juvenile phenotype or performance (i.e. behavioural aggression and the
ability to dominate a resource). Instead, individuals (irrespective of developmental
environment) that grew faster and/or longer pelagic larval durations had increased
odds of dominating a limited resource. I attributed the non-significant direct effect
of developmental environment to within-treatment mortality and variation among
individuals in terms of their realised access to food (i.e., dominance hierarchies were
apparent in rearing chambers, suggesting a non-uniform access to food). Fish that
were more likely to dominate a resource were also more aggressive (i.e., more likely
to engage in chasing behaviours). Fish that were larger and more aggressive estab-
lished territories that were deemed to be of higher "quality” (inferred from percent
cover of cobble resources). Overall, this study suggests a complex interplay between
social systems, phenotype and life history. Developmental environments may in-
fluence phenotypes, although behavioural differences among individuals may mod-
erate that effect, contributing to additional variation in phenotypes and life history

traits which, in turn, shape the success of individuals.

Collectively, my thesis emphasises the consequences of life history variability on
success at multiple life stages. These results may be relevant to other species that
exhibit male parental care or undergo intense competition for space during early life
stages. In addition, my results highlight interactions between life history, phenotype
and behaviour that can have important implications for population dynamics and

evolutionary ecology.
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CHAPTER 1

General Introduction

Variation in individual reproductive success forms the basis of evolutionary theory
(Williams, 1992). Identifying the determinants of reproductive success has been, and
continues to be, one of the greatest challenges in ecology and evolutionary biology.
Predictors of success have been identified among a diverse array of taxa (Clutton-
Brock, 1988; Bercovitch, 1991), however for many systems and species, the predictors
of success are still poorly understood. For example, in systems with male parental
care, predictors of male reproductive success often relate to both territoriality and
female choice (Gross and Sargent, 1985), but favourable male traits are often highly
variable and are yet to be identified in many species. Typically, male success varies
with individual phenotype (e.g., body size, condition or behaviour [Anderson, 1988])
and the presence or degree of variation in phenotypic traits is often shaped by de-
velopmental history (e.g., evident from a range of measurable life history traits in-
cluding growth rates and hatch/birth dates [Clutton-Brock, 1988]). Yet few studies
of systems with male care account for variation in developmental history and its

associated effects on individual phenotypes and reproductive success.

Furthermore, for species with complex life cycles, determinants of survival and re-
production may change with ontogeny (Werner and Gilliam, 1984). Consequently,
such organisms should be expected to evolve life-stage-specific adaptations to max-
imise survival throughout development, and through to sexual maturity (Williams,
1992). For many reef fish, distinct ontogenetic change occurs as pelagic larvae set-
tle to the benthos. In heterogeneous benthic environments (e.g., coral and rocky
reefs), fine-scale differences in environmental conditions may influence growth and
phenotypes among neighbouring individuals (e.g., Nielsen, 1992; Baltz et al., 1998).
However, the consequences of variable growth and condition during development,
and particularly, the carry-over effects on future success of older life stages, is still
poorly known. This thesis addresses the drivers and consequences of variation in a
set of phenotypic, behavioural and life history traits that may predict success of both
recently settled juveniles and adult males of a reef fish. I address these questions
using a species (the common triplefin, Forsterygion lapillum), where male parental

care is a prominent feature.



Chapter 1: General Introduction

1.0.1 Systems with male parental care

A diversity of breeding systems have evolved among animals, all of which vary in
their level of parental investment. At one end of the spectrum broadcast spawners
release gametes directly into the surrounding environment and provide no post-
fertilization care to their developing young. The offspring of these species are typi-
cally poorly provisioned (e.g., in terms of yolk sac) and often suffer extremely high
mortality rates, but because they can be produced in such great numbers, it becomes
probable that some will survive until reproductive maturity (Vance, 1973). This re-
productive strategy is common among sedentary marine invertebrates (e.g., corals
[Levitan, 2005] and echinoderms [Schmidt-Roach et al., 2012]), and many marine
tishes (e.g., cod [Hutchings et al., 1999], goatfish, wrasse and parrotfish [Habrun
and Sancho, 2012]). At the other end of the investment-spectrum, offspring may be
nurtured by their parents for extended periods of time. Large terrestrial mammals
such as elephants, tigers and humans produce few young, into which they invest
enormous amounts of energy. Females that adopt this strategy are often viviparous,
with long gestation times, and provide ongoing post-natal care that can last months,
years or, in the case of our own species, decades (Kiltie, 1982). Although only few
offspring are produced, increased parental investment increases the likelihood that
offspring will reach maturity and contribute to the next generation (Clutton-Brock,
1991). Between these extreme ends of the spectrum, a myriad of reproductive in-
vestment strategies have evolved to maximise reproductive success for both males
and females. Some systems are well studied and the determinants of success have
been thoroughly investigated (Clutton-Brock, 1988). However, many systems are still
developing a solid theoretical framework to explain their existence and the relative
success of individuals engaging in the apparent strategy. An example of a system,

for which we know comparatively little, is one featuring male parental care.

Overall, male parental care is far rarer than female parental care and has evolved in-
dependently in many different taxa, from birds, to insect and lizards (Clutton-Brock,
1991). Between taxa, males vary in their level of parental investment. In numer-
ous bird and mammal species for example, males mainly provide supplementary
offspring care to the female’s care (Woodroffe and Vincent, 1994; Cockburn, 2006),
though in some insects, males provide sole care for the young (e.g., the assassin
bug and the giant water bug [Smith, 1980]). Among fishes, however, solitary male

parental care is particularly common (Blumer, 1979).

Gross and Sargent (1985) suggest the evolution of male care in fishes is driven by the
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reduced costs of future reproductive success for male parents compared to female
parents. They argue that if parental care demands energy, the guarding parent could
be limited in growth of body size (or condition). As body size would not greatly
affect male gamete production but would likely affect female gamete production
(by limiting the number of eggs she can bear or energy she can invest into each
egg [Blumer, 1979]), males gain the same benefits of parental care as females (i.e.,
increased offspring survival) but suffer fewer reproductive costs. This theory implies
that, in systems with male parental care, there should not necessarily be selection
for males with larger body sizes. Yet in many species body size is an important
determinant of male reproductive success (e.g., Cote and Hunte, 1989; Schuett, 1997;
McElligott et al., 2001). Gross and Sargent (1985) suggest selection for larger body
sizes in male fish could be driven by the evolution of territoriality. Territoriality is
suggested as a strategy that can reduce the cost of parental care in males (Gross
and Sargent, 1985) and has been recognised as a prerequisite to the evolution of
male parental care in many species (Ah-King et al., 2005). Thus, in systems with
male parental care, ‘winners’ (in terms of reproductive fitness) are the males that

successfully secure the best territories, and attract females.

1.0.2 Determinants of success

Territoriality

Territoriality has evolved across the animal kingdom, presumably as a mechanism
for individuals to increase their fitness by securing access to limited resources
(Lopez-Sepulcre and Kokko, 2005). The nature of the 'resource’ varies among taxa,
but frequently includes limited food (Ostfeld, 1990), refuge from predators (Stamps,
1983) or potential mates (Thompson, 1986). Commonly, in fishes with male parental
care, multiple females may deposit eggs in a particular location (i.e., a 'nest’) within
a male’s territory those eggs are then externally fertilised by the male (Gross and
Sargent, 1985). Thus, for males, the limited resource is often suitable nesting sites.
If the most successful males simply secure better nesting sites, then determinants of
success for males with parental care will include traits that affect competitive abil-
ity. In most species, larger body size increases competitive ability or social status,
facilitating access to a greater quantity of resources (Brown and Maurer, 1986). In
many territorial fishes larger body size often determines competitive outcomes for
preferred nesting sites (e.g., Jarvi, 1990; Schuett, 1997; McElligott et al., 2001), and

this trait is commonly considered to be key determinant of success in systems with
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Chapter 1: General Introduction

territoriality and male parental care. In addition to the competitive advantage, in-
creased body size may reduce chances of losing a secured territory, consequently
reducing the chance of offspring mortality caused by conspecific predators (Bisazza
et al., 1989). Similarly, increased energy reserves (i.e., body condition) could increase
effort spent on aggression (Johnson, 2008), enhancing competitive ability to compete
for (or defend) limited resources (Booth and Beretta, 2004), such as preferred nesting
sites. Body condition may be particularly relevant for males of many fish species
that experience long breeding seasons, during which males tend to sacrifice feeding
opportunities and decrease in body condition (and thus potential energy to defend
territories). Phenotypic characteristics related to body size and condition are often
influenced by life history traits such as timing of hatch or growth during develop-
ment (e.g, Skoglund et al., 2011) but these relationships are not well studied in the

context of male reproductive success.

Investigations that evaluate the potential effects of ‘timing of hatch” on future terri-
tory acquisition are rare. However, one recent study on a fish with male parental
care, Fagundes et al. (2015) found that hatch dates predicted territoriality in male
peacock blennies, Salaria pavo. Their study suggests earlier hatching males are likely
to be larger and experience greater reproductive success by defending territories.
Males that hatched later tended to be smaller in size and were more likely to adopt a
‘sneaker’ strategy (i.e., foregoing territorial defence entirely, and attempting con-
tribute sperm during female oviposition in a territorial male’s nest). Timing of
parental hatching may also determine territoriality between similar sized individ-
uals if it also corresponds to an early arrival and settlement to the benthos (i.e., such
"priority effects” have been well-studied for reef fish). Johnsson et al. (1999) and Har-
wood et al. (2003) both found prior residency predicted the outcome of competitive
interactions for a preferred nesting site, despite differences in male size. However,
fish may be able to mediate effects of 'hatch date” by developing at different rates.
If males secure territories based on their timing of arrival, then another way to ar-
rive early (independent of hatch date) may be to develop faster (i.e., spent less time
in the larval life stage). If possible, this could represent an ’alternate pathway’ to
reproductive success for a male, as it could increase the likelihood of acquisition of
preferred nesting sites. Because shorter larval durations for marine reef fish are often
correlated with faster larval growth (i.e., one way to shorten development is to grow
more quickly; [Shima and Findlay, 2002]), faster growth may also be an important

predictor of territorial acquisition and future reproductive success.
The effects of growth rate on territoriality may extend beyond simply reducing de-
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velopment time. Somatic growth rate is defined as the change in body size over time.
Therefore, individuals that continue to grow faster should attain a competitive ad-
vantage from a larger body size relative to slower growing individuals. Many stud-
ies have evaluated growth rate during development, and these typically highlight a
strong influence of environmental conditions (e.g., temperature, food availability or
turbulence) on somatic growth (Booth and Beretta, 2004; Pauly, 1980; Bergenius et al.,
2005). In the marine environment, conditions can vary wildly through time (e.g.,
across seasons, particularly in temperate and polar zones) and space (e.g., embay-
ments vs. open coast environments), with consequences for individual phenotypes
(Shima and Swearer, 2009). In addition, growing evidence suggests environmental
conditions over small spatial scales (e.g., microhabitats within coral or rocky reefs)
can be an important source of variation in growth among individuals. For exam-
ple, Baltz et al. (1998) found microhabitat variables such as temperature, salinity and
prey diversity explained variation in growth and size patterns in the spotted sea
trout (Cynoscion nebulosus), and Nielsen (1992) reported variability in food availabil-
ity between microhabitats and influenced growth rates among neighbouring coho
salmon. Even the physical characteristics of microhabitats (e.g., branching corals)
may constrain the growth and shape of fish inhabitants (Munday, 2001; Wehrberger
and Herler, 2014). In many cases, marine fishes settle onto heterogeneous benthic
environments as they transition from larvae to juveniles, and consequently, they may
experience variable growth. Yet the effects of variable post-settlement growth on ju-
venile phenotype and territory acquisition in species with male parental care are still

poorly known.

Phenotypic and life history traits may affect the outcomes of competitive interac-
tions by influencing behavioural attributes such as aggression. Engaging in aggres-
sive interactions is energetically costly (Ros et al., 2006) and often the "winners’ of
conflicts are able to sustain aggressive behaviour for longer periods than their com-
petitor (i.e., game theory "the war of attrition” [Smith, 1979]). Larger individuals are
found to be more aggressive in many taxa (e.g., ants [Nowbahari et al., 1999], lizards
[Tokarz, 1985] and fish [Schuett, 1997]). Body size may, therefore, act as a signal of
competitive ability, and discourage smaller competitors from engaging in aggressive
interactions, leaving larger individuals to dominate limited resources (Smith, 1979).
Aggression may also vary with previous social experiences (Fuxjager et al., 2010),
genetics (Van Oers et al., 2005), or in response to acquiring a valuable resource (En-
quist and Leimar, 1987). Despite aggressive behaviour being well documented in

territorial animals, the drivers behind individual variation in aggressive behaviour
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Chapter 1: General Introduction

are not well understood in many systems.
Female choice

In addition to territoriality, male reproductive success is often constrained by ac-
cess to gravid females. Therefore, determinants of success for males also include
traits that influence female mate choice (Trivers, 1972). Females, like males, aim
to maximise the number of offspring that they contribute to future generations. In
systems with sole male care, offspring survival is heavily dependent on the qual-
ity of parental care provided by the father. In this case, female choice should be
determined by the quality of care that males are able to provide to the offspring
(Andersson, 1994; Maller and Thornhill, 1998). In some instances, offspring survival
increases with male-associated traits, such as nest size or nest quality. Here, female
choice reflects the competitive ability of the males to gain the best nesting sites.
For example, Bisazza et al. (1989) documented female freshwater gobies (Padogobius
martensi), favoured males with larger nest sites, that were often larger in body size,
but otherwise selected males randomly with respect to body size. In these cases
females are indirectly selecting for male traits that enhance competitive ability, thus
reducing the determinants of success for males of that species. This may also occur
if traits that increase male competitive ability also increase the quality of care he
is able to provide. For example, Lindstrom and Hellstrom (1993) found larger male
sand gobies Pomatoschistus minutus spent more time fanning (aerating) eggs than did
smaller males. However, in most species the determinants of territoriality differ from
those of female mate choice, meaning that selection should reflect an optimisation
between traits that affect competitive ability and female mate choice. To date, most
studies have assessed these (potentially opposing) drivers of fitness in isolation; few
studies investigate how both constraints affect males success, particularly in wild

populations.

Studies of female choice frequently suggest that females use male body condition
(i.e., available energy reserves) as a key indicator of male quality. Increased en-
ergy reserves may prevent fathers from resorting to filial cannibalism (as guarding
males tend to decrease in condition throughout a breeding season [Gomagano and
Kohda, 2008]) or reduce the time a male spends away from a nest site to forage
(leaving eggs exposed to predation [Cote and Hunte, 1989]). Females may be able
to assess the condition of males through the display of "honest” signals. Honest
signals are inadvertent displays of individual condition and, in the context of male
care, may be used by females to assess the ability of a potential male to care for a

clutch of eggs (Amorim et al., 2013). For example, in species such as the bicolour
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damsel-fish Stegastes partitus, the rate of courtship display is an "honest” indicator
of male energetic reserves and correlates to egg survival in male nests (Knapp and
Kovach, 1991). Similarly, the red nuptial colouration of male three-spine sticklebacks
(Gasterosteus aculeatus) reflects male condition and predicts increased egg survival
(Candolin, 1999, 2000).

In many cases, the traits favoured by females may contradict those associated with
male competitive ability. For example, Forsgren (1997) found females preferred
"good fathers" (i.e., males with higher hatching success) over dominant males. How-
ever, dominant males still received matings by limiting female access to the "good
fathers". In a similar scenario, females may prefer to mate with males that have
already received clutches of eggs (e.g., Ridley and Rechten, 1981; Marconato and
Bisazza, 1986; Forsgren et al., 1996, but see Andrén and Kvarnemo, 2014). In one
species, the striped darter Etheostoma virgatum, Porter et al. (2002) suggest the males
have evolved ‘egg-like” spots to mimic the possession of eggs under their care, in
order to attract matings. Indeed, they found males with a greater number of eggs
spots were favoured by visiting gravid females. A possible explanation for this phe-
nomenon has been attributed to filial cannibalism (Forsgren et al., 1996). A study
by Lindstrom and Sargent (1997) suggests males guarding larger clutches of eggs
are less likely to cannibalise their entire clutch, compared to males guarding smaller
clutches. Therefore, a female may increase the chances of survival of her offspring
by depositing the eggs in the nest of a male that is already guarding eggs. Addi-
tionally, females may further increase their reproductive success by laying eggs in
nests of multiple different males, reducing the risk of losing all their eggs if filial

cannibalism was to occur.

The role of male life history characteristics on female choice is not well documented,
although (as described above) some studies do indicate the timing of arrival may
influence male success (Dickerson et al., 2005). Earlier arriving males may reach ma-
turity faster, allowing them to mate earlier in the breeding season. This may be an
advantage if it enables males to access greater per capita egg production by females
that may occur at the start of the breeding season (Mensink, 2014). Additionally,
for species with a limited breeding season, earlier maturing males may also be able
to breed a greater number of times over the breeding season. Conversely, in some
species, later arriving males may experience greater reproductive success. For ex-
ample, Candolin and Voigt (2003) found predation risk for males was elevated at
the start of the breeding season so later arriving males may benefit from increased

survival; later arriving males in this study also tended to be larger in size, and thus
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Chapter 1: General Introduction

Figure 1.1: Background: Male in black breeding colour emerging from a nest. Foreground: Female (or

male out of breeding colour). Photo Credit: Becky Focht.

able to usurp the territories that were established by earlier arriving males.

Hatch dates could also influence other phenotypic traits favoured by females. Indi-
viduals that hatch at different times of the year may experience very different devel-
opmental conditions, with consequences for their growth, phenotype and behaviour
(Nicieza and Metcalfe, 1999). Similarly, growth rates may affect the development of
phenotypic or behavioural traits used to attract females (see above for further ex-
amples). Surprisingly, the timing of male hatch or growth rates have rarely been

investigated as a determinant of female choice.

Determining success of males in species with male paternal care requires the inves-
tigation of factors that determine both territoriality and female choice. The literature
suggests important correlations between life history, phenotype and behaviour, yet
few studies investigate these relationships in the context of male success. Life his-
tory traits arising from different developmental histories (e.g., hatch dates, growth
rate) may have under-appreciated consequences for our understanding of population

dynamics and evolutionary ecology.



1.0.3 Study species

My thesis aims to address the determinants of reproductive success for a small
reef fish, the common triplefin (Forsteygion lapillum Hardy, 1989), which serves as
a model system for a species with male paternal care. The common triplefin is
widely distributed around the coast of New Zealand (Francis, 2001). F. lapillum
are blennioid fish of the family Tripterygiidae, the most diverse family of coastal
fishes in New Zealand (Francis, 2001). Adults average are abundant in shallow rocky
reefs of New Zealand (Willis, 2001), primarily occupying cobble habitats (Feary and
Clements, 2006). Males and females share a pale mottled-brown colouration for most
of the year. However, when the breeding season commences (August-November for
Wellington) mature males tend to adopt a distinctive mating pigmentation; uniform
black with a blue stripe lining the anal fin (Fig. 1.1). Throughout the breeding season,
adult males defend territories containing nesting sites (usually the sloped underside
of a cobble [Francis, 2001]). Gravid females deposit egg masses on a sloped under-
surface within a selected male’s territory (Feary and Clements, 2006, Fig. 1.2), leav-
ing him to guard and aerate the eggs until they hatch. Males that have successfully
courted females may guard 2000 eggs at any given time and may receive multiple
clutches of eggs throughout a breeding season (Mensink et al., 2014). Larvae hatch
after ~ 2-3 weeks (Francis, 2001) and return to a reef after ~ 52 days (Shima and
Swearer, 2009). Upon reaching the reef, larvae settle among fronds of brown algae
and appear to remain there for approximately 2 two weeks before moving to the
benthos as juveniles (McDermott and Shima, 2006). Benthic juveniles then remain
in small home ranges (Mensink and Shima, 2015) through to adulthood. Adults F.
lapillum display strong site fidelity (Shima et al., 2012) - males during the breeding
season are particularly site attached, whereas females tend to travel more widely in

pursuit of courtship opportunities (Clements, 2003).

1.0.4 Thesis structure

In chapter two, I investigate the determinants of reproductive success in adult males
of the common triplefin. I randomly sample a population of adult males and
categorise them based on their reproductive status (as territory holders with eggs
present, territory holders without eggs, or non-territorial ‘floater” males). I measure
phenotypic traits and reconstruct life history characteristics to evaluate the hypothe-
ses that reproductive status is predicted by (i) size and/or body condition, (ii) timing

of hatching, and/or (iii) growth rate during development. In this chapter, I address
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Chapter 1: General Introduction

Figure 1.2: F. lapillum eggs (n= ~1,400) on the underside of a cobble (guarded by an adult male) in Kau
Bay, Wellington, New Zealand. Photo Credit: Phoebe Caie.

the relationship between life history and phenotype in the context of male success,

for systems with male parental care.

In chapter three, I conduct a lab-based study to investigate the patterns of terri-
toriality and habitat occupation by a settling cohort of juveniles. I manipulated
the developmental environments (feeding regime and temperature) for young fish
and evaluated the direct effects on life history traits and phenotypes. Then, I con-
ducted a set of assays to quantify the indirect effects of developmental environment,
life history traits, and phenotypes on aggression and performance of young fish.
I tested the hypotheses that (i) developmental environments induce differences in
body size, body condition and growth; (ii) combined influences of developmental
environments, body size, body condition, pelagic larval duration, and/or growth
rates predict 'success’ of individuals (as assessed by their ability to acquire limited
habitat resource); (iii) 'successful individuals” are more aggressive and, (iv) fish that
are aggressive, larger and/or in better condition can acquire territories that are of

higher quality.

I have formatted this thesis to facilitate publication of my two data chapters; hence
there is some overlap in material presented in the following chapters (e.g., particu-

larly in introductions and discussions).
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CHAPTER 2

Early or burly? Hatch date and growth rate as
drivers of success in male common triplefin (F.

lapillum)

2.1 Introduction

Variation in individual reproductive success is a cornerstone of evolutionary the-
ory (Williams, 1992). Although much research has evaluated determinants of re-
productive success for a wide variety of organisms and systems (Clutton-Brock,
1988; Bercovitch, 1991), these remain poorly known for many species (Clutton-Brock,
1988). Body size, condition, growth, and timing of birth /hatching are identified as
important contributors to reproductive success in many different taxa, including
plants (Michael A. Farris, 1990; Warwick and Brock, 2003; Winter et al., 2008), rep-
tiles (Ruby, 1984; Madsen et al., 1993; Olsson and Shine, 1996), mammals (Wauters
and Dhondt, 1989; Hodge et al., 2008), birds (G. A. Lozano, 1996; Mauck et al., 2004)
and fishes (Jacob et al., 2009; Buston and Elith, 2011).

In many animal systems females may choose males in an attempt to maximise their
own fitness (Andersson, 1994). Sexual selection theory (Andersson, 1994) suggests
females are likely to favour males that express traits indicative of fitness benefits
to the female (i.e., traits that could increase number of offspring surviving to re-
productive age). Female choice is particularly common in species featuring male
parental care, and in these systems male reproductive success may also be deter-
mined by quality of care males are able to provide to the offspring (Andersson, 1994;
Maller and Thornhill, 1998). The question ‘'what makes a good male’ has been ad-
dressed for many species with male parental care. For example, females of the sand
goby, (Pomatoschistus minutus) prefer males with higher nest quality (Lehtonen and
Lindstrom, 2009). Female Azorean rock-pool blennies (Parablennius parvicornis) pre-
fer males based on expressions of courtship and parental behaviour (Oliveira et al.,
2000), and female song sparrow favour males with larger song repertoires (Reid
et al., 2004).

For species in which males provide parental care, large body size and/or in-
creased body condition of males is almost always favoured by females (Masello and

Quillfeldt, 2003). Large size can be beneficial to male caregivers for a variety of rea-
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sons. For example, males with larger body sizes may possess sufficient energetic
reserves enabling them to provide care for longer durations (Céte and Hunte, 1989;
Lindstrom and Hellstrom, 1993). For pouch-brooding males, larger body size and a
larger pouch is associated with improved survival of offspring (Dzyuba et al., 2006).
Larger males often rank highly in social dominance hierarchies, which can reduce
likelihood of egg predation by conspecifics (Bisazza et al., 1989) and ensure access to
better nesting sites (Rowland, 1989; Magnhagen and Kvarnemo, 1989; Perrone, 1978;
Candolin and Voigt, 2001). Similarly, increased body condition may provide honest
signals to females of a male’s increased reproductive output (Chastel et al., 1995), at-
tractiveness to other females (Morales et al., 2003) or prolonged lifespan (Kasumovic
et al., 2009).

Body size and condition are often functions of individual birth/hatch date and
growth rate. Earlier hatching individuals may have more time to grow larger (in
size or weight) before the onset of the mating season compared to later hatching
individuals (Lindholm et al., 1994; Cargnelli and Gross, 1996) and faster growers,
by definition, increase in size more than slower growers over any given length of
time. If increased body size and condition are linked to male success in systems
with male parental care, then its probable that variation in hatch date and growth
rate also determine male reproductive success. Additionally, the timing of birth or
hatch (i.e.,’birth date effects’) may extend beyond phenotypes. For example, varia-
tion in hatch date may affect timing of maturation (Uller and Olsson, 2010), future
reproductive strategy (Fagundes et al., 2015) or vulnerability to predators (Karban,
1982). Similarly, growth rates may also affect male success independently of pheno-
type, by influencing longevity (reviewed in Metcalfe and Monaghan, 2003) or timing
of maturation (Rowe and Thorpe, 1990). Yet, few studies investigate life-history

characteristics that may influence male reproductive success in these systems.

Here, I investigate a set of traits that may contribute to male reproductive success
in the common triplefin, Forsterygion lapillum. This species has male parental care,
and an accessible record of life-history traits associated with developmental history
(provided by the growth increments recorded within ‘ear stones’, or otoliths). I
quantify morphological traits and reconstruct life-history traits of adult males that
differ in their breeding status. I evaluate the hypotheses that male reproductive
status is predicted by (i) body size and/or condition, (ii) timing of hatching, and/or

(iii) growth rate during development.
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Section 2.2: Methods

2.2 Methods

2.21 Study species and system

The common triplefin is a small, temperate fish widely distributed around the New
Zealand coast (Francis, 2001). Common triplefin are exposed to a range of environ-
ments associated with ontogenetic shifts throughout their lifetime. Typically, eggs
are laid on cobble substrate of coastal rocky reefs (Wellenreuther and Clements,
2007a) and hatch as larvae after ~ 2-3 weeks (Francis, 2001). After ~ 52 days larvae
return to a rocky reef (Shima and Swearer, 2009) and settle to- and remain within
fronds of brown algae for ~ 14 days before moving to the benthos as juveniles (Mc-
Dermott and Shima 2006) and developing into mature adults. During the spawning
season (August - November for study location), sexually mature males assume nup-
tial pigmentation, changing from a mottled, pale-brown colouration to a more uni-
formly black colouration with a blue stripe lining their anal fin (Wellenreuther and
Clements, 2007a). Common triplefin display resource defence polygamy where ma-
ture males defend territories containing potential nesting sites (typically the under-
side of a cobble [Francis, 2001]) and display vigorous courtship behaviour at passing
females (Handford, 1979). Adult females deposit their eggs on a chosen male’s nest
(Feary and Clements, 2006) leaving him to provide sole parental care that consists of
aeration and defence of eggs until hatching. Having successfully courted a female,
a male guards ~ 2000 eggs on average and may receive multiple clutches of eggs

throughout his reproductive lifetime (Mensink et al., 2014).

In this study I defined 2 criteria to identify the 'reproductive status’ of adult males
made at a single observation time. Firstly, I classified each fish as either "territorial” or
'non-territorial” based on evidence of site attachment (i.e., returns after displacement
(Maher and Lott, 1995), exclusive use (i.e, the sole occupant of the cobble [Petty
and Grossman, 2007]) and behaviour patterns consistent with territorial defence (i.e.,
chases directed at other individuals [(Maher and Lott, 1995)]). Secondly, I subdivided
"territorial” fish based upon the presence or absence of eggs on their nesting site.
This method enabled me to categorise males as (i) non-territorial males (‘floaters’),

(ii) territorial males without eggs or (iii) territorial males with eggs.

Admittedly, this approach provides only a ‘snapshot” of the reproductive status of
each male, and does not take into account variation in individual reproductive status
over time. I sampled at random intervals through time and make an assumption that

my sampling effort (detailed below) was sufficient to evaluate a relationship between

13



Chapter 2: Early or burly? Hatch date and growth rate as drivers of success in male
common triplefin (F. lapillum)

reproductive status and measured traits.

2.2.2 Sample collection

I collected adult male F. lapillum from a single site (Kau Bay in Wellington Harbour,
41°17°11.74”S, 174°49'43.37”E) repeatedly over a 4 month period during the 2014
breeding season (Aug- Nov). Specifically, I collected fish with hand nets (aided by
the use of SCUBA), along a permanently marked transect. My transect was 60m
long, running parallel to the shoreline along a ~5m depth contour. I collected males
haphazardly along this transect over 15 sampling dates from August- November. On
each sampling date, I characterised the reproductive status of sampled males as ei-
ther (i) floaters, (ii) territorial males without nests, or (iii) territorial males with nests.
All males collected were identified by their conspicuous mating colouration, how-
ever the colouration of F. lapillum may change post-mortem (regardless of reproduc-
tive status), so any ambiguous individuals were dissected to identify reproductive

organs and confirm sex. Females were excluded from all analyses.

2.2.3 Estimating predictors of reproductive success
Phenotypic traits

I quantified a set of phenotypic and life-history traits for sampled males, and eval-
uated their ability to predict variation in breeding status. Specifically, I measured
the size (standard length) of fish to the nearest millimetre using callipers (Fig. 2.1a),
and quantified mass to 0.0001 g using a microbalance. I calculated a metric of body
condition (Fulton’s K; Ricker 1975) as:

_ Wet weight
~ Standard length?

Life history traits

I used otoliths to reconstruct individual life histories (dates of hatching and growth
rates). Specifically, I extracted sagittal otoliths from each fish and placed them in
15% mol HyO; for 12 hours to remove tissue (Fig. 2.1b). Otoliths were mounted
on plastic discs in a clear resin and hand-polished with 9ym diamond lapping films
(3M) to expose daily growth increments. I evaluated a single otolith for each fish,
and took a series of photos through a light microscope (using a Cannon D3-50) along
the postrostral axis. Images were then alighed in a common focal plane to obtain

a complete and uninterrupted record of daily increments. I used image analysis
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(a) (b)

Figure 2.1: (a) A male common triplefin in nuptial colours being measured for standard length, (b) a

sagittal otolith under 50x magnification, before being ground to expose daily rings

software (ImagePro Premier 9.1) to count and measure daily increments. I identified
a 'hatch check” as an approximate doubling in increment width near the centre of the
otolith (after Shima and Swearer 2009). For each fish, I estimated cumulative "age” as
the number of increments from the hatch check to the otolith edge. To calculate the
"hatch date’ I subtracted "age” from the date the fish was sacrificed. I estimated ‘mean
growth rate” over the lifetime of the fish as the standard length divided by "age’. 1
validated a sample of increment counts against those made by a second observer

(J.S. Shima); the two independent counts differed by less than 3% on average.

2.2.4 Statistical analyses

Males were collected randomly over sampling dates and were pooled across sam-
pling dates for all analyses. I used set of ANOVAs to evaluate the hypotheses
that males of differing reproductive status (i.e., floaters, territory holders without
nests, or territory holders with nests) varied in: (i) size (standard length), (ii) body
condition (Fulton’s K), and (iii) hatch date. T used ANCOVAs to assess how the
relationship between growth and hatch date varied with reproductive status. To in-
vestigate differences in growth rate between males of different reproductive status
during March and April 2014, I statistically accounted for variation in hatch date
between males (using ‘'Least Square Means’, or LS means) and compared the result-
ing LS-mean growth rates among males of differing reproductive status using paired
t-tests. Assumptions of statistical tests were satisfactorily met for all statistical anal-
yses.

All statistical procedures were performed using R Statistical Software V. 3.2.2. (R
core Team 2015)
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2.3 Results

I sampled 141 adults, and of these, 55 were categorised as "floater” males and 86
were territorial males. Eggs were present in 47 of the 86 territories and absent in the
remaining 39. I was not able to reconstruct life-history traits for all sampled fish due
to imperfections in otoliths. I successfully resolved daily otolith increments for the
entire postrostral axis for a subset of 51 males (20 floater males, 18 territorial males
without eggs and 13 males with eggs present), allowing me to estimate hatch dates,

and growth rates for these individuals.

2.3.1 Effects of body size and condition

Standard length of sampled males ranged from 33.90 to 53.07 mm, and varied sig-
nificantly with reproductive status (F 13s: 22.566, P< 0.001; Fig. 2.2i ). For territorial
males, standard length did not differ with respect to the presence or absence of a
eggs, however both types of territorial males were significantly larger in standard

length (on average 9.1%) than floater males (Fig. 2.2i).

Body condition of sampled males ranged from 8.54x10~° to 2.05x10~> g/mm 3 and
also varied significantly with reproductive status (F13s: 9.886, P< 0.001; Fig. 2.2ii).
Body condition did not differ between floater males and territorial males with no
eggs. However, territorial males with eggs present had a condition index 6.1% higher

than the other two groups (Fig. 2.2ii).

2.3.2 Effect of hatch date

My reconstructions from otoliths suggest that sampled males hatched over a 9 month
period, from the 11-Oct-2013 to the 15-June-2014, with a median hatch date of 9-
March-2014. Hatch dates differed among males of different reproductive status (F; 49:
44.284, P< 0.001, Fig. 2.3). Floater males hatched significantly later than both terri-
torial males with eggs (Tukey: P< 0.001) and without eggs (P< 0.001). For territorial
males, hatch date was earlier for males with eggs compared to males without eggs
(P: 0.009).

2.3.3 Growth history

Growth rates for sampled males increased with hatch date irrespective of their re-
productive status (Fj4g: 262.99 , P: <0.001 , Fig. 2.4). However, the relationship

between growth rate and hatch date varied with male reproductive status (interac-
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Figure 2.2: Comparison of mean standard length and body condition (Fulton’s K) of males of different
reproductive status; males not guarding territories (Floaters), males guaridng territories without eggs,
and males guarding territories with eggs. Letters indicate groupings based on Tukey pair-wise com-
parisons («a: 0.05). Response axes are offset from 0 for graphical presentation. Error bars represent 95%

confidence intervals.
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Figure 2.3: Proportion of males with different reproductive status that hatched during each month
from October 2013 to June 2014

tion term: F,46: 14.087, P< 0.001). Figure 2.4 illustrates the significant interaction
between hatch date and growth is most likely attributable to the steeper relation-
ship between growth rate and hatch date for floaters. Given the minimal overlap in
hatch dates between floaters and territorial males I performed two further analyses

to investigate the relationship hatch date, growth rate and reproductive status.

Firstly, I conducted a secondary ANCOVA analysis without floaters to evaluate dif-
ferences in growth between territorial males with egg and without eggs. For the sub-
set of males that were territorial, individuals with eggs had faster growth rates than
individuals without eggs regardless of hatch date (F;7: 13.21, P: 0.001). Secondly,
I compared adjusted mean growth rates (LS-means) among floaters and territorial
males (with and without eggs), for the two months where there was an overlap in
hatch date (i.e., in March and April 2014, Fig 2.3). Figure 2.5 illustrates that, for
males that hatched in March, adjusted growth rates were higher in territorial males
with eggs compared to territorial males without eggs (T — ratiozs: 3.476, P: 0.004)
and floater males (T — ratiozs: 3.199, P: 0.008). However, adjusted growth rates did
not differ between territorial males without eggs and floater males that hatched in
either March (T — ratiose: 1.133, P: 0.501) or April 2014 (T — ratioze: 1.133, P: 0.501).
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2.4 Discussion

Identifying determinants of reproductive success has been a focus of investigation
for many species and a diversity of mating systems (Clutton-Brock, 1988). In species
with male parental care, body size and condition have been identified as important
indicators of male fitness, and these traits have been the subject of many studies
(e.g., Lindstrom and Hellstrom (1993); Uusi-Heikkila et al. (2011)). Variation in these
traits is often closely associated with age (or birth date) and somatic growth rate, yet
the latter are seldom considered as underlying drivers of male reproductive success
(but see Fagundes et al., 2015). My results suggest that reproductive status of male
common triplefin is predicted by differences in size and condition, but also by hatch
date, and growth rate. Collectively, these results suggest a population of adult male
triplefin is comprised of a mixture of individuals that differ in a range of traits and

have corresponding differences in reproductive success.

24.1 Phenotype

Reproductive status was predicted by differences in body size. Territory holders
were larger in body size than floaters. Associations between body size and territo-
riality are common among fishes (e.g., Magnhagen and Kvarnemo, 1989) and other
taxa (O’'Neill, 1983; Candolin and Voigt, 2001). Male body size can influence com-
petitive ability (McElligott et al., 2001; Jarvi, 1990) as well as successful acquisition

and defence of a territory or nesting site (Cole, 1982).

Differences in body size did not predict the presence or absence of eggs between
territorial males (i.e., female male choice) as is suggested other fish species such as
the sand goby Pomatoschistus minutus (Lindstrom and Hellstrom, 1993) or the closely
related mottled triplefin Forsterygion varium (Thompson, 1986). These results also
appear to contradict a recent study on the common triplefin by Mensink et al. (2014),

which found a significant effect of male body size on the probability of acquiring
eggs.

Differences in body condition, however, did predict presence/absence of eggs for
territorial males. Females may favour males in better condition for several reasons;
elevated condition could indicate greater energy reserves, and thus more energy
available for investment in parental care (increasing the quality of care and/or reduc-
ing the risk of egg predation by caregiving males [Mackereth et al., 1998; Hanson and
Cooke, 2009]). Indeed, Mensink (2014) found F. lapillum egg size was significantly
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correlated to male condition, which may suggest assortative (i.e., size-matched) mat-

ing between larger (or better conditioned) females and males.

Conversely, the correlation between increased body condition and presence of eggs
may have been driven by another mechanism. Females may lay eggs indiscrimi-
nately with respect to male condition, and the apparent absence of eggs associated
with males in poorer condition could be the result of filial cannibalism. Males that
practice paternal care often decrease in body condition when caring for young (Lind-
strom and Hellstrom, 1993) and some species may exhibit filial cannibalism (i.e., egg
consumption) as a mechanism to maintain body condition during this period (Go-
magano and Kohda, 2008; FitzGerald, 1992; Vinyoles et al., 1999). If filial cannibalism
was practised by the common triplefin, egg presence may limited to nests of high
condition males because males in low condition may be more likely to consume their

brood, as opposed to females favouring males in better body condition.

2.4.2 Life history

In this study, male F. lapillum were presumed to be sexually mature if they had in-
vested in nuptial colouration. Interestingly, the size-at-maturity for male F. lapillum
(of all breeding statuses) in this study appeared smaller than the 50mm suggested by
Francis, 2001. This could be explained by the reasonably high densities of F. lapillum
found in Kau Bay, or the seasonal breeding season which may have accelerated sex-
ual development compared to populations in other geographies, such as the upper

North Island (where F. lapillum breed year-round).

Reproductive status of males is also predicted by differences in hatch dates. All
sampled males that hatched earlier than March 2014 had acquired territories and
all males that hatched earlier than mid-November 2013 successfully obtained eggs
(Fig. 2.3). Early hatching dates may have granted the territorial males a longer grow-
ing period before the onset breeding season in August 2014, and may have driven
the observed differences in body size and condition. Additionally, the wide range
in hatch dates (~9 months from October 2013 - June 2014) suggests later hatching
males may have developed in very different environmental conditions, with possible
consequences for individual growth (Brett et al., 1969; Angilletta et al., 2004) and
phenotype (Monaghan, 2008; Shima and Swearer, 2009).

Given that males with early hatch dates were more likely to (i) be territorial and
(ii) be defending eggs, suggests order of arrival (i.e., "priority effects’) probably in-

fluences male reproductive success in the common triplefin. Priority effects have
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been described in many species, for example Geange and Stier (2010) discovered
that earlier arriving reef fish were subject to less aggression and were less likely to
be displaced from their habitat by competitors, even if they were deemed subordi-
nate. Similarly, subordinate salmon may acquire, and successfully maintain, pre-
ferred feeding sites if they arrived prior to a known dominant individual (Harwood
et al., 2003), and brown trout fry that had previously obtained a territory were able
to successful defend their territory against competitors that were up to 30% larger in
size (Johnsson et al., 1999).

If earlier hatching male triplefin are first to arrive on a rocky reef they too may
be more likely to acquire and defend preferable territories compared to their later
arriving conspecifics. In addition, earlier arriving males may mature at an earlier
date than later arriving males, potentially allowing the earlier hatching males to
begin mating earlier in the breeding season, when males typically receive more eggs
(Mensink, 2014).

Later hatching males had faster growth rates than earlier hatching males (Fig. 2.4).
The significant interaction between growth rate and hatch date was likely due to ac-
celerated growth rates of the floater males (Fig 2.4). Floater males were younger and
smaller than territorial males and may not have reached asymptotic size. Alterna-
tively, floaters could have experienced faster growth rates because they hatched and
developed in very different environmental conditions than territorial males. How-
ever, this would require the colder, rougher sea conditions in which the floaters
hatched and developed to promote faster growth than the relatively warm and calm
conditions that the territorial males experienced, which seems unlikely given the
evidence for the contrary (Friedland et al., 2000; MacKenzie and Kierboe, 2000;
Neuheimer et al., 2011).

The positive relationship between growth rate and hatch date suggest faster growth
rates may negatively affect reproductive status (Fig. 2.4). However, after statistically
adjusting for hatch date, territorial males with eggs had accelerated growth rates
compared to those without eggs. Given the territorial males did not differ in body
size, only body condition, this would suggest increased growth rate may increase
male body condition after asymptotic body size is reached, subsequently increasing
the chance of receiving eggs. Similarly, the comparison of adjusted growth rates
for males hatched in March and April 2014 suggested that territorial males with
eggs had faster growth rates than both territorial males without eggs and floater

males hatched in the same month (Fig.2.5). However, there may fitness consequences
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associated with accelerated growth. For example, in a previous study on common
triplefin, Mensink (2014) found faster growing adult males received smaller clutches
of eggs than slower growing males. Fast growth during development has also been
attributed to reduced reproductive investment (e.g., sexual ornaments) and impaired

sexual responsiveness to gravid females (Lee et al., 2012, 2014).

My results indicate the existence of multiple pathways to success for male common
triplefin. Reproductive success may be maximised by: (i) hatching early, or (ii) if
unable to hatch early, then by faster growth. My study suggests that males born late
(after March in this study) may be (iii) adopting an alternative reproductive tactic.
Conceivably, these males may become ‘sneaker males’ (e.g., Fagundes et al., 2015),
and parasitise mating events between females and larger males (though admittedly,
this is entirely speculative). However, sneaker males are expected to divert ener-
getic resources from somatic growth, and towards reproductive development (i.e.,
have slower somatic growth rates at smaller sizes [Jennings and Philipp, 1992]). In
my study, floater males appeared to have a qualitatively different relationship be-
tween growth rates and hatch dates, (Fig.2.5), suggesting that they may be investing
disproportionately in growth at the expense of any reproduction. An alternate hy-
pothesis, therefore, is that these late-hatching males forego reproductive attempts
in the present season and then attempt to breed in the following season. However,

further research would be needed to address this issue.

2.4.3 Conclusion

Overall, this study suggests that life history traits (hatch dates and growth rates)
could be the ultimate determinants of male reproductive success, particularity in
systems with male parental care. Phenotypic variation may be an outcome of these
life-history traits, and consequently, they are likely to be the proximate variables
upon which females make their choice. Both date of hatching and somatic growth
rate predicted territoriality and egg presence in male common triplefin. This dis-
tinction is important because it suggests that selective forces on males are likely to
favour maternal effects (timing of egg deposition) and environmental (or genetic)
factors that may drive differential growth rates. Identifying these life-history deter-
minants has important implications for both population dynamics and evolutionary

ecology in systems with male parental care.
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CHAPTER 3

Developmental environment and life history:

determining the success of a juvenile reef fish

3.1 Introduction

In species with complex life cycles, characteristics that determine success may vary
with ontogeny. Many organisms have evolved stage-specific adaptations to max-
imise (i) survival throughout development to sexual maturity, and (ii) future repro-
ductive success after maturity (Werner and Gilliam, 1984). Environmental variability
during ontogeny, particularly during early life stages, may have important repercus-
sions on future individual success (Bergenius et al., 2005; Blob et al., 2008). Yet, the
consequences of variability in environmental conditions (e.g., temperature and food
availability) during early life stages, in relation to individual life histories, are poorly

known.

An important ontogenetic shift in life cycle of many reef fishes happens during the
transition from the pelagic environment to the benthos (i.e., settlement). Mortality
rates are often high for settling individuals, as many benthic environments (par-
ticularly reefs) can harbour high densities of predators (Perez and Munch, 2010).
A wealth of theoretical and empirical research suggests that settling fish undergo
strong selective mortality on body size (Hawn et al., 2005; Meekan et al., 2006; Perez
and Munch, 2010; the ‘bigger is better” hypothesis’, Bailey, 1989) and developmental
history (i.e., the ‘growth - mortality hypothesis” Anderson, 1988; Meekan and Fortier,
1996).

Variability in growth rates among individuals often arises from environmental het-
erogeneity (Monaghan, 2008). Oceans may vary wildly in temperature, turbidity or
food availability, both temporally (Friedland et al., 2000; MacKenzie and Kierboe,
2000; Neuheimer et al., 2011) and spatially (Houde, 1989; Shima and Swearer, 2009),
facilitating variable growth rates in developing individuals. However, environmental
heterogeneity may also influence growth rates on a much finer spatial scale, particu-
larly in complex habitats like coral or rocky reef systems (Munday, 2001; Wehrberger
and Herler, 2014). Here, unequal distribution of refuges, conspecifics, food resources
and temperature may contribute to variation in individual growth rates and pheno-
types (Connell and Jones, 1991; Nielsen, 1992; Baltz et al., 1998). Often, many larvae

will settle simultaneously (i.e., as a cohort) onto a heterogeneous benthic environ-
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ment. Consequently individuals within a cohort may settle among different habitats
and experience corresponding differences in growth rates as they develop as juve-
niles (e.g., Tupper and Boutilier, 1995). However, the consequences of pro-longed
exposure to optimal and sub-optimal growth conditions on juvenile performance

are still poorly understood.

Juveniles of many species obtain territories as refuges or for future reproduction
(Ah-King et al., 2005). In this context, a "winner” is the individual within a cohort
that secures the best territory. The competitive outcomes of territorial fishes are
often predicted by phenotypic traits (e.g., body size and condition [Perrone, 1978;
Magnhagen and Kvarnemo, 1989; Rowland, 1989; Booth and Beretta, 2004]) and be-
havioural characteristics (e.g., aggression [Cutts et al., 1999]). The size and quality
of particular phenotypes (e.g. body size or condition) are expected to indicate in-
dividual fighting ability (Smith, 1979). Aggressive displays are energetically costly
(Ros et al., 2006) and individuals with increased body condition (i.e., available en-
ergy reserves) may be able to increase frequency or intensity of aggressive displays
toward territorial neighbours (Bertram and Rook, 2012). However, aggression is of-
ten highly context-dependen t (i.e., individual aggression may change depending on
conspecific density, dominance status or relative size of neighbouring individuals
[Mumby and Wabnitz, 2002]). Yet, few studies investigate whether aggression is a
behavioural response to individual context (e.g., an individual’s territory quality) or

whether aggression predicts individual dominance or success.

In addition to behavioural and phenotypic traits, individual life history character-
istics (e.g., growth rate or pelagic larval duration) may play an important role in
determining the relative quality of larvae (Shima and Swearer, 2009), and may have
carry-over effects into the juvenile life stage (Smith and Shima, 2011). Pelagic larval
duration ("PLD’) is a measure of the time a larva spends in the pelagic zone, before
transitioning to another environment as a juvenile. Shorter PLDs are typically asso-
ciated with fast growth (Shima and Findlay, 2002) and may increase the odds of an
individual obtaining a limited resource as a juvenile, if they transition to the juvenile
environment faster than their competitors (i.e., priority effects [Geange and Stier,
2010]). However, the effect of variation in PLD (or growth rate) on the performance

of juveniles that settle simultaneously is not well understood.

Growth rates during development likely affect competitive ability through proximate
effects on body size; as body size varies as a function of growth rate. Thus, faster

growers may have a competitive advantage over slower growers. However, acceler-
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Figure 3.1: A juvenile common triplefin among cobble substrate in Kau bay, Wellington, New Zealand.

Photo credit: Ben Moginie.

ated growth may come with costs, such as decreased swimming speed (Alvarez and
Metcalfe, 2007) which may reduce competitive ability or future survival (Johnsson
and Bohlin, 2006). For one species of rocky reef fish, the common triplefin (Forstery-
gion lapillum), territories offer refuge and are a prerequisite for breeding success
of adult males (Francis, 2001). Common triplefin are known to settle differentially
onto rocky reefs with “patchy’ habitat availability (Morton and Shima, 2013, Fig.
3.1). In these environments food resources and temperatures may be spatially het-
erogeneous, particularly in shallow waters, where high densities of adult common

triplefins are frequently observed (Wellenreuther et al., 2007; Mensink, 2014).

Here, I rear fish in different developmental environments and test the hypotheses
that (i) developmental environment induces differences in body size and body con-
dition; (ii) combined influences of developmental environments, body size, body
condition, pelagic larval duration, and/or growth rates predict success’ of individ-
uals (as assessed by their ability to acquire limited habitat resource); (iii) 'successful
individuals” are more aggressive; and, (iv) fish that are aggressive, larger and/or in

better condition can acquire territories that are of higher quality.
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3.2 Methods

3.2.1 Study species and system

Refer to section 2.2.1

3.2.2 Sampling sites and procedure

I collected recently settled common triplefin from three neighbouring sites
within Wellington Harbour: Kau Bay (41°17'11.74”S, 174°49°43.37”E), Shelly Bay
(41°17’50.1”S 174°49’09.8”E) and Shark Bay (41°18708.7”S 174°49'00.6”E). All three
sites have a cobble benthos and a fringing algal community (~10m offshore). I de-
ployed 14 artificial substrates (SMURFs’, sensu Ammann, 2004; detailed in Shima
and Swearer, 2009) at each site to collect recently settled common triplefin. Collectors
were deployed on two dates (26”1 of Feb 2015 and 10" of March 2015, ) and recov-
ered by divers after 7 days. Fish were transferred to buckets filled with seawater and

transported back to Victoria University’s Coastal Ecology Laboratory (VUCEL).

3.2.3 Developmental environment growth manipulation

I conducted a manipulative experiment to investigate the effects of variability in
‘developmental environment” on individual phenotypes and the ability of juveniles

to dominate limited available habitats, in relation to their individual life histories.

Collected fish were photographed individually (using a Cannon TG-03 and a scale
bar) and then randomly assigned to either (1) a "low growth treatment" or (2) a "high
growth treatment". Fish in the low growth treatment were placed in 60L plastic bins
(n=4) of seawater (with a starting density of 10 fish / bin), maintained at 18°C and
ted ad libitum on a diet of blended frozen mussels (Perna canalicula and Mytilus edulis)
at 3-day intervals (Fig. 3.2). Fish in the high growth treatment were reared under
similar conditions (n=4 plastic bins), with the exception that they were maintained at
20°C (the thermal preference [Khan and Herbert, 2012]) and fed ad libitum on a daily
schedule. Each plastic bin was equipped with an aerator, a layer of small cobble
stones and had 20% of the seawater replaced on a 3-day cycle. I maintained fish in
these growth regimes for 35 days and then photographed each fish at the end of this
study (using a Cannon TG-03 and a scale bar). I used Image] (Ver.1.48) to calibrate
photos and measure standard lengths of each fish within treatment bins, before and

after the feeding regime. I calculated body condition as 'Fulton’s K’ (wet weight /
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1 /U

Figure 3.2: Layout of growth manipulation expermient, 8 bins containing 10 recently settled common

triplefin in either "high growth’ or ‘low growth’ conditions. Photo credit: Ben Moginie

standard length3, [Ricker, 1975]), and post-settlement growth rates as the change in

mean standard length over the 35 growth regime.

3.2.4 Estimating pelagic larval duration and lifetime growth rates

To reconstruct individual life history characteristics (i.e., pelagic larval duration and
growth rate assessed over the lifespan of an individual) I analysed fish otoliths . For
each fish, I extracted sagittal otoliths and immersed them in 15% mol H,O, for 12
hours to remove tissue. I mounted otoliths on plastic discs using a clear resin and
hand-polished them with 9um diamond lapping films (3M) to reveal daily incre-
ments. Otoliths were photographed along the postrostral axis using a Cannon D3-50
through a light microscope (Appendix A). I used Imagepro Premier (Ver. no. 9.1) to
count and measure daily growth increments. I identified a "hatch check’ as an ap-
proximate doubling in increment width and a "settlement check” as an approximate
halving of increment width accompanied by a visible darkening in increment colour
after settlement (Shima and Swearer, 2009). For each fish, I estimated pelagic larval
duration ("PLD’) as the number of days between the hatch check and the settlement
check, and the cumulative ‘age” as the PLD combined with number of days since col-
lection (+/- 7 days). I estimated ‘'mean growth rate” as the standard length divided
by “age’. I validated a sample of my PLD increment counts against those made by a

second observer (J.S. Shima); the two independent counts differed by fewer than 3%
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|

Figure 3.3: Plastic bin contaning 5 juvenile F. lapillum and 400cm? of unevenly distributed cobble

substrate.

increments on average.

3.2.5 Assessing competitive ability

I conducted a set of behavioural assays on experimentally reared fish to assess their
ability to secure a resource, as a function of their developmental histories and other
individual traits. I evaluated the relationships between: (1) growth environment (i.e.,
manipulated temperature and feeding regime) on body size and body condition; (2)
growth environment, body size, body condition, PLD and average (lifetime) growth
rate on resource acquisition ability and, (3) resource acquisition ability on aggressive

behaviour.

Assays were conducted on replicate groups of 4 fish (n = 9 ’trials” of 4 fish each;
36 fish total) that had access to a single defensible resource. Fish (2 from the high
growth treatment; 2 from the low growth treatment) were selected randomly, from
different rearing tanks (i.e., the group of 4 fish had no opportunity to interact prior
to the assay). Groups of fish were introduced to 60 L plastic bins filled with seawater
maintained at 20°C, and with a single pile of small cobbles (the defensible resource)
positioned in the centre of the tank. Fish were fed ad libitum each day, on a diet of

blended frozen mussels.

Fish were given a 3-day acclimation period in trial bins prior to the start of the as-

say. On day four, I began the assay and made observations every other day over
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the following four days. All fish were uniquely identifiable from variation in natural
markings (Thompson, 1986) and on each observation day, I conducted behavioural
observations to measure the aggression between fish. On each day, I randomised the
order of observations, and observed each fish as a "focal individual’ for a 3 minute
duration, recording all agonistic encounters. Specifically, I recorded the frequency
of bites and chases (which resulted in evasive behaviour from the recipient) initiated
by a focal individual. In all instances, I observed a single fish to be clearly defending
the cobble pile. I removed the successful occupant of the resource (i.e., the cobble
pile) without replacement and gave the remaining fish 24hrs to re-acclimate. I se-
quentially removed the remaining fish identified as resource holders” over the next
3 observation days to facilitate a rank-ordering of 'resource occupation” within each

trial bin.

3.2.6 Assessing aggression, territory size and territory quality

I constructed two mesocosms and used these to evaluate relationships between body
size, body condition and aggression on size and quality of territories of sampled fish.
Each mesocosm consisted of a plastic bin (45cm? x 55cm? x 35¢cm?), and to each of
these I added an aquarium heater, an aerator, and haphazardly distributed 400 cm?
of small cobble to create a heterogeneous substrate covering ~ 25% of the mesocosm
floor (Fig. 3.3). To each mesocosm I simultaneously introduced 5 randomly selected
juveniles (from collections described above), and allowed the fish to acclimate for
3 days. Fish in both mesocosms were maintained at 20°C and fed ad libitum on a
daily schedule. I made daily observations and recorded behaviour patterns of all
fish over 8 consecutive days using the same methods detailed above (i.e., 3-minute

observations of focal individuals, recording chases and bites).

On the final observation day, I estimated the territory size of all focal individuals.
I defined territory size as the size of the defended area (i.e., the furthest distance a
focal individual could travel in any direction before being chased by another indi-
vidual [Maher and Lott, 1995]). I collected a video record of fish movements and
behavioural interactions in each mesocosm for a 15 minute period with a Cannon
TG-03 mounted directly above each mesocosm. I used Image]J (Ver.1.48) to calculate
territory area based on a polygon created from all the furthest points an individual
was observed to travel without initiating a chase from a neighbouring fish. I defined
territory quality as the percent cover of cobble in an individual’s defended area. Af-

ter the video recordings, I measured standard length of all fish using callipers and
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body condition as Fulton’s K.

3.2.7 Statisitcial analyses

To analyse the effects of developmental environment on body size and condition, I
conducted a pair of one-way ANOVAs on average standard length and condition of
fish reared in 'high growth treatment” or low growth treatment’ bins (i.e., I treated

‘growth bin” as the replicate, with n=4 per treatment).

To determine the effects of treatment, standard length, PLD, growth rate and body
condition on the likelihood of occupying a limited habitat resource, I fitted all vari-
ables to a cumulative odds ordinal logistic model with proportional odds. I could
not successfully fit “trial” as a random effect to the model. Therefore, to enable com-
parison among individuals of separate 'trials’ I centred the variables within trials

around a mean of 0, then pooled the data among trials.

I then performed a model selection procedure to identify combinations of variables
best explained variation in occupation rank using AICc values (Akaike Information
Criterion corrected for small sample sizes). Collinearity between two continuous
predictors, standard length and growth rate, prevented the inclusion of both param-
eters in the same model. Consequently, I constructed two sets of “global models:
one including standard length and the other including growth rate. I then compared
the fit of each model including either standard length or growth rate. The best fitted
model was defined as having a A AICc < 2. (Burnham and Anderson, 2002). I calcu-
lated confidence intervals (from the t distribution) for the parameter estimates in the
final model. If the intervals of a parameter included 0, the parameter was considered

non-significant.

To analyse the relationship between ’success’ and aggression of juveniles. I per-
formed set of one way ANOVAs to compare the mean rate of aggressive encounters
between individuals of different occupation rank. Significant relationships were fol-

lowed by Tukey tests.

Finally, to investigate if larger, better condition and/or more aggressive, juveniles
acquired territories that are of higher quality, I conducted a series of linear models.
In each model I added 'mesocosm” as a blocking factor to statistically adjust for

differences between mesocosms.

Additionally, I performed a repeated measures ANOVA to investigate if rate of ag-

gression (i.e., the number chases in 3 minutes) varied over the 8 day period after
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statistically accounting for variation between individual fish.

All statistical procedures were performed using R Statistical Software V. 3.2.2. (R
Core Team 2015). The cumulative odds ordinal logistic regression with proportional
odds was run using the '"MASS’ package (Ripley et al., 2015) and the function "polr’.
Models and associated AICc values were created using the package 'MuMIn’ (Bar-
ton, 2015).
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3.3 Results
3.3.1 Developmental environment on juvenile body size and condition

Standard lengths of juveniles ranged from 18.06 to 31.44 mm and did not differ
between juveniles reared in "high” and ‘low” growth treatments (F; ¢: 0.7434, P: 0.4217,
Fig. 3.4). Body condition (Fulton’s K) ranged from 1.05x10~° to 1.52x10~° and did
not differ statistically between fish reared in "high” and "low” growth treatments (Fj 4:
0.0087, P: 0.9285). Mortality was substantially higher for juveniles reared in the
low growth treatment (52.5%) compared with juveniles reared in the high growth

treatment (12.5%) over the 35 day period.

29 - 1.61E-07 -
1.41E-07 -
271 = I i
—_— m
€ € 1.21E-07 l I
E 25 €
= Y 1.01E-07 -
% 2] =
c o 8.1E-08 -
g =
21 - 5
© c 6.1E-08
© o
'8 19 1 Q>)~ 4.1E-08 -
g 17 -8
1 & 2.1E-08 -
15 . . 1E-09 .

Low Treatment  High Treatment Low treatment High treatment

Figure 3.4: Comparison of mean standard length and body condition for juveniles reared in ’high’
and ‘low’ growth treatments Response axes are offset from 0 for graphical presentation. Error bars

represent 95% confidence intervals.

3.3.2 Reconstructing life history traits

I successfully resolved daily increment counts between the "hatch check” and ’set-
tlement check” from the otoliths of all 36 juveniles used in the resource occupation
trials. This enabled me to reconstruct the PLDs and mean growth rates for each
individual. Pelagic larval durations ranged from 34 to 56 days (mean: 45.8, SD: 4.28)
and mean growth rates ranged from 0.209 - 0.293 mm/day (mean: 0.252, SD: 0.02).
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3.3.3 Predictors of resource occupation

The best model to account for variation in occupation rank included growth rate,
PLD, and body condition (Tab. 3.1). The final model was a better fit than the second
best model by a A AICc value of 2.81. The variable 'treatment” did not contribute
to the final model. In general, models including growth rate outperformed models
including standard length (Tab. 3.1).

Parameter estimates from the final model suggest juveniles that grow 0.01 mm/day
faster relative to conspecifics, become 4.8 times more likely (95% CI: 2.25, 6.99) to
increase in occupation rank. Similarly, juveniles that spend one day longer in the
pelagic larval stage (i.e., a one day increase in PLD) relative to conspecifics, become
1.7 times more likely (95% CI: 0.37, 3.03) to increase in occupation rank. The estimate
of body condition displayed confidence intervals that overlapped 0 (95% CI: -1.94,
2.68), therefore, the effects of body condition on resource occupation were considered

non-significant.

3.3.4 Effect of resource occupation on aggression

During the first set of observations, all four fish were present in the trial and the
mean rate of aggressive interactions varied between individuals of different ranks
(F3,32: 13.233, P< 0.001). The fish occupying the resource (rank 1) were more aggres-
sive than the three fish not occupying the resource (Fig. 3.5i).

I performed a second set of observations, after removal of the ‘rank 1’ fish. Here, the
mean rate of aggressive interactions also varied between individuals of different rank
(F204: 8.89, P: 0.001;). The new occupants of the resource (rank 2) were significantly

more aggressive than the other two fish not occupying the resource (Fig.3.5ii).

I removed the 'rank 2’ fish, and performed a final set of observations. Here, the mean
rate of aggressive interactions did not differ between the new resource occupant
(rank 3) and the last remaining fish (Fj 16: 2.65, P: 0.123; Fig. 3.5iii).
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Table 3.1: Comparison of models derived from ‘global models’ containing either standard length or
average growth rate, in addition to the PLD, growth treatment and body condition using AICc. Ai
represents the difference in AICc values between model i and the best fitted model,w represents the

Akaike weight. Bold text signifies the best fitted model from each of the global models.

Factors in the model Deviance K AICc Ai w

Model including growth rate

Growth rate + Cond. + PLD + Treatment 72.95 7 9095 281  0.166045
Growth rate + Cond. + PLD 73.24 6 8814 0 0.67672
Growth rate + Cond. + Treatment 91.67 6 10657 18.43 6.74E-05
Growth rate + PLD + Treatment 79.02 6 9391 577 0.037798
Growth rate + Cond. 91.89 5 103.89 15.75 0.000257
Growth rate + PLD 79.63 5 9164 35 0.117596
Growth rate + Treatment 91.72 5 103.71 15.57 0.000281
Growth rate 91.96 4 101.25 13.11 0.000963
PLD + Cond. 96.49 5 10849 2154 1.25E-05
PLD + Treatment 96.49 5 10849 2154 1.25E-05
Cond. Treatment 99.55 5 11155 246  2.71E-06
PLD 96.49 4 105.79 18.84 4.83E-05
Cond. 99.55 4 10885 219  1.05E-05
Treatment 99.8 4 1091 22.15 9.22E-06
NULL 99.81 3 10656 19.61 3.28E-05
Model including standard length

Std. length + Cond. + PLD + Treatment  89.68 7 107.68 4.9 0.023369
Std. length + Cond. + PLD 89.88 6 10478 2 0.099623
Std. length + Cond. + Treatment 91.83 6 10673 395 0.037577
Std. length + PLD + Treatment 91.76 6 106.66 3.88 0.038915
Cond. + PLD + Treatment 96.48 6 11138 2443 2.95E-06
Std. length + Cond. 92.15 5 10415 137  0.136509
Std. length + PLD 91.99 5 10399 121 0.147878
Std. length + Treatment 93.18 5 10518 24 0.081564
PLD + Cond. 96.49 5 10849 2154 1.25E-05
PLD + Treatment 96.49 5 10849 2154 1.25E-05
Cond. + Treatment 99.55 5 11155 246  2.71E-06
Std. length 93.49 4 10278 0 0.270802
PLD 96.49 4 10579 18.84 4.83E-05
Cond. 99.55 4 10885 219  1.05E-05
Treatment 99.8 4 109.1 22.15 9.22E-06
NULL 99.81 3 10656 19.61 3.28E-05

36



Section 3.3: Results

14 -

12 -

10 +

4 -
2 b b
o . . | . I—T—| "
1 2 3 4
14 - a
12 - T “
c 10 -
e 3 |
o
~ 6
]
n 41 b
i b
S 2
z 0 T T T '+| 1
(@] 1 2 3 4
2
& 14 -
o n
60 i
< 10 -
8 1 a
6_
4_
5 | a
o T T T ,+| 1
1 2 3 4

Occupation rank

Figure 3.5: Mean number of aggressive actions for fish of each occupation rank (1, 2, 3 and 4) when
all ranks are present (i), after the sequential removal of the first occupant (ii) and second occupant (iii).
Letters (a, b) represent groupings based on Tukey test («: 0.05). Error bars reperesent 95% confidence

intervals.
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3.3.5 Predictors of juvenile territory size and quality

In this observational experiment, the number of aggressive interactions of recently
settled juvenile fish ranged from 0 - 20 per 3 minute period (mean: 3.1, SD: 1.8). For
each fish, the number of aggressive interactions did not vary significantly between
days (repeated measures ANOVA: F;¢3: 1.8069, P: 0.1012). Given the number of
aggressive actions did not vary over time, I proceeded to compare territory size and
quality to the average number of aggressive actions for each fish over the 8 day

period.

Figure 3.6 illustrates that average aggression score, standard length and body condi-
tion were all positively correlated to increased territory size and quality. The linear
models suggested variation territory size and quality was significantly predicted by

body size and aggression but not body condition (Tab. 3.2).

Table 3.2: Linear relationships between the predictor variables “Average aggresion’, ‘Standard length’
and "Body condition’, and repsonse variables "Territory size” and 'Territory quality” after blocking for

the effect of ‘mesocosm’. Bold p values represent significance at an « of 0.05

Response variable Predictor variable  Coefficient estimate R? t value p
Average aggression 15629 0.6596 4.054 0.005

Territory size Standard length 13955 0.6885 4.313  0.003
Body condition 1.325e+10 0.2042 1739  0.126

Territory quality Average aggression 5.0628 0.8782 8.164 0.000
Standard length 10.264 0.4984 3.300 0.013
Body condition 6.009e+06 0.6949 0.863  0.417
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Chapter 3: Developmental environment and life history: determining the success of a
juvenile reef fish

3.4 Discussion

Determining stage-specific drivers of success is crucial to our understanding of pop-
ulation dynamics and reproductive success of species with complex life cycles. The
life cycle of many marine animals involves the transition from a pelagic larval stage
to a benthic juvenile stage. Individuals may experience different conditions after set-
tlement, particularly in complex habitats such as coral or rocky reefs. However, the
effects of variable environmental conditions at settlement on future juveniles success
are not well studied My results suggest (i) developmental environment after settle-
ment may have limited influence on juvenile growth and phenotype; (ii) life history
traits and the resulting phenotypes, may influence the odds of resource occupation
by juveniles; (iii) the resource occupation or dominance status of juveniles influences
aggressive behaviour, and (iv) when settling onto heterogeneous substrates juve-
nile body size and aggression, predict the size and quality of established territories.
Collectively, these results indicate that a mixture of life history traits, phenotypes
and recent environmental experiences may influence individual success (and subse-

quently, behaviour) in a cohort of recently settled juveniles.

3.4.1 Treatment effects on growth and size

Variability in developmental environment after settlement did not appear to influ-
ence resulting juvenile phenotype. This results is unexpected and contradicts a wide
volume of research that identifies variation in temperature and food availability as
drivers of variable growth in fishes (Brett et al., 1969; Angilletta et al., 2004; Matthews
and Wong, 2015), even over short time periods (e.g., 5 days, Booth and Beretta, 2004)
and small spatial scales (Baltz et al., 1998; Nielsen, 1992).

If variation in recent developmental conditions did not influence juvenile phenotype
then, presumably, the common triplefin is capable of regulating the effects of variable
temperature and food supply in order to maintain an optimal growth rate. Khan and
Herbert (2012) suggest common triplefins are able to regulate their metabolism over
a wide range of temperatures (15°C - 21°C), which is understandable in a species

that may experience a wide range of thermal environments.

However, the purpose of regulating growth in high food conditions is unclear. Sev-
eral studies suggest subordinate individuals may ’self-limit" their growth rate to

reduce increases in body size which may incite increased aggressive responses from
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nearby dominants (Wong et al., 2008; Ang and Manica, 2010b). In my study, fish
were observed forming dominant-subordinate relationships within the treatment
bins which, in addition to causing self-limiting growth, may have driven unequal
distribution of food resources among individuals in the same bin, increasing the
variation of body size and condition within bins (Perrone, 1978; Lee et al., 2011),

confounding potential effects of developmental environment.

The effects of developmental environment were further confounded by mortality
over the treatment period, particularly in the ‘low treatment’ bins, where 52.5% of
fish died. Mean body size and body condition of juveniles within low treatment
bins may be artificially inflated in response to selective mortality of lower condi-
tion or smaller fish. Additionally, mortality may have increased variation between
bins which, combined with my small sample size, may have reduced my ability to

statistically detect the effects of developmental environment on juvenile phenotype.

3.4.2 Predicting competitive ability

The ordinal logistic regression model that best explained juvenile occupation rank,
contained only two significant parameters, mean lifetime growth rate and PLD. As
expected, mean growth rate was strongly correlated to body size, which suggest
mean growth rate may influence the ability of juveniles to occupy a limited resource
through proximate effects on body size (Perrone, 1978; Magnhagen and Kvarnemo,
1989; Cutts et al., 1999). In wild populations, larger body sizes may have additional
benefits by enabling larger individuals to obtain resources that are unavailable to

smaller competitors due to predation risk (Candolin and Voigt, 2001)

Models including mean lifetime growth rate typically outperformed models includ-
ing body size, suggesting mean lifetime growth rate may have additional effects on
the odds of acquiring limited territories other than influencing body size. Non-size
related growth effects are not well described in the literature. Some studies suggest
accelerated growth rates may influence aggressive behaviour, for example juvenile
Atlantic salmon that experienced higher growth conditions were consistently more
aggressive than juveniles reared in low growth conditions (Nicieza and Metcalfe,
1999). Alternatively, fish with faster average growth rates may be prone to increased
risk-taking behaviour (Stamps, 2007). In my study, increased risk taking behaviour
may mean approaching the habitat resource earlier and benefiting from any priority

effects (Geange and Stier, 2010). However, if fast growth increases risk taking be-
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haviour then, in wild populations, faster growers may suffer higher mortality due to

increased exposure to predators (Biro et al., 2004).

Prolonged PLD may result in larger body sizes at settlement (Wenger et al., 2014),
increasing competitive ability at the juvenile life stage, relative to others in the same
cohort (Sponaugle et al., 2006). However, the advantages of prolonged larval devel-
opment may be restricted to relatively nutrient rich environments (e.g., Wellington
harbour) and prolonged development in nutrient poor environments may negatively
affect the quality of developing larvae (Shima and Swearer, 2009), with potential

carry-over effects on juvenile performance (Smith and Shima, 2011).

In the wild, increased size during the larval stage may reduce the risk of predation
(i.e., growth-mortality hypothesis [Anderson, 1988; Perez and Munch, 2010]). In
which case, increased growth rate and prolonged PLD may increase both survival at
settlement and juvenile competitive ability for recently settled fish. However, some
studies suggest larger body size at settlement may increase predation risk (Pepin,
1992; Gagliano et al., 2007), including a recent study on the common triplefin by
Caie and Shima (unpubl. dat. 2016). If increased size at settlement both (i) decreases
survival and (ii) increases competitive ability, then common triplefins may undergo
a trade-off between survival and competition at settlement (Fig. 3.7). If this were the
case (and a competitive advantage enhanced future reproductive success), then body
sizes (and indirectly PLD and growth rate) may be subject to stabilising selection

during the ontogenetic shift from the larval to the juvenile life stage.

Additionally, selection may also favour individuals which are able to quickly increase
in size (i.e., greatly accelerate growth) immediately after settlement, enabling larvae
to reduce predation risk at settlement and increase competitive ability as a juveniles.
As my growth treatments were unsuccessful in manipulating juvenile growth or

phenotype, further research is needed to address this issue.

Growth treatment (i.e., development environment) did not contribute significantly
to the best fitted model. Given no treatment effects were detected on juveniles phe-
notype, this result is not entirely surprising. In addition, Hsu et al. (2006) suggest
outcomes of previous competitive interactions (i.e., interactions that may have oc-
curred in growth bins) may also affect future competitive ability (i.e., in the resource
occupation trials), further confounding potential treatment effects. Finally, treatment
(or body condition) may have had subtle effects on juvenile competitive ability that
were not detected given the small sample size (i.e., low statistical power) of the

model.
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— Competition

... Survival

Increasing advantage

Size at settlement

Figure 3.7: A simple conceptual model of the trade-off of the effects of body size on survival and

compeititon for settling common triplefin.

3.4.3 Competitive ability and individual aggression

Individual aggressive behaviour often increases with competitive ability (Cutts et al.,
1999; Nicieza and Metcalfe, 1999), but the direction of the relationship is rarely tested
(i.e., whether aggression predict competitive ability or vice-versa). My results sug-
gest (1) resource occupants engage more frequently in aggressive interactions than
non-occupants and (2) new occupants become more aggressive to their remaining
competitors after the previous occupant has been removed. The increase of ag-
gression by new occupants suggests that aggression may be a plastic response that
increases when an individual acquires a valuable resource (or when a dominant
individual is removed). This result supports the prediction of game theory; that
individuals increase their investment in fighting ability relative to the value of the

resources under their control (Enquist and Leimar, 1987).

Other territorial fishes also exhibit this behaviour, for example O’Connor et al. (2015)
found African cichlids that usurped the territory of a displaced competitor were
much less likely to return to the territory when the original occupant was returned,
and become increasing less likely to return the territory over time. Additionally,
the act of 'winning’ aggressive encounters (i.e., forcing the opponent to retreat)
may increase future fighting ability or the willingness to engage in future aggres-
sive encounters (Fuxjager et al., 2010), and may suppress aggressive behaviour by

sub-ordinates (Bshary and Lamprecht, 1994).
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However, I did not detect any statistical differences in aggression when only the third
and fourth ranked fish were present, possibly due the limited sample sizes (n=9 bins)
or the reduced number of interactions between fish associated with decreasing fish

density.

3.4.4 Effects of phenotype and aggression on territory distriubtion

For territoriality to evolve within a species, the advantages of acquiring a territory
must outweigh the costs of defence (Ah-King et al., 2005). Establishing large terri-
tories, for example, may increase access to food resources (e.g., Cutts et al., 1999).
Juvenile common triplefins are largely sedentary and often feed on drifting organic
matter or invertebrates suspended in the water column (Mensink and Shima, 2015).
Thus a larger territory size may mean access to larger volume of food resources,
facilitating faster growth and increased body size (Cutts et al., 1999). Individuals
with better quality territories (in terms of percent cobble cover), may benefit from
increased protection from predators (Connell and Jones, 1991), priority of access to
food resources (in environments with “patchy” food availability [Nielsen, 1992]) or,
for males, a suitable nesting site to attract females at the onset of the breeding season
(Francis, 2001).

The spatial distribution of territorial individuals is expected to be a function of their
relative competitive abilities (Parker and Sutherland, 1986). So far, this study has
suggested individual competitive ability increases with aggression and body size
(as a function of lifetime growth and PLD), but not body condition. My results
suggest the size and quality of established territories are predicted by individual
aggression and body size, but not body condition; reflecting the drivers of individual

competitive ability.

The significant relationships between body size and both territory size quality, re-
inforces the importance of body size as a determinant of competitive ability. Fur-
thermore, it suggests the spatial distribution of juveniles in a heterogeneous benthic
environment may vary as a function of relative phenotypes and underlying life his-
tory drivers.

The significant relationships between aggression and both territory size quality, how-
ever, may be a response of territory acquisition, rather than a predictor.

The observed relationship between aggression and territory size may be an artefact
of the limited space within the mesocosm (i.e., intruders are more likely to enter a

larger territory than a smaller territory by chance). In addition, the frequency of ag-
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gressive interactions in each mesocosm may be inflated compared wild populations,
where sub-ordinates may distance themselves from immediate dominants to reduce

aggression (Drews, 1993; Ang and Manica, 2010a).

3.4.5 Conclusion

Overall, this study suggests (i) developmental environment may have a limited in-
fluence on the phenotype of recently settled juvenile triplefins; (ii) life history traits
(PLD and mean lifetime growth rate) predict individual "success” at the juvenile life;
(iii) individuals increase their aggression relative to their ‘success’, and, (iv) fish that
are more aggressive, larger in body size, but not in better condition, establish bigger
and better quality territories. Determining the drivers of success at crucial life stages
are vital to our understanding of population dynamics of reef fish. This study high-
lights the importance of life history characteristics (e.g., lifetime growth and PLD)
that may drive phenotypic variation in studies of success and emphasises the inter-
play between life history, phenotype and social dynamics on the success of settling

juveniles.
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CHAPTER 4

General discussion

4.1 Overview

Evolutionary theory is based on the concept that individuals vary in their repro-
ductive success (Williams, 1992; Andersson, 1994). Yet, the determinants of suc-
cess for systems featuring male parental care are not well defined, particularly in
species with complex life cycles, where the drivers of success may vary with on-
togeny (Werner and Gilliam, 1984; Gagliano et al., 2007).

The overarching aims of this thesis were identify determinants of (i) reproductive
success of adult males and (ii) territory establishment of recently settled juveniles in
a system featuring male parental care. Particular focus was placed on the influence
of life history characteristics including timing of hatch, growth during development
and pelagic larval duration. I addressed these aims using a combination of observa-
tional field studies and manipulative laboratory experiments on a species of rocky

reef fish that exhibits male parental care, the common triplefin, Forsterygion lapillum.

My results have revealed the importance of investigating multiple determinants of
success, and the particular influence of life history characteristics (e.g., growth rates,
hatch dates and larval development duration) in studies of success at different life
stages. My work indicates distinct life-history pathways that can predict success
through their influence on individual phenotypes. This research builds upon a grow-
ing base of literature investigating the determinants of success in systems with male
parental care, and stimulates new questions about the roles of developmental history

on reproductive success.

4.2 Determining success

4.2.1 Adult males

Selection favours individuals with traits that enhance reproductive success (Ander-
sson, 1994). Theory suggests that, in systems with male parental care, male repro-
ductive success is dependant on territoriality and female choice (Blumer, 1979; Gross
and Sargent, 1985; Ah-King et al., 2005). In chapter 2, I sampled a wild population

of adult male F. lapillum and found territoriality was predicted by body size, and
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female choice (i.e., egg presence or absence) was predicted by body condition. My
otolith-based reconstructions of life history traits suggest two alternative pathways
to male "success’. First, through early hatching date, and secondly, by fast growth

during development.

The relationship between body size and territoriality is in line with a large volume of
research that links increased body size to enhanced competitive ability (Jarvi, 1990;
Schuett, 1997; McElligott et al., 2001). However, unlike many other species body
size did not predict female choice (i.e., the presence or absence of eggs in a male’s
territory), Instead, differences in body condition explained the presence or absence
of eggs within male territories. Females may have evolved to select for males with
higher body condition for a variety of reasons. The literature suggests males with
increased body condition may be less prone to filial cannibalism (Vinyoles et al.,
1999; Gomagano and Kohda, 2008) or less likely to abandon the clutch in search of
food (Céte and Hunte, 1989) - both of which may increase the survival of eggs under

male care.

Selection for enlarged body size and, upon establishing a territory, increased body
condition, suggests males with developmental histories that promote enlarged body
size and increased body condition may experience greater reproductive success. In-
vestigation into life history characteristics revealed there are multiple life history

pathways to reproductive success for adult male common triplefins.

A key pathway was through early hatch date. Territorial males tended to be born
earlier than floater males and, among the territorial males, those with eggs hatched
earlier than those without eggs. This result suggests there may be directional se-
lection for earlier hatching individuals, and thus selection for early mating of adult
females. To my knowledge, very few studies have identified this pattern in fishes
(but see Fagundes et al., 2015), however directional selection for earlier hatch dates
has been identified in nesting birds (Verhulst and Nilsson, 2008; Thorley and Lord,
2015). Selection may favour early hatching individuals for several reasons. In birds,
for example, early hatching date may influence success by increasing mating ex-
perience or territory quality (Thorley and Lord, 2015). However, earlier hatching
individuals may also get a "head start’ on the development of phenotypic traits that
enhance competition or mate attraction; benefit from priority effects (e.g., Geange

and Stier, 2010); or reach sexual maturation earlier.

My study also revealed a secondary pathway to reproductive success - increased

growth rate. Fast growth during development appeared to increase the success of
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later hatched fish, thus mediating the negative effects of a later hatching date. Fast
growth rates may accelerate the development individual body size and condition,
thus increasing male competitive ability and sexual attractiveness relative to slow

growers hatched during the same month (Walling et al., 2007).

The importance of early hatch dates and fast growth rates imply populations of
adult common triplefin are shaped by (1) maternal effects (i.e., the timing of ovipo-
sition by females) and (2) genetic or environmental influences on individual growth
rates. Future research investigating the reproductive timing of adult females, and
manipulative studies on individual growth rates would be useful to gain a fuller un-

derstanding of reproductive success and the consequences on population dynamics.

Additionally, some populations of common triplefin in the northern regions of New
Zealand reproduce year-round (Wellenreuther and Clements, 2007b), thus the life
history pathways that determine success may differ to those discovered in my study.
Investigation into the life history pathways that determine success for those popula-
tions would provide valuable insight into the influence of life history on the shape

and structure of different populations.

4.2.2 Recently settled juveniles

Territorial reef fish often settle onto complex habitats which may induce differ-
ences in growth and phenotype between neighbouring individuals (Nielsen, 1992;
Baltz et al., 1998; Munday, 2001; Wehrberger and Herler, 2014). Phenotypic and be-
havioural variation are theorised to predict the outcomes of competitive interactions
for limited resources (e.g., bigger or better quality territories). In chapter 3, I reared
a cohort of recently settled common triplefins in different developmental environ-
ments and investigated the effects of developmental environment, phenotype and
life history on juvenile "success’ (i.e., their ability to secure limited and high quality

territories).

Previous research has suggested even minor fluctuations in food availability or tem-
perature may influence somatic growth (and resulting phenotype) in young fishes
(e.g., Booth and Beretta, 2004). My research contradicts this theory, suggesting the
common triplefin may have evolved mechanisms to regulate growth over variable
temperatures and food supply (Khan and Herbert, 2012). The advantages of restrict-
ing growth in favourable growing environments (e.g., warm temperature and high
food supply) are not well documented in the literature. Some studies suggest accel-

erated growth, particularly during early life stages may have negative consequences
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for future reproductive success, such as decreased reproductive output (Auer et al.,
2010), or reduced longevity (reviewed in Metcalfe and Monaghan, 2003). However,
the results of chapter 2 suggest accelerated growth could be a pathway to enhanced

reproductive success in the common triplefin.

Conceivably, the effects of developmental environment on growth may have been
masked by the social hierarchies established within treatment bins. Wong et al.
(2008) and, Ang and Manica (2010b) suggest "self-limited” growth may have evolved
as a mechanism by subordinate individuals to reduce aggression from immediate
dominants. Future studies attempting to identify the effects of variable develop-
ment environments on individual growth should consider rearing fish in isolation to

control for potential social influences on individual growth.

While the influence of developmental environment on juvenile phenotype remains
unclear, my results highlight the importance of larval experiences (i.e., pelagic larval
duration and somatic growth) on juvenile success. The importance of early life his-
tory of future survival and success is increasingly recognised in the literature (e.g.,
Metcalfe and Monaghan, 2001; Lee et al., 2012, 2014). For example, a recent study
by Shima et al. (2015) suggest larval dispersal pathways of the common triplefin
influence phenotypes and growth after settlement, my results support their notion
indicating strong implications of growth and larval duration on the phenotypes, be-

haviour and performance of recently settled juveniles.

My research also identifies a potential trade-off between survival and competitive
ability at settlement for the common triplefin. The literature is conflicting over the
survival advantages of large body size at settlement (Anderson, 1988; Pepin, 1992;
Gagliano et al., 2007; Perez and Munch, 2010). However, in the common triplefin,
large body size and accelerated larval growth are suggested to increase chances of
mortality during early life stages (Caie and Shima, unpub. dat. 2016), yet my re-
sults suggest these traits also increase juvenile competitive ability. Provided that
increased competitive ability leads to increased reproductive success, this would
suggest common triplefins undergo stabilising selection for body size at settlement.
Additionally, selection may favour triplefins that are able to rapidly increase in size
immediately after settlement (thus increasing their competitive ability as juveniles
without compromising survival at settlement). Other studies, such as Gagliano et al.
(2007), suggest selective forces on the size of young fish may change with ontogeny,
therefore selection may favour individuals with “flexible’ growth that are able to

adapt to changing selective pressures (Gagliano and McCormick, 2007). To iden-
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tify which growth trajectories lead to reproductive success in the common triplefin
would require the repeated sampling of growth histories from a cohort throughout
multiple life stages (i.e., from larvae to reproducing adults). This would provide
valuable information on the selective pressures associated with ontogenetic shifts

and, consequently, the population dynamics of the species.

This study also highlighted the strong effects of juvenile success on the social dynam-
ics of recently settled triplefin. In theory, energetic investment in defence is expected
to increase relative to the value of a given resource (Smith, 1979). Several studies
across a range of species have observed a positive relationship between individual
aggression and territory size or quality (e.g., Lindstrom, 1992; Cutts et al., 1999;
O’Connor et al., 2015). My results add to this base of knowledge, further suggesting
that the distribution of territories of variable size and quality is predicted by indi-
vidual life history (i.e., growth and PLD) through proximate effects on individual
phenotype.

This study reveals several directions for future research, namely: (i) the role of vari-
able life history pathways on the success of individuals that settle into different
populations; (ii) the consequences of selective pressure for growth plasticity on pop-
ulation structure and, (iii) the implications of social dynamics on future reproductive

success in densely populated benthic fishes.

4.3 Limitations

Due to time restraints, I was only able to sample one population of adult males over
a single breeding season. As such, the life history pathways I observed may not
have the same influence on male success in other populations or in future breeding
seasons. Additionally, the ‘snapshot” sampling design did not account for variation
in individual success over the breeding season. The sample sizes of the life history
traits I reconstructed in chapter 2, were limited by imperfections in the otoliths of
adult males. These small sample sizes may have impaired the ability of statistical
tests to detect differences in growth rates that may have been present between floater

and territorial males born in the same month.

My results in chapter 3 were subject to a series of potentially limiting factors. Firstly,
the power of my statistical analyses were limited by small sample sizes. Small sam-

ples sizes may have (i) affected my ability to detect differences in phenotype induced
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by different developmental environments (n=4); affected the confidence intervals of
the parameter estimates of the best fitted model (n=9) and, (iii) reduced the accu-
racy of the liner relationships between territory size and quality and the predictor

variables (n=5).

Additionally, the high levels of mortality for fish in the 'low growth’ treatment may
have influenced the mean body size and body condition of individuals within treat-
ment bins, thus confounding potential treatment effects. To investigate whether
there was selective mortality for particular size classes of 'low treatment’” juveniles
I performed a chi-square test on the distribution of size classes of juveniles, using
scaled photos of juveniles taken before and after the rearing experiment. The test
suggested the pattern of mortality among size classes was not different to that of
random chance (Appendix B). This indicates there may not have been selective mor-
tality on body sizes among "low treatment” juveniles, however the high level of mor-
tality may have influenced the variation in body sizes, further reducing my ability to

detect statistical differences between the two treatment groups.

The effects of treatment on juvenile competitive ability may have been confounded by
the previous social experiences within growth treatment bins (Lehtonen et al., 2016).
The outcomes of previous agonistic interactions between juveniles in the growth
treatment bins may have influenced the outcomes of future interaction between in-
dividuals in the resource occupation trials , even if the fish in the trails had never

encountered each other previously (Hsu et al., 2006).

The substantial variation in aggression between individuals may have been a conse-
quence of the short observation times I used to quantify individuals aggression (3
min. per focal individual). The high variation may have reduced my ability to de-
tect differences in aggression among individuals of different rank, particularly when
densities were low (note the wide error bars in Fig. 3.5). However, I note here that
individual aggressive behaviour did not vary significantly after recording aggressive
interactions for 3 minutes per day over 8 consecutive days. This indicates 3 minute
observation times may have been sufficient to characterise individual aggressive be-
haviour in the common triplefin, and that the high level of variation in aggression
between individuals may be due to other sources (e.g., genetics [Van Oers et al.,
2005] or social experience [Hsu et al., 2006]).

Lastly, I acknowledge the scope of the study in chapter 3 is limited to one cohort
of fish, and does not account for variation between cohorts settling in different sea-

sons, years or geographic areas. A wider study that includes temporal and spatial
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variation, with larger sample sizes, would be more appropriate to make more robust

generalisations about the patterns identified in this study

4.4 Conclusion

In summary, populations are comprised of mixtures of individuals that vary in their
life histories with corresponding consequences for individual phenotypes, behaviour
and future success. This thesis contributes to a growing body of knowledge iden-
tifying the determinants of success in systems featuring male parental care, and
highlights the importance of individual life history characteristics on the success of
individuals at multiple life stages. Identifying the determinants of reproductive suc-
cess is yet to be achieved in many other systems. Future research should account for
variation in individual life histories, in relation to both maternal effects and environ-

mental conditions during development.
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Appendix A: Chapter 3 supplimentary material

Figure 1: A sagittal otolith (200x magnification) extracted from a juvenile F. lapillum after being hand-

ground to expose daily growth increments. The red transect line is drawn from the "hatch check’ (A)
to the “settlement check’ (B) across the postrostral axis, as defined by Shima and Swearer (2009). Photo

credit: Ben Moginie
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Appendix B: Patterns of growth treatment

mortality in chapter 3

18 -
16 | M Pre-treatment
14 - O Post-treatment
12 -

10 -

Frequency
|

of I I = e

18.0-19.9 20.0-21.9 22.0-23.9 24.0-25.9 26.0-27.9  28.0-29.9

Size class (mm)

Figure 2: Frequency bar chart of size classess of juveniels exposed to the low’ growth treatment.
Classes are split into 1.9mm groups based on standard length. Grey bars represent fish pre-treatment

and white bars represent fish post-treatment

I performed a chi-square test on the grouped standard lengths of 'low treatment’
juveniles based on scaled photographs taken before and after the application of the
growth treatment. The results suggest the pattern of mortality among juveniles sub-
ject to the "low treatment” was not different to that of random chance (X24: 3.238, P:
0.5188, Fig. 2).
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