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Abstract

Realistic population models and effective conseovastrategies require a thorough
understanding of the processes that drive variatiandividual growth and survival,
particularly within life stages that are subjechtgh mortality. For fragmented marine
populations it is also important to consider howgaisses driving variation performance
may vary through space and time. In this studyséss the interaction of two primary
factors driving juvenile demography: benthic hatbtt@mposition and larval history
traits, in a temperate reef fighorsterygion lapillum (the common triplefin).

It is well understood that juveniles of many maranganisms are closely
associated with structured nearshore habitatsegsptovide resources (refuge and food
sources) that are critical for juvenile growth arddurvival. Nursery habitats are often
assessed using measures of fithess of juvenilebiimg them (e.g. rates of growth).
However individual fithness measures may not onlynoécative of conditions
experienced in the benthic phase, but also anisha#V's prior history. Recent evidence
suggests that variation in larval traits at setdah{e.g., size and age at settlement,
larval growth rate) can impact on subsequent eamdbgerformance (e.g., feeding
ability and/or predator avoidance) and therefoflei@mce subsequent fitness (i.e. rates
of growth and/or probabilities of survival). | usetblith microstructure to assess
separate and joint effects of habitat compositiweh larval traits on the growth of young
F. lapillum. Both macroalgal composition of habitat patches larval traits affected
juvenile growth rates, and results suggested thiditdt composition may have the
potential to mediate fitness-related advantagdastiag accrue to certain individuals as

a result of paternal effects and/or larval dispdngsory.



Quantifying spatio-temporal variability in the pesttlement fitness of
Individuals with that differ in larval traits is gsntial for effective spatial management
of marine populations. | further explore the jagfiects of macroalgal composition and
larval traits, within the context of additional sipdand temporal environmental
variation. Results provide direct evidence thatitadlcan mediate the strength of carry-
over effects, but that the impact of habitat wasalde between local populations and
settlement events through time.

In chapter 4 of my thesis, | focus on how smalllseariation in macroalgal
composition within a nursery habitat (while conlirg for individual variation) can
affect the strength of density dependent growthsamdival rates oF. lapillum.
Density-dependent survival is evident during thst 80 days after settlement, and the
strength of density dependence varied as a funofiomacroalgal composition.
Resulting variation in estimates of nursery vaiug ,(the number of late-stage juveniles
produced per area unit of habitat) highlight th@amance of incorporating local scale
variation in juvenile demography into assessmehtsicsery habitat.

Lastly, | assess a potential strategy of fishgsetsist in a wide range of
benthic environments. The ability to adjust tréits., phenotypic plasticity) may
allow organisms that encounter a range of unprablietenvironmental conditions to
maximise fitness within a single generation. Ingtkea5 | explore patterns of variation
in morphology of juvenild=. lapillum from two different subpopulations and from
different macroalgal habitats. | evaluate possévielence for constraints on
morphological variation arising from variation irogvth rate prior to and following
settlement. Results suggest that for organismseuaithplex life cycles, variation in

growth rates experienced during dispersal may caingplasticity in later stages.
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Chapter 1

General Introduction

Identifying processes that are important in detamngj the size and distribution
of a population remains a challenge for ecologisis those concerned about the decline
of biodiversity. Most organisms have complex tfgles consisting of two or more
temporally and spatially discrete stages (WilbuB@and processes acting to regulate
abundance at one stage will influence populatiaradyics of later stages (Hellriegel
2000). Population changes in the marine environrhawne been influenced by human
activities resulting in such phenomena as depliesbdries, global climate change and
marine pollution (Gossling 2007). Research to gaiowledge on the complex
interplay between a population and its environnvalitaid the effectiveness of
conservation and management efforts.

Along coastlines, inshore habitats are often phtchstributed, resulting in the
wider populations of many species consisting afritanted local populations (Sale
1991). Despite their discrete nature, geneti@ismh among local populations is
prevented by the dispersive pelagic larval phaséérd by many marine species (Sale
1980). This creates a network of local populatiomsnected via larval dispersal,
referred to as metapopulatiorserisu Roughgarden and Isawa 1986, Roughgarden et al.
1988).

For reef fish, pre-settlement factors (such as lyupidarvae, mortality in the
plankton, and condition and competency of larv&gilfes et al. 1985, Houde 1987,
Roughgarden et al. 1988, Dufour and Galzin 1998)aftect settlement intensity and

are known to play a major role in determining tlyeaimics and structure of populations
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(Sale 1980, Doherty and Fowler 1994, Caley et 8b1®oherty 2002, Jones and
McCormick 2002). Additionally, there is considel@bvidence that settlement (the
transition from a pelagic to a benthic existence) post-settlement processes can
modify patterns of distribution and abundance gateer by variability in pre-settlement
processes (Jones 1991, Hixon 1991, Jones and Mako2®02). The integration of
pre-settlement, settlement and post-settlemenepsas into a common framework is
not simple, and the interaction of processes tbaéimn the recruitment of larvae into
the juvenile benthic phase is not fully understo&dr instance, the performance of
individuals that have recently transitioned to benhabitat will be determined in part
by (i) phenotypic variation generated during pregidife stages (e.g. in the larval
environment; Searcy and Sponaugle 2001, Altweggranekr 2003, Scott et al. 2007),
by (ii), demographic variation (e.g. population gi¢yy Relyea and Hoverman 2003,
McCormick and Meekan 2007), in part by (iii) comalits in the settlement habitat (e.g.
food availability; Jones 1986) and in part by (iv¢ interaction between these factors
(Shima et al. 2008). It is clear, however, tihat mumber and characteristics of
individuals that successfully recruit from the lalrto juvenile phase can be a principal
driver of overall population dynamics (e.g., Hamaimd Persson 1986, Searcy and
Sponaugle 2001, Vonesh and De la Cruz 2002).

A growing body of literature suggests that evenlspteenotypic differences
among individuals early in ontogeny can strongfeetfsurvival and performance later
in life (e.g., Litvak and Leggett 1992, Sogard 198&arcy and Sponaugle 2001,
Phillips 2002, 2004, Marshall et al. 2003, Hoey MaCormick 2004, Gagliano et al.
2007, Vigliola et al. 2007, Hamilton et al. 2008he traits of individuals at settlement
(e.g. age, body size and energetic reserves; MciCbhrnd Moloney 1993, Philips

2002) may be a result of parental effects (e.gemat condition, genetics; e.g.,
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McCormick 2003) and/or pelagic conditions (McCorknand Moloney 1995). During
the pelagic phase, larvae may encounter an arrailaofgical and physical conditions
that influence their rate of development, larvaladion and survival (Hunter 1981). The
traits of individuals at settlement can modify sedpgent post-settlement performance
(e.g., feeding ability, predator avoidance, grovetig fecundity: e.g., Qian and
Pechenik 1998, Pechenik and Rice 2001, Shima ardlayi 2002, Gimenez et al. 2004,
Hoey and McCormick 2004). Though it is becominggclthat selective pressures
acting on larval traits are widespread among mdraies and invertebrates, the
processes that drive the direction and intensitgetéctive mortality within a single
generation are not well understood. Relativelielitesearch has documented how
phenotypic variation interacts with other factag(, habitat features) to affect patterns
of juvenile abundance and fitness (e.g. growthybmmhdition) through space and time
(but see McCormick and Hoey 2004, Holmes and McQakr2006, McCormick and
Meekan 2007).

Processes driving settlement and post-settlemewivaliof fishes are often
closely associated with differences in benthic talwharacteristics (reviewed in Jaunes
2007). Many conservation and management effortssfotainly on identifying
settlement habitats that will support higher dgngitowth and survival of juvenile
stages and thereby produce a higher number ofitecentering the adult population
(i.e., have a higher nursery valgensu Beck et al. 2001). Larvae of many marine
organisms settle to habitats that provide phystrakcture (i.e., seagrass meadows, coral
reefs, rocky reefs, and mangrove forests), whichatéer food and refuge from
predation (reviewed in Beck et al. 2001). Theshane habitats often consist of a
complex mosaic of patches that differ in structa@hplexity (Dayton and Tegner

1984, Sale and Douglas 1984, Bologna and Stened¥ Fobbins and Bell 1994, Syms
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and Jones 2000, Hovel and Lipcius 2001). At setlet, larvae can use settlement cues
at small spatial scales to detect suitable settieima&bitat (reviewed by Kingsford et al.
2002) . Following settlement, juveniles are oftelatively site-attached and habitat
differences among patches (e.g. structural comiyecan modify processes such as
competitive interactions (e.g. Jones 1988) andairex rate (e.g. Almany 2004).

Most studies exploring nursery function of differéabitats assume that at entry
to a new habitat all individuals are identical (bate Searcy et al. 2007). However
variation in the supply and physiological conditimirsettlers may interact with habitat
features to determine recruitment. For examplé, that settle in higher condition may
experience stronger intraspecific competition dsd enore intense effects of density on
growth, compared to low condition fish (Johnson&0Q0ut these processes will also be
determined in part by the level of resources als&lan the current habitat (Jones 1988).
Furthermore, larval traits at settlement (e.g. geec reserves) may affect settlement
habitat choice by determining the individual’'s &kito detect, navigate to, and
ultimately chose a particular habitat and/or ggiace within that habitat patch (i.e. the
“silver spoon effect’sensu Stamps et al. 2004). If settlers actively chdugher
guality habitats over poorer quality ones, this reagd to that habitat receiving a
disproportionate number of higher quality larvaevériation in habitat features with
the number and condition of settlers over smaltiapscales (e.g. among habitat
patches), may lead to processes such as densigpndept mortality being obscured at
larger spatial scales (Shima and Osenberg 20081541 al. 2006).

The extent of density-dependent processes occurriagingle life-stage can
have profound implications for population-level dymics (e.g. adult abundance)
(Wilbur 1996, Hellriegel 2000). For example, iderdensity dependent mortality

occurring soon after settlement may act to decot@édink between larval supply and
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juvenile or adult abundance. Clearly our undeitamof the population dynamics of
organisms with complex life cycles is complicatgdibkages occurring across stages,
such as stage-specific density-dependent morgatitly‘carry-over effects’.

Processes that may affect recruitment can occdrirderact, over multiple
spatial scales. Individuals with a relatively sedepnjuvenile or phase may respond to
variation in benthic conditions over small scaleshin a single location. However as a
consequence of having a dispersive larval phasieedi often span a large geographical
range and local population dynamics may be infledrzy broad scale environmental
variation (e.g. temperature gradients, oceanogcagtposure). Therefore, small scale
differences in habitat features may be ‘nestedhiwibroad scale variation in
environmental factors and/or broad scale variatigore-settlement processes (e.g.
larval supply and the physiological condition afviae; Jarret and Pechenik 1997,
Radtke et al. 2001, Jarrett 2003, Phillips 2006m&hand Swearer 2009)

One strategy that appears to have evolved to alganisms with a highly
dispersive phase to persist in a wide range ofadiptable environments is phenotypic
plasticity (i.e., induced changes resulting ineliéint phenotypes in different
environments). An organism’s ability to changepitenotype in response to
environmental conditions can be critical for its\sual (Scheiner 1993, Via et al. 1995).
However, there are several costs and limitatioes@ated with phenotypic plasticity.
Low energy reserves may constrain the ability tedpce plastic morphologies (Olsson
et al 2006). Given that variation in larval traiésg., late larval growth rate) may affect
the physiological conditions of individuals at &tient and subsequent growth and
performance, individual variation in larval traitey constrain the extent to which
organisms may be able to exhibit morphologicaltpiag in response to their benthic

environment.
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The purpose of my research is to take an integrapproach to better
understand what processes drive abundance andtpac® of local populations of a
temperate reef fish. My work attempts to assess\ariation in nursery habitat
composition may impact on recruitment within a lqoapulation, while concurrently
considering the role of two other major factorsepditypic variation generated prior to
and after settlement (Chapter 2) and conspecifisithe(Chapter 4). | also consider
how the relative importance of these factors may aaong spatially discrete
populations and through time (Chapter 3). Findlgxamine how covariation between
larval history and environmental features on aaedgi scale can influence variation in

juvenile morphology (Chapter 5).

The study system

My work focuses on the common triplefiRdr sterygion lapillum), an abundant
small reef fish (maximum standard length = 6.7cngke 1994), of the Family
Tripterygiidae, and one of the most abundant sganishallow rocky reef habitats of
New Zealand (typically 0-5 metres depth; Cleme@@3 Feary and Clements 2006,
Wellenreuther et al. 2007). Adults spawn bentlgigsethat hatch after ~20d, and
hatchlings have a pelagic larval duration (PLDy-660d (Shima and Swearer 2009). In
the Wellington region, larvdt. lapillum settle to the fronds of several different species
of macroalgae between December and April (McDermodt Shima 2006), where they
remain for ~40d before shifting to open cobble taibito establish breeding territories
(A. Smith,unpublished data). F. lapillum nest sites of are found in a broader range of
fine scale habitats compared to other triplefincegg® ad-. lapillum use habitats such as
the top and sides of bolders as well as more shdllecations such as rock crevices.

The diets of adulE. lapillum collected from throughout New Zealand were founte
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dominated by a variety of small food types, maenghaeogastropods and barnacle cirri
(Feary et al. 2009).

The common triplefin lends itself for field-basdddy as this species settles in
relatively high densities (up to ~ 6 fish3non shallow subtidal reefs (<~10 metres
deep), at numerous locations around the coastwfZ&aland. Previous work by Kohn
(2007) has validated the use of daily growth ina@gta in the sagittial otoliths of this
species, and also documented the presence ofraseli@ment mark (representing
transition from the larval to the benthic stage)jah further facilitates the use of otolith
microstructure analysis. Otolith analysis has beeansommon tool for the description
of growth and mortality patterns during the eaffilg history of reef fishes (e.g.,
Sponaugle and Grorud-Covert 2006, Searcy et al/,288gliano and McCormick
2008a). Increment width patterns within otolithe caveal daily patterns in size at a
given age and growth (Stevenson and Campana 1892pnjunction with longitudinal
sampling of the same cohort, otolith microstructtaa be used to compare the
characteristics of survivors and non-survivorsatunal populations and therefore detect
patterns of selective mortality (Sogard 1997).

Macroalgal vegetation is a major structural commoroé temperate reefs, and
provides habitats that are used by juveniles ofytemperate reef fishes (Wheeler
1980, Jones 1984a, b, Carr 1989, 1991, Holbroak 4990, Levin 1991, 1993). The
structure of the macroalgal assemblage on tempe¥ate can vary considerably in
space and time, and it tends to be more ephenfenalthe physical structure in other
habitats (e.g. as provided by corals on tropicals)e(Dayton 1985; Chapman and
Johnson 1990, Lambert et al. 1992). Macroalgaeféea clumped in stands (metres-
10’s of metres wide), which may lead to the disttibn of juvenile reef fishes also

being aggregated (Jones 1984c, Levin 1993).
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Initial field observations led me identify and s#levo locally common species
of macroalgae as potentially important settlemeitats for. lapillum. These were
Carphpyllum maschal ocarpum andCystophora torulosa. The algal species are
abundant on shallow subtidal reefs of Wellingtorbbar and the adjoining (and
comparatively wave-exposed) south co&st.pophyllum maschal ocarpum has
flattened blades with ellipsoid vesicl€ystophora torulosa has a canonical holdfast, a
Zig-zag stipe, rounded blades, and globose vesi&eth fucaleans are small bushy-
type plants, reaching up to 0.5 to 1.5m in stipgile (for further details see Adams
1997). In the Wellington regio@. maschalocarpum andC. retrofexa reach mean
densities of 4.142.4 S.D.) and 1.Gx(1.5 S.D.) per i respectively (A. Smith,
unpublished data).

For my study | used two sites in the WellingtonioegFig. 1.1). Sites differed
in wave exposure, temperature, and the distribigrmhrelative abundance of fish
species. Kau Bay, located within the comparatigbigitered Wellington Harbour, is
exposed to northerly winds and protected from senljlswells. The second study site,
Island Bay, is partially protected from periodicga southerly swells by a small
offshore island (Taputeranga Island). At bothsstemaschalocarpum andC. torulosa
are common and form patchily distributed clumpthi shallow (<7 metres deep)

subtidal zone.
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Figure 1.1. Study sites where experimental manifmura of habitat and sampling of
juvenile Forsterygion lapillum were carried in A. the Wellington region as dedadby
black rectangles. The specific locations of stelg are shown in B. Kau bay and C.
Island bay by white rectangles.
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Thesis structure

In Chapter 2, | assess the joint and separatetgfééenacroalgal habitat composition
and prior history on post-settlement growth andyboehdition of juvenild=. lapillum.
First, | identify if larval history traits amongsh at settlement covaried with habitat
features of macroaglal patches. Second, | evatuatelations between juvenile growth
and larval history among habitats, and discussiaatbns for habitat-specific rates of

recruitment.

In Chapter 3, I investigate how the intensity déstve mortality (on larval history
traits) varies with macroagal composition. | disths part of an intensive field assay on
naturally settling cohorts of fish, at two distinatations. This allows me to explore
how broad-scale variation in factors such as enwrental conditions, larval histories
and conspecific density influence the affect oéfstale variation in macroalgal

composition on juvenile demographic rates (e.gpwiin and selective mortality).

In Chapter 4, | examine whether the magnitude atie-effects on growth and
survival varies with macroalgal composition, wtatentrolling for individual variation
in larval history. | first quantify key demographiates of settlement intensity,
mortality and growth among patches varying in malgal composition. Using these
estimated functions, | then statistically estimatesery value (i.e., the number of
individuals entering the adult population per wrga of habitat) as a function of both

conspecific density and macroalgal composition.
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Finally, in Chapter 5 | document and explore a fmesty unreported relationship
between larval history and morphological variationtwo spatially discrete local
populations. | quantify differences in juvenile rmpbology between two local
populations in contrasting environments, and thexage patterns of morphological
variation in relation to larval history. | evalugiessible evidence for constraints on
morphological divergence arising from variatiorthe larval history of settlers arriving

to each population.
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Chapter 2
Early post-settlement growth and survival of a rfes:

interactive effects of larval history and settleteabitat

2.1 Abstract

Assessments of nursery habitat quality often relgrumeasures of individual
fitness estimated from growth rates or individuahdition indices. Such methods
assume that fitness is determined by featureseofitinsery habitat, as opposed to
intrinsic differences among individuals that mayplate different areas. However,
fithess measurements may differ between individagla result of variation in their
larval and/or parental history, which can alsouafice subsequent juvenile growth
and/or survival rates. In this study | attemptiigentangle the effects of prior history
and present attributes of a temperate reef hajmtaivenile growth and condition. In a
field experiment | estimate juvenile performanceh& common triplefinKorsterygion
lapillum) in relation to larval traits (larval growth, laduration and size-at-settlement)
and macroalgae composition of settlement habitiiund that larval history traits,
specifically late larval growth, was correlatediwitigher early juvenile growth rate and
persistence on the reef. Furthermore, fish setthimmixed stands of macroalgae
(containing bothCarpophyllum maschal ocar pum andCystophora retrofexa) and into
monocultures o€ar pophyllum maschal ocarpum had significantly higher juvenile
growth rates than fish settling to monoculture€ydtophora retrofexa. These results
indicate species composition of macroalgal habiay have the potential to mediate

the strength of carry-over effects.
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2.2 Introduction

Many animals have a complex life cycle with a diserarval and adult stage
(Moran 1994), and the transition between stagefién associated with a change in
environment and/or habitat (Werner and Gilliam 1)983ecause entry into a new
environment is often associated with a period ghhmortality risk (Wilbur 1980, Caley
et al. 1996, Pechenik et al. 1998, Hixon et al.2208ny growth- or condition-related
advantages that promote survival during such penody have substantial effects on
future population size (Caley et al. 1996, McCohri®98, Pechenik et al. 1998).
Variation among settlement habitats in the qualitg/or quantity of resources
(Cocheret de la Moriniere et al. 2003) and diffee=nin predator abundances and/or the
frequency of their visits (Shulman 1985, ParrisB9,%Holbrook and Schmitt 2003,
Adams et al. 2004) will result in variation in thragnitude of factors such as
competition and predation. This can result in teakspecific variation in early juvenile
growth, condition and survival (Shima and Osenl28@3, Arlt et al. 2008, Shima et al.
2008). For example, increased habitat complexay neduce competition and
predation by providing a greater spectrum of resesife.g., structural refuge), resulting
in higher rates of growth and/or survival (Anderd®84, Main 1987, Persson and
Eklov 1995, Lindholm et al. 1999).

In marine systems, habitats that increase growdhsarvival of juveniles and
ultimately supply a higher number of individualsthe adult population are often
described as “nursery habitats” (Beck et al. 2@4hlgreen et al. 2006). One approach
to assessing nursery function has been to compareabitat-specific growth and/or
mortality rates of selected species among haldiffexing in complexity (e.g., Connell
and Jones 1991, Sogard 1992, Hayse and Wissing 2A8861999). Assessments of

nursery habitat that rely upon measures of ind@iditness assume that fitness is
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determined by features of the habitat, as oppasedrinsic differences among
individuals that may populate different areas. ldoer, fithess, as measured by growth
rates or individual condition, may also be shapggdriation among individuals
(Shima and Osenberg 2003, Shima et al. 2008). eaeiel particularly from the marine
literature, indicates that consequences of vanah@erformance at one life-history
stage can “carry over” into important effects oretastages (e.g., Berven 1990,
Pechenik et al. 1998, Searcy and Sponguale 200&k&¥at al. 2002, McCormick and
Hoey 2004). The traits of individuals at settlein@ng. age, body size and energetic
reserves; McCormick and Moloney 1993, Philips 2002y be a result of parental
effects (e.g. maternal condition, genetics; e.g:Clrmick 2003) and/or pelagic
conditions (McCormick and Moloney 1995). Thesddrmay, for example, affect
feeding ability and/or predator avoidance, anduerice subsequent per capita rates of
growth and/or survival (Qian and Pechenik 1998 heeik and Rice 2001, Shima and
Findlay 2002, Gimenez et al. 2004, Hoey and McCokr2i004, McCormick and Hoey
2004, Gagliano et al. 2007, Vigliola et al. 200anHIton et al. 2008). The potential
role of prior history is rarely considered in assesents of juvenile (or nursery) habitat
(but see Searcy et al. 2007). Consideration ofdleeof larval history, and its
interaction with habitat attributes, may providephove knowledge into the
mechanisms underlying variation in the recruitmarjtveniles to the adult population.
In this study, | manipulated the subtidal macroblgdbitat to create a series of
replicated habitat patches varying in macroalgat®&s identity, composition, and
density. | sampled recently settlEdlapillum from these macroalgal patches and used
otolith microstructure analysis to reconstruct gitowistories of individuals during their
larval (pre-settlement) stage and the juvenile tigetlement) stage. Given the strong

effects of the habitat on post-settlement perforredor juvenile reef fish, | expected to
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find that fish settling to ‘higher quality’ macragl patches (i.e., those that support
higher rates of growth and survival) would alsoén&arval traits that are associated
with higher individual quality such as faster ldrgeowth rates (i.e., the silver spoon
effect,sensu Stamps et al. 2006). | expected that the relahignbetween post-
settlement performance and larval traits may déf®@ong macroalgal patches, with fish
entering habitat patches that support on averageehigrowth rates, being subject to a
lower strength of carry-over effects (i.e., in reglyuality habitats, there would be
reduced variation in growth rate among individuadsying in larval traits at

settlement).

2.3 Methods
Study species and locality

Forsterygion lapillum (the common triplefin) is an abundant reef fishend to
New Zealand. Pelagic larvae emerge from benthis effgr ~20 d (Francis 2001) and
spend ~55 days developing in the pelagic environif&n = 5.3, A. Smithunpubl.
data). In the Wellington region, younig. lapillum then settle onto the fronds of
macroalgae in rocky reef habitats at standard lendt2.4 mm (SD = 1.1) between
December and April (McDermott and Shima 2001). diles migrate to smooth rock
and cobbles (often encrusted with corraline algaggcent to the settlement habitat,
where they then spawn benthic egg masses (Frab@is ®icDermott and Shima 2001).
F. lapillum become sexually mature at ~5 cm (Francis 2001)fiah do not usually
survive more than 2 breeding seasons (Doak 20@gjgig studies have shown that
recently settled juveniles (standard length < 30rdmjot tend to move from a 1.5m
patch of macroalgae habitat until they undergo genetic habitat shifts ~ 40 days after

settlement (A. Smithynpublished data). Likewise, adult triplefins generally remain site
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attached, rarely moving more than a few meters ifiggmn 1983, Clements 2003,
Subedar 2009).

This study was conducted at Kau Bay, within WellargHarbour, New Zealand
(421°17'S, 17450 E). Rocky reef habitat in this area is spatidigcrete and relatively
shallow (comprised of cobbles, boulders, and/ok mgcrops persisting to a depth of
up to ~12m): discrete reefs are often separateshbgly embayments (A.C.Smith pers.
obs., McDermott and Shima 2006). Two species oivhralgae Carpophyllum
maschal ocar pum andCystophora torulosa (from here on referred to &arpophyllum
andCystophora), dominate these reefs. Mixed stand€aifpophyllum andCystophora
are found from ~ 0.5 m depth, and stands beconreasmgly dominated by
Carpophyllum with increasing depth (up to ~8m depth)lapillum settles at high

densities to the reef at Kau Bay to depths of 8tol¥ermott and Shima 2001).

Experimental manipulation of the study site
In order to assess the effect of macroalgal specegosition on growth of juvenile.
lapillum, | constructed a series of habitat patches, 2 12 lmysquare, each containing
one of 4 experimental treatments of different malgal composition. Patches were
arranged in a grid with one replicate of each imesit represented in each row of the
grid to follow a randomised block design. Eaclatimeent was replicated 4 times. The
experimental grid ranged in depth from 4.5 to 5viith each row following a depth
contour. Patches were 1.5m apart, and all maaeal@s removed from a 1.5m border
surrounding each patch.

The 4 habitat treatments were (1) A mixed specesgiment containing six
Carpophyllum and sixCystophora plants; (2) a monospecific treatment containing six

Carpophyllum plants (3) a monospecific treatment containing €lystophora plants;
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and (4) a monospecific treatment containingCy/&ophora plants. Treatment 4 was
included to assess the affects of macroalgal plantber, independent of species
identity. Within each habitat patch all other nwaigae were removed, except those
required by the treatment type. All treatment [damere ~1 m tall and were of similar
biomass. Where required, additional suitable gléwtth holdfast naturally attached to
small boulders 0.2—-0.3 m wide) were transplante@eds to experimental treatments
patches.

The patches were actively maintained by divers fdamuary to April 2007.
Fish were allowed to settle naturally onto the talpatches and juvenife lapillum
were sampled from each patch on five dates withimperiod (sampling dates;"18

January; ?, 158" and 27" February and 26March).

Fish collections and otolith analysis

On each sampling date juvenielapillum (< 35 mm total length) were sampled
from all patches by divers using SCUBA and hand.n@n each date two dives were
made, each approximately 70 minutes Idadapillumwere collected by systematical
searches of each plant within a patch from thedtopn to the holdfast. Collection
times were distributed roughly equally among planitsorder to minimise disturbance,
cobbles at the base of each plant were not mokethce, patches were not
exhaustively searched and only a sub-sample ofsahcollected and subsequently
frozen prior to processing. Any bias associatdti ¥iis method of sub-sample
collection will be random with respect to habitaatment as all habitats were searched
using the same methodology, allowing me to acclyratampare habitats in my

analyses.
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Quantifying body condition

All F. lapillum collected were lightly blotted dry and weighedhe nearest 1
mg (wet weight) using a mass balance. Using eletrcalipers, | measured the
standard and total lengths of each fish to theastanm. A measure of overall body
condition was obtained using ordinary least squgpesS) regression residual analysis
(Koops et al. 2004). This method uses the residinain a least squares regression of
log mass on log length as an index of relative boahdition. As the relationship
between mass and length is allometric, variablesl ne be log-transformed in order to
linearise the relationship. The slopes of theesgion lines were found to not be
statistically significantly different between haliitreatments and therefore | assumed
that body condition (i.e., residuals averaged achadividual fish) could be accurately

compared among treatments.

Quantifying larval history and juvenile growth

To obtain a measure of larval traits at settlenaggt subsequent juvenile
growth, | analyzed the otolith microstructure dfssimpled juvenilé-. lapillum. A
conspicuous settlement mark is formed in this gse@{ohn 2007), and was used as a
reference point for the division between larval aodt-settlement increments. A
previous study validated the presence of daily gnancrements (i.e. rings) for this
species (Kohn 2007).

Sagittal otoliths were removed and mounted medtiag down on glass slides
using cyanoacrylate (Superglue®) medium, and petiskdong the sagittal plane with 3

um diamond lapping film (3M, St. Paul, Minnesota,A)$0 expose daily growth
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increments across the postrostral axis. Polishegbles were clarified in immersion oil
for 24 h prior to image acquisition. A set of dajitmages was collected for each
sample, using an image analysis system comprisad_efca compound microscope
(Leica Microsystems, Wetzlar, Germany) fitted watiNikon CoolPix (Nikon, Chiyoda-
ku, Tokyo, Japan) digital camera and connectedRG @perating ImagePro Plus v5.0
(MediaCybernetics, Bethesda, Maryland, USA). Imdgescrement analysis were
typically acquired with 400x magnification (thougbcasionally, larger otoliths were
acquired at 200x). Growth increments along therpestl axis were tagged using the
Caliper Tool package of ImagePro Plus; individmarément widths and an estimate of
radius (measured from the otolith’s core to theepatige of each ring) were recorded to
the nearest 0.m for each tagged increment. The hatch check weagifted by a
marked increase (approx. 2 fold) in increment wsdthdicating entry into the pelagic
larval phase. Settlement checks were identified bigange in optical density of the
otolith, as well as a sudden decrease (approxdd? ifoincrement widths (see Kohn
2007 for more detail), indicating entry to the pssttlement stage. Samples were read
once, by a single observer (A. C. Smith), and dasler was ‘blind’ to sample source,
i.e. with samples being mixed and no informatioawtihe fish accompanying the
otoliths. All unclear, abnormally shaped (nonlingeowth axis) sagittae were
discarded. Out the 123 fish sampled, otoliths fadi were included in the analysis.
The 13 fish not included were distributed evenlgoas the treatment groups.

Daily increments from the pelagic larval stagearhgled otoliths provided
estimates of four larval traits of youkglapillum: (1) “Pelagic larval duration (PLD)”
is an estimate of larval development time in days] was estimated by the number of
daily otolith increments counted in the larval €ta&d each sample (i.e., the interval

between hatch check and settlement check). (2JlyHarval growth” was estimated as
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the mean increment width across the first 7 dayaretl growth following hatching.
(3) “Late larval growth” was estimated as the meacrement width across the final 7
days of larval growth prior to settlement. (4) Z8tat-settlement” was estimated as the
postrostral radius between otolith core and settl@mheck.

Juvenile growth rate was calculated as the medy idarement width of (i) O-
10 days post-settlement and (i) 11-20 days pasieseent,um d*.  Settlement date
was calculated by subtracting age (i.e. the nurabangs between settlement mark and

outer edge of otolith) from the sample collectiated

Quantifying variation in growth rates

To investigate whether post-settlement growth rabesved a similar amount of
variation within each habitat treatment, | calcaththe co-efficient of variance (CV) for
each set of growth increments (0-10 days and 1da38 post-settlement). Variation of
a particular trait (e.g., growth) within a poputatican be quantified by calculating the
CV, given by the standard deviation / mean. | dakew the CV of juvenilé&. lapillum
(>10 days post-settlement) for fish collected freach replicate habitat patch (n = 4)

for each treament.

Statistical analysis

The use of otolith increments as a proxy for fisbmgh is based on the
assumption that there is a strong relationship éetwsomatic and otolith size.
| verified this assumption by calculating a regr@sselationship between fish total
length and otolith radius of newly settled and jileeF. lapillum (R? = 0.75, p < 0.001,

n=110).
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In order to assess whether measurements of ogpbthth could be accurately
compared among individual fish settling at diffaremes during the samping period, |
compared the regression lines slopes of fish tetajth and otolith longest axis (the
postrostral radius between otolith core to otatittye) of fish divided into settlement
pulses depending on settlement date (estimateddtohth analysis) using the program
SMATR (Warton et al. 2006). SMATR allows the comgpan of regression slopes
fitted using standardised major axis (SMA), maxisgMA) or ordinary least squares
regression (OLS) techniques. No significant défexe in slopes was observed (using
SMA, MA or OLS methods) and therefore accurate canispns of growth were

applicable.

Larval growth, pelagic larval duration and size-at-settlement

To evaluate the potential influence of larvaltsan one another, | explored the
relationship between each larval trait. Becaussdfattributes (early and late larval
growth, pelagic larval duration and size-at-setdath could be directly estimated for
individuals regardless of their post-settlement, afjecollected fish were used for this

regression analysis.

Distribution of larval traits of settling fish among habitat treatments

The distribution of larval traits among juvenilstiinhabiting each habitat patch
was initially explored to examine whether any haiditeatment(s) received a
disproportionate number of high or low quality laevthan other habitats. | used an
Mixed Analysis of Covariance (ANCOVA) model to ewvate covariance between
habitat and each larval trait (early larval growéte larval growth, PLD and size-at-

settlement). Each larval trait was used as arddg# variable, habitat was included as

33



a fixed factor and settlement date was includeal @mdom factor. | was interested in
patterns present at settlement, prior to any se&ntortality, thus I only include fish

that settled within the 24 hours prior to collent{@.e. aged as day 0) in this analysis.

Rel ationshi ps between juvenile growth, body condition and larval history

| used stepwise backward multiple regressionsdesssthe presence of a
relationship between each dependent variable (geegeowth rate 0-10 days, average
growth rate 11-20 days and body condition index) @ach larval trait (PLD, early
larval growth rate, late larval growth rate, sizesettlement). As samples were collected
across a range of dates, temporal variation in Eaghl trait and/or temporal variation
in the dependent variable may confound any coroglatbserved. Therefore | included
settlement date as a random variable in the asalyBor each dependent variable,
models were initiated with all four larval traitsdasettlement date. This analysis was
done using the ‘step’ function in R (R Developm€ptre Team 2006) which utilizes
Akaike’s information criterion (AIC), penalising gmedundant model parameters, and
removing the redundant parameters from the modal(ey 2007). AIC can be used to
calculate the relative weights of evidence forwdlial models within a set of

competing models while accounting for differenaethie number of model parameters.

Effects of larval history and present habitat on growth

| selected the variables which exhibited the gjest patterns of correlation; late
larval growth and growth rate 0-10 days post-s@itiet, to investigate further. | used
Analysis of Covariance (ANCOVA), to evaluate vaoatin post-settlement growth as
a function of both late larval growth (i.e., primstory) and habitat treatment. In the full

ANCOVA model | also included settlement date asradlom factor to account for
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additional temporal variation in juvenile growtmdaspatial block (i.e., row of grid) as a
random factor also. Therefore the initial full AR&A model for juvenile growth rate
(dependent variable) included; larval growth ra@ie 4 covariate), habitat treatment (as
an independent variable), the interaction of thesebles (habitat x larval quality),
plus spatial block and settlement date as randetora Alternative reduced models
were created by removing variables in a backwaes fashion using the ‘step’
function in R (R Development Core Team 2006) whitihzes Akaike’s information

criterion (AIC) to select the most parsimonious mlod

Selective mortality on larval history traits

To evaluate whether mortality of juvenfelapillum might be selective on
larval traits, | compared the distributions of measl larval traits (PLD, size-at-
settlement, early larval growth and late larvalvgiig between recently settled fish
(“settlers”; 0 days post-settlement) and older {islurvivors”; 1-40 days post-
settlement). Due to a low sample sizes, fish ctélé from all habitat treatments were
pooled for this analysis. Settlers and survivad showed a similar distribution of
settlement dates (see Appendix 2). Distributidnamal traits (survivors versus
settler) were compared using the non parametricnigbrov—Smirnov two-sample test

(Sokal and Rohlf 2001, see also Gagliano et al72060a related example).

Comparing growth trajectories among habitat treatments

| used repeated measures Multivariate Analysisafance (MANOVA) and
ANOVA to compare how the mean otolith growth raten(d*) and mean otolith radius
(um) of juvenileF. lapillum varied among habitat treatments through time ¢eiinto

0-10 days and 11-20 days post-settlement). MANGWA ANOVA models included
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habitat treatment as an independent variable,afdmtick (i.e., row of grid) and
settlement day as random factors.

As CV of juvenile growth were calculated for indivial habitat patches (rather
than individual fish as for growth trajectoriespdrformed a separate MANOVA and
ANOVA analysis to compare CV of juvenile growth amgchabitat treatments. This

model only contained a single independent varifddditat treatment).

Comparing body condition among habitat treatments
| used an ANOVA to compare fish body condition desils among habitat
treatments. The ANOVA included habitat treatmeramsndependent variable, spatial

block (i.e., row of grid) and settlement day asd@n factors.

2.4 Results

Larval growth, pelagic larval duration and size-at-settlement

A significant positive correlation existed betwd@D and size-at-settlement%0.21,
P=0.02), and also between early larval growth aretat-settlement (0.11, P=0.04).
Fish that grew faster during the initial phaserafi@ching and/or fish that spent a
longer time in the pelagic larval phase, had lagjeliths at settlement. No other

significant correlations were observed among lainzals (P>0.05).

Distribution of larval traits of settling fish among habitat treatments

Macroalgal treatment (mixed macroalgal patches,aspecificCar pophyllum,
single or double density monospeci@gstophora) had no significant effect on the
larval traits exhibited by fish that had settletbithe habitat within the prior 24 hours
(Mixed ANCOVA; Early larval growth: fp+=1.13, P=0.36; Late larval growthifz
=0.52, P=0.66; PLD: £5=0.28, P=0.83; Size-at-settlemens; £0.31, P=0.82) (Table

2.1).
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Table 2.1. The distribution of larval traits asliithat had recently settled into different
habitat types (Mixed<€arpophyllum andCystophora, Ca=monospecifi€ar pophyllum,
Cy=monospecificCystophora, 2x Cy=double density monospecifiystophora). All

fish had settled into the algae in the previoufi@drs.

Habitat Early larval growth Late larval growth PLD Size-at-settlement
(um day'+SD) (um day'+SD) (days:SD) (um+SD)

Mixed 7.19%1.81 8.2%2.20 57.7%1.61 29.16£1.95

Ca 6.88:0.94 7.3%0.87 54.6%1.15 28.52:2.44

Cy 7.08:1.16 8.52+1.50 56.16:3.86 28.16£3.70

2x Cy 6.3%1.61 7.46£1.75 56.35:5.32 29.24r1.89

Rel ationshi ps between juvenile growth, body condition and larval history traits

A summary table is given that provides mean va(tteSD) of phenotypic traits
of juveniles used in this analysis (Table 2.2). Tidel that provided most
parsimonious preditictive fit for growth rates hetfirst 10 days post-settlement
contained only a single variable; late larval gio{AICc weight = 0.42, Adj. R=
0.20). See Appendix 1 for details of AIC valuesruwdels tested. None of the models
were found to be a significant predictor of growdke 11-20 days after settlement, or of

body condition (All models adj. & 0.1).

Effects of larval history and present habitat on post-settlement growth

The most parsimonious ANCOVA model for growth rat&0 days after
settlement only included the independent varialilebitat and late larval growth rate,
with no interaction between them (AIC weight = Q.A@j. R? = 0.42) (See appendix 1).
This indicates that none of the other larval traatthe model (early larval growth rate,
PLD and size-at-settlement) appear to be impontaptedicting early juvenile growth
of F. lapillum. The ANCOVA revealed a positive linear relatioipshetween juvenile

growth and late larval growth within all habita@atments (Table 2.3, Figure 2.1). There
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was also a significant overall effect of habitaatiment on post-settlement growth,
independent of larval growth (Table 1.1, Figure)1.least squared means of post-
settlement growth rate were higher in Mixed &atpophyllum habitats compared to
both Cystophora habitats (Tukey HSD, p < 0.05). This indicatest firsh that have
experienced any given larval growth rate, exhilghlr post-settlement growth rates

when they settle to Mixed ar@ehr pophyllum macroalgal patches compared to patches

comprised ofCystophora.

---- Carpophyllum
4 Cystophora
2 x Cystophora

Growth rate 0-10 days
post-settlement (um day™)

5 6 7 8 9 10 11 12

Late larval growth rate (um day™)

Figure 1.1 Effects of macroalgal habitat (experitattreatments) and prior history
(larval growth rate, covariate) on growth performaof juvenileForsterygion lapillum.
Given are fitted lines from an ANCOVA (N; Mixed % Icross symbol, black line],
Carpophyllum = 15 [open symbol, black dotted lin€}ystophora = 16 [square symbol,

grey dotted line], double densiBystophora = 17 [circle symbol, grey line]; Adjusted
R?=0.42; p < 0.001).
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Table 2.2. Summary table of me&D values for the different variables examineddeenile fish that were collected from differentiitat
types (Mixed=Carpophyllum andCystophora, Ca=monospecifi€arpophyllum, Cy=monospecificCystophora, 2x Cy=double density

monospecificCystophora). All fish were older than 24 hours post-settlan@sS).

Habitat Early larval Late larval PLD Size-at- PS Age Standard Growth Growth Juvenile body
growth um growth (daystSD) settlement (days) length 0-10 days PSuMm 11-20 days PS condition index
day’+SD) (um day'+SD) (um+SD) (mm) day’+SD) (um day'+SD)

Mixed 7.19:1.81 9.481.12 57.7%1.61 29.16:1.95 22.6316.28 24.892.32 6.520.67 6.060.67 0.080.14

Ca 6.88t0.94 8.4%1.54 54.6%1.15 28.522.44 19.0810.32 24.912.31 6.440.79 6.480.84 -0.020.16

Cy 7.08t1.16 8.5#1.89 56.16:3.86 28.163.70 24.96:17.28 24.7%2.32 5.720.70 5.2%#0.74 -0.030.15

2x Cy 6.39:1.61 8.741.59 56.3%5.32 29.241.89 23.6%14.49 24.931.94 5.8@0.94 5.820.97 -0.0%0.09
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For each habitat treatment, the slopes appear stalistically similar (slope:
S.E ; mixed = 0.3% 0.15,Carpophyllum = 0.24+ 0.11,Cystophora = 0.33+ 0.12,
double densityLystophora = 0.26+ 0.10). This indicates that approximately the same
strength of growth advantage conferred by preeseght growth rate across all habitats

(Fig. 2.1).

Table 2.3. ANCOVA results showing the effect otl#@rval growth rate and habitat
treatment (MixedCarpophyllum, Cystophora or double densitZystophora) on otolith
growth rate in the first 10 days following settlamhelhe interaction (larval growth rate
x habitat), plus the individual terms, settlemeattedand spatial block, were all removed
from the analysis (using AlCc criteria, 9dethods for full description) to give the
reduced model shown here.

Source DF SS F P

Late larval growth 1,65 10.51 22.35 < 0.0001*
Habitat 3,65 4.42 3.13 0.031*
Error 1, 65 44,12

Selective mortality on larval history traits

The distribution of late larval growth rates betmesurvivors and settlers
differed significantly (Two-sample Kolmogorov-Smiwtest; D = 0.3944, p = 0.009).
The survivor group had a higher mean larval gronath and a lower amount of
variation in larval growth rate (Figure 2.2). Ngrsficant differences between
survivors and settlers in the distributions in Plearly larval growth or size-at-
settlement were observed (PLD: D = 0.2007, p =,0=étly larval growth: D = 0.1950,

p = 0.54, size at settlement: D = 0.0872, p = 0.97)

Comparing growth trajectories among habitat treatments
Otolith growth profiles differed significantly amgriish from different habitat

treatments (Table 2.4). During the first 10d faliog settlement, fish that settled
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within the mixed macroalgal treatment grew 10%emra#tan fish settling to patches of
Cystophora at either low or high density. Similarly, fishlexted from patches
comprised ofCarpophyllum grew 11% faster than bo@ystophora treatments (Table
2.4, Fig. 2.3a). There was no significant diffeeetween growth rates in the first 10

days of fish sampled froi@arpophyllum and mixed macroalgal patches.

16 4

14 7

12 7
10 1

Number of fish

N H [o22e e}
1

o

|
4 5 6 7 8 9 10 11 12

Late larval growth rate (um day™)

Figure 1.2. Histograms showing the distributioas¥al growth rates for younger
(settler group; 0 days old; mean larval growthx&fe = 8.0%1.69; CV = 21.14
[unshaded bars]) and older juveniles (survivor grdi+40 days old; mean larval growth
ratetSD = 8.9%1.47; CV = 16.49 [shaded bars]) edrsterygion lapillum.

During the first 10d following settlement, fish Wwih mixed macroalgal
treatments exhibited 65% less variable than thé&stocollected fromCarpophyllum
andCystophora treatments, and 80% less variable than those diammble density
Cystophora treatment (Fig. 2.3c). After 10d fish within &iéatments, except fish
within double density Cystophora, exhibited a dasesin growth rates. Different

patterns in growth trajectories resulted in a ddfee in growth rates among habitats

decreasing from 11-20d. Differences in the le¥elasiation among the habitat
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treatments declined from 11-20 d. Despite diffeesnin growth rates decreasing, by

day 20, fish within mixed macroalgal habitats wefsignificantly larger size than any

other habitat (Fig. 2.3a).
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Figure 2.3 Effect of macroalgal treatment on a)ithtgrowth rate and (b) otolith radius
at age of juvenilé&orsterygion lapillum. Given are means 1 SE (N; Mixed = 16,
Carpophyllum = 14,Cystophora = 13, double densit@ystophora = 13).
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Table 2.4 Results of repeated-measures MANOVAithinvsubject effects and b, between subject edfdtat compared (i) otolith radius (mm)
at age, (i) daily otolith growth rate (mm‘and (iii) CV of daily growth of fish from four ferent habitat treatments (Mixe@arpophyllum,

Cystophora and double densit@ystophora). Significant results are in bold.

a. Factor daf F P b. Factor df F P

() Radius at age (i) Time 1,53 1888.38 <0.001
Habitat 3 0.88 0.456 Time*Habitat 3,53 3.19 0.032
Block 3 034 0.796 Time*Block 3,53 1.52 0.22

(i) Daily growth (i) Time 1,53 13.21 <0.001
Habitat 3 4.05 0.012 Time*Habitat 3,53 3.08 0.036
Block 3 186 0.149 Time*Block 3,53 0.30 0.819

(iif) CV of daily growth (i) Time 1,12 1.38 0.262
Habitat 3 4.68 0.022 Time*Habitat 3,12 0.69 0.574
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Comparing body condition among habitat treatments

Fish from mixed macroalgal patches had higher lmmhglition than those
sampled from all other habitats, with body conditieing 7%, 8% and 10% higher in
mixed macroalgal patches relativeQarpophyllum, single densityCystophora and

double densityLystophora treatments respectively{l;= 4.27, p < 0.01) (Fig. 2.4).
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Figure 2.4 Effect of macroalgal treatment on bodydition index of juvenile
Forsterygion lapillum. Given are means 1 SE (N; Mixed = 17Carpophyllum = 15,
Cystophora = 17, double densit@ystophora = 17). Treatments that differ in their
associated symbol (either absent or *) are stediltyi different as revealed by a post-
statistical test (Tukey HSD, p < 0.05)

2.4 Discussion

Nursery habitats have been the focus of much relsglut only a handful of
studies have incorporated the role of precedimgHhistory into understanding habitat

effects on juvenile stages. Larval growth histergn important determinant of growth
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and survival immediately after settlement (Seary Sponaugle 2001, Shima and
Findlay 2002, McCormick and Hoey 2004, Johnson 20R8pid larval growth rates
may be indicative of favorable parental effectg.(enaternal condition, genetics) and/or
pelagic conditions. Previous studies have dematestithat late larval growth can be
positively correlated with higher physiological dition at settlement in reef fish, e.g.
as measured by lipid concentrations (Hovenkamp\veitiee 1991, McCormick and
Molony 1992, Suthers et al. 1992, Green and McCakrhiD99). | found that late larval
growth, was positively correlated with initial pesgttlement growth and persistence on
the reef. This supports the findings of other &si@dn reef fish that have found larval
growth can influence post-settlement performanea(& and Sponaugle 2001,
Bergenius et al. 2002, Shima and Findlay 2002, &Milsnd Meekan 2002, McCormick
and Hoey 2004, Johnson 2008). Furthermore, mytsaswlicate that initial post-
settlement growth is also dependent on macroapgadiss composition. For any given
larval growth rate, subsequent growth will vary eleging on the macroalgal habitat to
which the individual settles (i.e. the interceptlod linear relationship between post-
settlement and larval growth varies with habitat, ibappears the slope may not vary).
In rocky reef systems, macroalgae are likely togase juvenile fish
performance by providing refuge against predatim'@r by increasing food resources
that are accessible to juveniles, such as a rahgmall epibiota (Edgar and Moore
1986, Carr 1989, Dahlgren and Eggleston 2000, Byal. 2004). Although
Car pophyllum maschal ocar pum andCystophora torulosa are structurally similar, they
do vary in complexity on a fine-scalgar pophyllum maschalocar pum has been
reported as being more coarsely structured, witlgler mean thallus width than
Cystophora torulosa (Taylor and Cole 1994). Greater structural compjemxiay reduce

competitive interactions and rates of predatiofueenile fish (Almany 2004, Johnson
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2007), however in this study fish inhabiti@grpophyllum stands appear to perform
better despite this seaweed being less structwaltyplex. These seaweed species
have also been shown to support distinctly diffeegifauna (i.e. potential prey for fish;
Feary et al. 2009) (Taylor and Cole 1994, Tuyd.€2@08). Food availability can
strongly influence growth rate, and this may explhie differences observed in growth
of fish among macroalgal treatments. Furthermidi@jnd no positive effects of
increased plant density in monospeciiigstophora patches on fish density, growth rate
or body condition. A positive affect of plant dag®n fish performance would be
expected if a resource such as refuge availabvaty responsible for driving variation
in fish density and growth rate (e.g., Holbrook &wthmitt 2002). However if the
abundance of prey species, which are more comnassigciated with algae such as
Carpophyllum rather tharCystophora, are a limiting factor, then an increase in
Cystophora plant density may not be expected to increase gvayability. As mixed
macroalgal patches contain both forms of macroaatture, this may have increased
overall fine-scale structural complexity within plags, relative to monospecific habitat
patches. This may have increased the diversityahnddance of associated epifauna
(Taylor and Cole 1994, Kraufvelin and Salovius 20@4 well as providing refuge from
predation, resulting in increased feeding ratex]ifgg to higher body condition as
observed in this study.

| found no relationship between size-at-settlemeatly larval growth and PLD
with fish growth and/or body condition. This resiils with several other studies that
have found no affect of PLD on growth and survimalreef fish while larval growth
had a positive effect (e.g., Shima and Findlay 208#meth 2005, Raventos and
Macpherson 2005, Gagliano et al. 2007). Thererame frequent reports of size-at-

settlement being indicative of faster growth follog/settlement and a higher juvenile
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survival rate (e.g., Vigiola and Meekan 2002). Hwoer other studies have questioned
the generality of the ‘bigger is better concepitfak and Leggett 1992, Pepin et al.
1992) and the intensity of size-selective mortatitgy vary year to year (Meekan and
Fortier 1996). In this study, size-at-settlemeaswositively correlated to pelagic
larval duration, and detrimental consequenceslonger developmental time may be
outweighing potential advantages of being of adagize-at-settlement.

Growth advantages from faster growth during the latval period are not
maintained long into benthic life, with no corrébext being between post-settlement
growth and larval growth being observed after 1¥sdal' his emphasizes that strong
directional mortality may be acting in relativelgmow temporal window (Sogard 1997,
Searcy and Sponaugle 2001). Due to being highlyevable to predation, juvenile fish
will face a strong trade-off between eating (i.@vgh) and being eaten (i.e. mortality)
(Martel 1996). Several predatory fish species vedagerved within the experimental
area during the study, suchRarapercis colias andNotoclinus compressus. Given
that potentially important predators such as tigéllyicrypticN. compressus show high
levels of habitat specificity, occurring only withioliose algae (Clements 2003), such
predatory species may vary in abundance amonggmtarying in macroalgal
composition (for examplil. compressus has been reported to occur in higher densities
within Cystophora species compared €arpophyllum maschal ocarpum; K. D.
Clementspersonal communication). If predation risk was perceived to be higher in
Cystophora habitats this may explain the initial period oflweed growth observed for
fish in both these habitats. After 10 days, fiskhim double densitfystophora habitat
patches appeared to show some growth compensatiam initial period of reduced
growth. Compensatory growth is a well documentefishes (reviewed in Ali et al

2003), and a similar observation of flexible growrtjectories during early benthic life
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has been reported for a tropical damselfish (Gaglend McCormick 2007). This
change in growth trajectory may represent a changee relative trade-off between
growth and predation risk as fish increase in sikernatively it may be due to
changes in conspecific density through time wittach habitat type. Fish within
Cystophora habitats may have been subject to higher mortadiigs in the first few days
following settlement, and after this initial perjatensities of fish may have been
reduced. Surviving fish may then be able to maxengiowth, due to reduced
competition for food or refuges. Rates of comp@titmay also explain the difference
in growth trajectories between single density aodbde density habitats, with fish in
double density habitats experiencing reduced cobgrefor resources. Further
experimentation is needed to unravel the mechantisatgesult in juvenil&. lapillum
inhabiting mixed habitats having higher growth &oedy condition.

Overall, the implications of this study suggest ih& important to consider
larval growth rates, especially if juvenile mortglis size- or growth-dependent, as well
as if juvenile traits are used to infer qualitytioé juvenile environment. Future work
should recognize the role dynamic environments pldkie ability to detect dependence

of traits between earlier and later ontogenetigeta
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Chapter 3
Variation in the effects of larval history on juvkenperformance

of a temperate reef fish

3.1 Abstract

Many organisms develop and grow through a sucaesdidiscrete life-history
stages that often have unique physiological requergs and ecological challenges.
Phenotypic and/or physiological traits acquiredme stage (e.g., larvae) can propagate
to future stages (e.g., juveniles or adults), ardhscarry-over effects” can shape
fitness and phenotypic distributions within a p@bn. However, variation in the
strength of carry-over effects, and how these miightnediated by environmental
variability in the wild, is poorly known. Hereglaluate variation in the strength of
carry-over effects that link larval growth hist@i® juvenile performance (growth and
survival), for a reef fishKorsterygion lapillum) common to rocky reefs of New
Zealand. | used otoliths to reconstruct demogaplstories of recently settled fish that
were sampled across cohorts, sites and microhgabitauantified sources of variation
in the strength of carry-over effects and seleatnaetality that operate on larval growth
histories. | found overall evidence for carry-oeéfiects: individuals that grew fast as
larvae tended to experience proportional growthaathges as juveniles. However, the
strength of these carry-over effects also variedragrcohorts, sites and microhabitats.
Specifically, carry-over effects conveyed a strarggewth advantage on some
microhabitats (e.g., mixed stands of macroalgdajive to others (e.g., monocultures
of Carpophyllum maschal ocarpum) for some cohorts and sites only. For other cishor

and sites, carry-over effects were either indistisigable between microhabitats or else
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not evident. Similarly, the intensity of selectivrtality varied among cohorts, sites
and microhabitats: for the cohort and site whereyeaver effects differed between
microhabitats, | also observed a 3-fold increaseeirctive intensity oarpophyllum
relative to mixed algal stands. Overall, our restlghlight the potential for carry-over
effects, selective intensity, and the ecological amolutionary consequences of these to

vary through space and time in a context-depenuenner.

3.2 Introduction

Many organisms undergo discrete stages of developmpenctuated by major
life-history transformations (e.g. tadpoles to Bpgaterpillars to butterflies). Often,
physiological requirements and ecological challsrmdjéfer markedly between these
stages, and this may lead some researchers todoqoarticular life-history stages in
relative isolation. Nonetheless, successive dgvedmtal stages are connected across
the life-history of individuals, metamorphosis engrally not a “new beginning”
(reviewed in Pechenik 2006), and the physiologésgleriences and resultant
phenotypes from one stage can “carry-over” to afieress of subsequent
developmental stages (Madsen and Shine 2000, #h#002, 2004, Marshadt al.
2003, Marshall and Keough 2004, Hoey and McCorraiaB4, Scottt al. 2007).

Carry-over effects have been documented for a wédiety of organisms.
Developmental histories have been shown to inflaesubsequent growth rates of
fishes (e.g. McCormick and Hoey 2004), amphibiang.(Altwegg and Reyer 2003),
terrestrial invertebrates (e.g. Jannot 2009), apdtc invertebrates (e.g. Wacker and
von Elert 2002). Carry-over effects on growth garease variation in size structure,
because individuals with unfavourable traits (argsing from earlier developmental

experiences) may tend to grow more slowly whilavitihals with more favourable
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traits may grow rapidly. Resulting variation irganism sizes can lead to concomitant
variation in fitness (e.g. survival and/or futueproductive potential, Crowdet al.
1992, Ohgushi 2008).

The ecological implications of growth-related caomer effects are not
straightforward, and these will likely depend ugtahthe underlying patterns of initial
phenotypic or physiological variation, (2) the stth of the carry-over effect (i.e., the
degree of coupling across life-history stages atative advantages that can be
propagated to subsequent stages), and (3) thegezalloontext within which these
effects ultimately play out. Importantly, all df@se factors can vary in natural systems:
within and among local populations, and throughetiryielding a number of potential
outcomes. For example, if (i) variation in eargvdlopmental histories is prevalent
among individuals within a local population, anigl ¢arry-over effects are strong, and
(ii) the local ecological context (e.g. predatendity) affects fitness, then growth-
related carry-over effects may strongly promotedate mortality and affect the fithess
and phenotypic distributions of survivors withiretlocal population. Very different
outcomes may be expected under alternative scen@ig. where variability in
developmental histories is minimal or occurs prilgamong- rather than within local
populations; or, where carry-over effects are weakwhere fitness is not strongly
influenced by ecological context).

Carry-over effects operate on- and potential attzga the intrinsic variation
among individuals. This variation can facilitatgural selection (i.e., selective
mortality) on phenotypes and/or physiological salitat were established earlier in the
developmental history of an individual (e.g. inrlopdevelopmental stage, irrespective
of present conditions). While these effects appeée important for many species,

extrinsic factors (e.g. environmental variationbitet quality, local community
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structure experienced by the present life-histtaige) provide an additional set of
proximate mechanisms that can strongly affect tianan growth and survival of
individuals (Tupper and Boutilier 1997, Relyea &talverman 2003). Little is known
about the potential for extrinsic variability ta@nact with (and potentially mediate) the
strength and importance of carry-over effects, (irdtinsic variation) on growth and
survival.

Here, | evaluate variation in carry-over effects] potential interactions
between intrinsic (individual) and extrinsic (eronmental) variation on patterns of
growth and survival of a temperate reef fish. @gal study species has a life-history
that is common to many marine reef organisms: akaevelop for an extended period
of time in offshore waters before settling to reabitats. A substantial body of
literature suggests that this life-history pattesroonducive to carry-over effects (e.g.,
Searcy and Sponaugle 2001, Shima and Findlay 209kola and Meekan 2002,
Phillips 2002, 2004, McCormick and Hoey 2004, Gie22004, 2006). Environmental
variability operates over a range of temporal gratial scales. At large spatial scales,
local populations can be subject to different waxposure, temperature and predation
pressure. Over small scales variation in micraladlsomposition may influence habitat
complexity resulting in microhabitat-specific varan in juvenile performance. |
sampled cohorts of recently settled reef fish fiifferent sites and microhabitats, and |
reconstructed growth histories of individuals dgrtheir larval (pre-settlement) stage
and the juvenile (post-settlement) stage. | exfmetind patterns of variation in the
strength of carry-over effects on growth and inititensity of selective mortality

between microhabitats and across cohorts and sites.

53



3.3 Methods

Sudy system and sampling regime

I quantified life-history traits and demograph&rformance of the common
triplefin, Forsterygion lapillum near Wellington, New Zealand. A full descriptioh
the species biology is included in Chapter 1. Brjd-. lapillum larvae spend ~ 55 days
in the pelagic phase before settling back to tladi@l subtidal reef. Larval phenotypes
(e.g., growth, PLD) are variable among individualsd these traits appear to be shaped
by larval developmental environments (Shima andeBare2009). Specifically, larvae
with environmental signatures consistent with depeient in a semi-enclosed
embayment (Wellington harbour) grow faster andesstioner than larvae that
putatively develop along the Wellington south cpaetspective of natal origin (Shima
and Swearer 2009). (e.g., temperature, turbidépsdies of potential predators and
competitors (A. Smith and J. Shimanpublished data).

| sampled recently settldel lapillumin January and February 2008 at a site
within Wellington harbour (Kau Bay, 41°17’ S, 178°k) and a site on the adjacent
Wellington south coast (Island Bay, 41°20’ S, 181 H). These sites were chosen
because they are known to be replenished by lanthedifferent phenotypes (e.qg.,
Shima and Swearer 2009,press), and because they differ in local environmental
conditions such as wave exposure, temperaturehenabiundance of predator and
competitor species. Kau Bay, located within theparatively sheltered Wellington
Harbour, is exposed to northerly winds and proteétem southerly swells, with
recorded sea temperatures of 16.8 °C (£1.0 SDhduhe study period. Island Bay, is
partially protected from periodic large southenyesis by a small offshore island
(Taputeranga Island), and during the study peratidverage sea temperatures of 15.0

°C (1.4 SD). The overall abundance of fish spe@ehigher at Kau Bay compared to
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Island Bay, adulE. lapillum were found to be approximately 3 times more abohoha
Kau Bay and predators &f lapillum, such ad”arapercis colias, appear to also be
more abundant within Kau Bay (A. Smith and A. Peviatus,unpublished data)
Macroalgal canopy (i.e., the settlement habitaFfdapillum) is patchily
distributed within both sites, and is predominatynprised of two species of fucalean
brown algaeCarpophyllum maschal ocar pum andCystophora torulosa (A. Smith,
personal observations). At each site | identified@esentative area of reef ~10m long
(parallel to the shore), 5m wide, and at a depthGoh; from within these areas |
collected recently settldel l1apillum (individuals <40mm SL) with hand nets (and aided
by the use of SCUBA). Because | were interestdt@mpotential effect of microhabitat
on life-history traits and demographic performaate. lapillum, | further stratified our
sampling within two distinct types of settlemenbitat: (1) monocultures of
Carpophyllum, or (2) mixed algal stands (generally comprise@arfpophyllum and
Cystophora). During each sampling event, | collected figtnir4 separate 1'm
quadrats, placed haphazardly within of each ofdle® microhabitats. Quadrats
delineated the holdfasts and an overstory of s@pesfronds (i.e., the canopy), and
these components of the microhabitat were all tinginty sampled. | collected fish on
three dates, paired (as closely in time as weathéisea conditions would permit)
between locations (Harbour: 16-Jan, 15-Feb, 29-Eebth coast: 21-Jan, 13-Feb, 22-

Feb).

Quantifying age and growth histories before and after settlement
To quantify age and growth histories of individydlextracted and analyzed

sagittal otoliths (‘ear stones’) of recently sattfe lapillum. Otoliths of many fishes
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(includingF. lapillum) form in daily growth increments that can be useohfer stage-
specific age and growth patterns of individualg.(e€Campana and Thorrold 2001, Hare
and Cowen 1995, Shima and Findlay 2002, Sponautgle 2006). Otoliths were
prepared following the methods of Shima and Swe@@09). | used an image analysis
system consisting of a compound microscope, aaliggmera, and computer-based
image analysis software (Image Pro Plus v5.0),eéasure sequences of daily otolith
increment widths from different stages of the history of each sampled fish. |
estimated ‘late larval growth rate’ as the averiageement width ¢m d™) across the
final 7 d of larval growth prior to the distincttdement mark that was visible on each
otolith (Kohn 2007). | estimated ‘post-settlemage’ from the number of daily growth
increments following the settlement mark, and taglitated a back-calculation of
‘settlement date’ from the known date of collectidrestimated ‘average juvenile
growth rate’ as the average increment wigiim @) across the entire juvenile period
(i.e., from settlement to capture; mean post-satlg age of sampled fish = 10.74d,

SD=10.68), and | identified two discrete settlemmotiorts in our sample (see Results).

Quantifying density

| calculated density as the number of fish colledtem each quadrat. | used a one-way
ANOVA to compare mean density across each sitegrt@md microhabitat. The
ANOVA model included site, cohort and microhabifdys all interactions (site x

cohort, site x microhabitat, cohort x microhabitate x cohort x microhabitat).

Variation in carry-over effects on growth

Demographic performance in the post-settlemegesth many marine

organisms is not decoupled from prior life histolyowever, the strength of carry-over
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effects may vary through time (e.g., among cohthids experience different
environmental conditions during their larval deysteent), and/or these may be
mediated by local environmental conditions (e.ghitat quality; Searcy et al. 2007) in
the post-settlement stage. | expedeguiori that fish sampled from different cohorts
and sites would differ in their growth histories(pcularly given our prior observations
of variation among sites within the harbour vemiesopen coast; Shima and Swearer
2009,in press). Furthermore, | hypothesized that microhabitaight play a role in
mediating the pattern and strength of carry-ovezats (i.e., the degree of coupling
between growth in the larval and post-settlemergest). Separately for each cohort
and site, | evaluated variation in the relationdfepween juvenile growth and larval
growth across the two sampled microhabit@&r pophyllum monoculture versus mixed

algal stands) using ANCOVA (PROC GLM, SAS v9.2).

Variation in intensity of selective mortality

Variation in individual phenotypes (e.g., larvabgth histories) can facilitate
selective mortality in subsequent life history st®ge.g., Searcy and Sponaugle 2001). |
hypothesized that the strength of selection orviddal phenotypes related to late larval
growth varies among cohorts, sites and microhabithtised z-scores (Zar 1984) to
estimate the pattern and magnitude of post-settiesedective mortality operating on
late larval growth rate. | calculated the z-sd@e, normal deviate) for each individual
relative to late larval growth rates recorded froew settlers (Figueira et al. 2008), as:
Z = (X—-u) /o, where X is the late larval growth rate of an widual fish,u is the
sample mean (i.e., mean late larval growth rat@ld$ettlers’, defined as individuals
with a post-settlement age=0 sampled from a gsienand cohort), anslis the sample

standard deviation. | evaluated variation in deledntensity (z-score) between
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microhabitats Car pophyllum monoculture versus mixed algal stands), separéiely

each cohort and site. Because individuals vangubst-settlement age (and hence, time
for selection to operate), | analyzed variationnsstn microhabitats using ANCOVA
(PROC GLM, SAS v9.2), with post-settlement age as\ariate. Least-square means
from this model were used as our estimate selectteasity, and | tested the null
hypotheses that (1) selective intensity was ndeiht between the two microhabitats

and (2) that selective intensity was = O for eaatramabitat.

3.4 Reaults

| identified two discrete settlement cohorts im sample: fish identified as
cohort 1 settled between 10 Jan 2008 and 22 J&) 204 fish identified as cohort 2
settled between 8 Feb 2008 and 20 Feb 2008 (FAy.3The distributions of settlement
dates for the two cohorts were similar for each arnd microhabitat. Larval growth
rates were variable (Fig 3.1B) and motivated oynl@ation of the consequences of this
variation on juvenile growth (via carry-over effecand survival (via selective
intensity). Density of fish sampled from withinakaquadrat did not significantly vary

among sites, cohorts and/or microhabitatss{E 0.80, P = 0.59; Table 3.1).

Table 3.1 The density of fish (facollected from each site (Island bay or Kau bay),
cohort (1 or 2) and microhabitat (Carpophyllum maulture or mixed algal stands).

Cohort
Site Microhabitat 1 2
Island Bay  Carpophyllum 3.0+1.8 5.5%3.7
Mixed 3.5t1.7 3.30.6
Kau Bay Carpophyllum 5.3:3.3 7.@2.7
Mixed 3.8:0.9 5.36.1

58



A

25

> Cohort 1 Cohort 2

320— .

L

=

o

“‘1;‘15-

0

-u-'J'IO'

]
S_H H

-COHIHHIHI IHHIHIIHIIIIIII

z

512 B.

g.

e

©

p-} O

EUISIIIIIIIIIIIIIIIIIIIIII
@ @ @ o O O O O @ @ O O oo oo O @ @ @ @ O @D
Qo QO QO 9 Q9 9 9 9090909909009 0900999909 9
o o O O O OO0 00 0 0000000000000
I S N S S S S S s S S s,
T QA2 dddddN T Do
— T T T T T = = = T NN

Figure 3.1. Between cohort variation in (A) daibttier frequency and (B) daily mean

late larval growth|§m day* + 1SE) for 16 quadrats sampled across all sites and
microhabitats.

relationship between post-settlement growth arell&tal growth differed between

microhabitats (Fig 3.2A, Table 3.2). Carry-ovefeefs observed for cohort 1 settling to

the south coast were accentuated on mixed algadstavhere individuals with higher

growth rates as larvae grew increasingly more asnies, relative to individuals that

settled toCarpophyllum monocultures (Fig 3.2A). For cohort 2 settlinghie south

coast, | observed a significant carry-over effé€at) 3.2B, Table 3.3) that did differ

between microhabitats (Table 3.3). Similarly, dohort 1 settling to the harbour, |

observed a significant carry-over effect that did differ between microhabitats (Fig

3.2C, Table 3.4). In contrast, for cohort 2 segflio the harbour | observed no
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significant carry-over effect (Fig 3.2D, Table 3ds)variation between microhabitats

(Fig 3.2D, Table 3.5).

Variation in intensity of selective mortality

Selective intensity varied among sites, cohortsrarcrohabitats (Fig 3.3).
Values for z-scores were consistently positiveicating that the predominant trend
was for the distribution of late larval growth re@mong survivors to be positively
skewed relative to settlers. This is consisteth welection that favours individuals that
were growing rapidly as larvae (Fig 3.3). The msigy of selection on fish from cohort
1 settling to the south coast differed between ofiabitats; selective intensity was
greater (and significantly different from 0) @arpophyllum monocultures, and was
comparatively weak (and not different from 0) orxed algal stands (Fig 3.3A).
Selective intensity on fish from cohort 2 settlioghe south coast was statistically
indistinguishable between microhabitats, and waderately strong (and different from
0) for both (Fig 3.3B). Selective intensity onhfisom cohort 1 settling to the harbour
was qualitatively similar to that observed for fhthe same age class settling to the
south coast, though the difference between micitdtalwas not statistically significant
(Fig 3.3C). No evidence of selective mortality vedserved for fish from cohort 2

settling to the harbour (Fig 3.3D).
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Post-settlement growth
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Figure 3.2. of the relationships between late lagrawth (um day') and post-

settlement growthym day" ) of fish from 2 different microhabitats; mixedstls of

macroalgae (open circles/dotted lines) @adpophyllum monocultures (closed

circles/black lines), for each of the 4 differeatrgpling events (A-D). Sampling events

varied in location (harbour or south coast) antifomg of settlement (cohort 1 or 2).
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Table 3.2. ANCOVA results for effects of larvaladitly and habitat on juvenile growth
for South coast, cohort 1. Significant p-valuesdisplayed in bold.

Source DF SS F P
Larval quality 1 0.5467 12.5932 0.0027*
Habitat 1 0.5039 11.6060 0.0036*
Larval quality x Habitat 1 0.1429 3.2914 0.0088*
Error 16 0.6946

Table 3.3. ANCOVA results for effects of larvaladitly and habitat on juvenile growth
for South coast, cohort 2.

Source DF SS F P

Larval quality 1 0.3402 8.7718 0.0074*
Habitat 1 0.0167 0.4315 0.5184
Larval quality x Habitat 1 0.0174 0.4506 0.5094
Error 21 0.8143

Table 3.4. ANCOVA results for effects of larvaladitly and habitat on juvenile growth
for Harbour, cohort 1.

Source DF SS F P

Larval quality 1 0.6842 16.7663 0.0003*
Habitat 1 0.1012 2.4800 0.1261
Larval quality x Habitat 1 0.0265 0.6481 0.4273
Error 19 1.1834

Table 3.5. ANCOVA results for effects of larvaladitly and habitat on juvenile growth
for Harbour, cohort 2.

Source DF SS F P

Larval quality 1 0.1122 0.9392 0.3418
Habitat 1 0.0001 0.0011 0.9732
Larval quality x Habitat 1 0.0174 0.1457 0.7059
Error 25 2.9866
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Figure 3.3. Comparison of selective intensity @ee 1SE) for fish from different

microhabitats; mixed stands of macroalgae (M; blaais) andCarpophyllum
monocultures (C; open bars), for each of the &bt sampling events (A-D). For
each sampling event the probabilities of 3 nupdtheses being met are given; that
selective intensity does not differ between mictotas (H C=M) and that for each
microhabitat selective intensity does not diffemfrzero (HC=0 and HM=0).

Table 3.6

Results from a 3-way ANOVA comparing selective indidy among locations (south
coast or harbour), macroaglal habitats within lmeeg (Car pophyllum or mixed) and

cohorts. N=79

Source DF SS F P
Location 1 0.98] 0.444 0.444
Habitat 1 0.81: 0.494 0.485
Cohort 1 7.20( 4.377 0.041*
Location*Habitat 1 1.172 0.712 0.403
Location*Cohort 1 8.71 5.298 0.025*
Habitat*Cohort 1 3.28¢ 1.999 0.163
Location*Habitat*Cohort 1 101 4,948 0.048*
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3.5 Discussion

Physiological coupling across the larval-juventigge transition foF.
lapillum varies in space and time. Larval growth rate wastwely correlated with
post-settlement growth rate in 3 of 4 samples, ssijog that carry-over effects on
growth are common, but context-dependent. Althqugivious studies of reef fishes
have demonstrated that variation in developmensabty can affect individual
growth and survival (Searcy and Sponaugle 200Im&land Findlay 2002,
McCormick and Hoey 2004, Raventos and Macphers@8,20hapter 2), at the
population level it is less clear how individuakiaion interacts with extrinsic
variability through space and time. Extrinsic tastmay potentially affect both the
level of phenotypic expression (e.g. SchoeppneReigea 2008) and the relationship
between phenotype and fitness (e.g. KingsolverG@momiulkiewicz 2003). | observed
variation in the strength of the growth advantageveyed by carry-over effects, and
concomitant variation in selective intensity acroshorts, sites and microhabitats.

Late larval growth rate may be correlated withrageaof physiological and
phenotypic traits that can contribute to variatiopost-settlement growth, size,
and/or performance (Searcy and Sponaugle 2001eBerget al. 2002, Shima and
Findlay 2002, Wilson and Meekan 2002, McCormick &lwegy 2004, Johnson 2008).
For example, the level of competitive dominanceilgixéd by fish shortly after
settlement has been linked to larval conditionhvkiigh condition fish showing more
aggressive behaviour towards conspecifics and favgher rates of post-settlement
survival (Johnson 2008). In addition, expressibtraits or behaviour patterns may
be modified by extrinsic factors, for example theetait of predation can affect the
expression of boldness and activity levels (McRetedd. 2001, reviewed in Lima

1998), which can lead to a reduced level of amamnlyidual variation in size (Peacor
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et al. 2007). These studies suggest that extrfastors such as elevated risk of
predation may reduce the strength of carry-ovexot$fon performance.
Alternatively, interactions such as interferencepetition, may contribute to
increased phenotypic variation among individuathé competitive advantage of
individuals with certain traits becomes more premaad (Ziemba and Collins 1999,
Ward et al. 2006). | speculate that the effectaifal history that carry-over to
subsequent stages may become more prenouncedlyg bagnpetitve contexts. In
this way, the local competitive environment (itbe “ecological context”) may
mediate the strength of carry-over effects on phgres, as well as how phenotypes
then correlate to performance and fitness.

Microhabitat often shapes the local ecological egshéxperienced by juvenile
fish, e.g. predation rate (Tupper and Boutilie9ZPand intraspecific competition
(Bonin et al. 2009). | found that— under some ctiads (e.g. cohort 1 from south
coast)— microhabitats appeared to mediate thesitaad phenotypic consequences
of intrinsic variation among individuals. Fishanhort 1 that settled on the south
coast grew on average faster in mixed macroalgadstfollowing settlement in
comparison to monospeciftéar pophyllum stands and the selective intensity based on
larval growth rate was also lower. Increased ladloomplexity is expected to
mitigate the negative effects of competition aneldation by providing a greater
spectrum of resources (e.g., structural refugeleoreasing encounter rates due to
reduced maneuverability and/or the ability to visudetect competitors/prey
(Anderson 1984, Main 1987, Persson and Eklov 1B®fiholm et al. 1999).
Conversely, variation in macroalgal composition rdaye variability in the

abundance and range of predators which can coehtbese positive effects (e.g.,
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Shima et al. 2008). In this case, an increasalnitéit heterogeneity appeared to result
in fish growing faster and being subject to lowelestive pressure.

In different ecological contexts, carry-over affeand selective intensity
appeared to be important but unaffected by micrbéafe.g. cohort 1 from harbour
and cohort 2 from south coast). Spatio-temporabtdity in the apparent effects of
microhabitat may be attributable to any numberaofables that likely varied among
sites and through time (e.g. temperature, foodaisty, predator and/or conspecific
density, turbidity, quality of the refuge provided microhabitat, etc). At present, |
am unable to identify the mechanisms that contelbotthe observed variation in
carry-over effects and selective intensity. Givieat the abundance Bf lapillumis
higher within the harbour, coupled with reportstttie distribution of juvenile and
adultF. lapillumis positively associated to low wave exposure lagbit
(Wellenreuther and Clements 2008), this may indithat conditions at Kau Bay
were more favourable fdt. lapillumthan at Island Bay. Other workers have
hypothesised that carry-over effects may be oklessportance when environmental
conditions are more favourable (e.g. Marshall 2@dhelson et al. 2009), as all
individuals may have sufficient access to resoyraed competition is minimised.
Thus, the finding that carry-over effects are weakd<au Bay fits with this
hypothesis, however further experimentation ovienger time-scale (i.e., across
years) is needed. Conditions within a singletiocamay exhibit considerable annual
variation, for example, recruitment intensity oéfésh can show large differences
between consecutive years (Connell and Jones, 1$8dgardless of mechanisms, our
observations of variation in both carry-over efeanhd selective intensity have
important implications for the dynamics and phepatytructure of local populations.

| can speculate that spatial variation in the gitierof phenotypic links may have
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implications for the range of a phenotype presentexample the size distribution of
individuals within a local population. By modifyirtge distribution of phenotypic
traits, carry-over effects may play a substantéd m mediating the strength and
direction of ecological interactions, from antagonito mutualism (De Roos et al.
2003, Peacor et al. 2007). This has implicatiomsfsuite of evolutionary processes,
including disruptive selection, niche expansiorg adaptive radiation (Bolnick
2001).

The ecological and evolutionary implications of pbgypic variation are
further amplified for organisms where initial imtsic variation is associated with
dispersal history, as is the caseRotapillum (Shima and Swearer 2009). If post-
settlement fitness is associated with an individuahtal origin and/or its dispersive
pathway, the identity of surviving fish could detane which sources contribute to
population persistence (Hamilton et al. 2008). iafayn in the strength of carry-over
effects may therefore mediate patterns of conniégtmong local popualtions. In
such ecological contexts where larval history hesdaiced effect on phenotypic
expression and fitness (e.g. farlapillum, cohort 2 in the harbour), a wider collection
of source populations may successfully contribboteeplenishment of the local
population. In contrast, when strong carry-ovéeas and intense selection occur,
(e.g. forF. lapillum on the south coast), individuals that surviveuocgssfully
replenish the local population may represent ordynall subset of contributing
source populations. In short, patterns of metagdmr connectivity may be mediated
by the local ecological context (and specificaligw this shapes the strength of carry-
over effects and selective mortality).

For organisms with complex life cycles, experienttesughout the larval

phase or at particular ‘critical periods’ beforetamorphosis can undoubtedly
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influence fitness at later life stages. Our sthajhlights context-dependent variation
in the strength of carry-over effects and selectéomd this spatio-temporal variation
may have important implications for population dynes and evolutionary processes.
For organims with a complex life cycle, studies tt@nsider the interaction of
environmental and phenotypic variation acrossdiéges are likely to provide a more

complete picture of the ecological context of egatal and evolutionary change.
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Chapter 4
Fine-scale variation in density-dependent survoaal affect

estimates of nursery habitat value

4.1 Abstract

Juveniles of many marine species are closely assacwith structured, near-
shore habitats (e.g., seagrass beds, mangrovésiporekich are often patchily
distributed. Spatial heterogeneity in the compasiof habitat patches can influence
demographic rates (e.g., growth and survival) aag aiter the strength of density
dependence. Here, | explore whether variatioheénspecies composition and diversity
of macroalgal patches impacts the strength of tedspendent growth and survival in
a temperate reef fiskorsterygion lapillum (the common triplefin). Recently settled
fish were tagged and released onto patches vanyingtural densities of conspecifics.
| find evidence of local density-dependent survishating the first 30 days after
settlement, and that the strength of density depecwlvaries as a function of
macroalgal composition. Results from this study destrate that variation in the
composition of macroalgal patches can affect qtetite estimates of the value of

nursery habitat.

4.2 I ntroduction

Population dynamics are driven by changes in deapdgc rates, and density-
dependent rates are particularly important in rayu dynamics. For organisms with a

complex life cycle, the magnitude of density-deparigprocesses occurring in a single
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life-stage can have profound implications for papioin-level dynamics (e.g. adult
abundance) (Wilbur 1996, Hellriegel 2000). Intepsst-settlement mortality is often
cited as a demographic bottleneck (e.g. Almany\Wetster 2006), and identifying
sources of variation (e.g. the availability of Egttent habitat) in density dependent
mortality of juveniles is important for construginealistic population models and
effective conservation strategies.

In recent years there has been increasing interesinserving nursery habitats
for early juvenile stages (e.g. Dahlgreen and Esighe2000, McDermott and Shima
2001, Halpern 2004, Nislow et al. 2004, Aburto-aaog et al. 2007). Juveniles of many
marine organisms are closely associated with nearescosytems that that can offer
food and refuge from predation and may serve asemyihabitats (e.g., seagrass
meadows and mangrove forests; Beck et al. 200&rk Bt al. (2001) provided an
important framework for the empirical assessmemurgery habitat and stated that
nursery habitats support a greater density, prodtyc{i.e. growth) or survivorship of
juvenile stages than surrounding alternative habytges, and therefore contribute
disproportionately more recruits to adult populasidi.e., have a higher nursery value,
sensu Beck et al. 2001). Inshore habitats often camdia complex mosaic of patches
(Dayton and Tegner 1984, Sale and Douglas 1984dBal and Steneck 1993, Robbins
and Bell 1994, Syms and Jones 2000, Hovel and ws$p2001) that vary in habitat
characteristics (e.g. as predator density, refirgia predators; Behrents 1987, Hixon
and Beets 1989, 1993, or food resources; Nemett)1%patial and temporal variation
in habitat characteristics can affect per capitawn (e.g., Steele and Forrester 2002,
Srinivasan 2003), per capita survival (Caley e2@D1), and also the strength of density
dependent mortality (Wilson and Osenberg 2002, &tand Osenberg 2003). For

example, habitat patches with a higher numberfafes, can reduce levels of
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intraspecific competition, and in turn reduce ttrersgth of density dependent mortality
(Forrester and Steele 2004).

Juvenile performance (e.g., growth and/or surviaat)only depends upon local
patch quality (e.g. habitat composition) and consedensity, but also the intrinsic
guality of individuals (e.g., due to traits suchsae and condition of individuals that
populate a patch) (Shima et al. 2008). Intrinsialify of individuals may also fluctuate
through time (Jarret and Pechenik 1997, Radtké 2081, Jarrett 2003, Phillips 2006)
and can influence the strength of density-depengier@esses (e.g. growth; Johnson
2008). Consequently, understanding the effectetdrbgeneity in habitat features on
nursery value may require a more sophisticatedogmprthan simply quantifying
observed variation in vital rates (Van Horne 19B8&itin 2004). The challenge then is to
describe performance in relation to all three \@es (habitat characteristics, individual
guality, and local density), or at least, remowe éffects of two variables while
guantifying the effects of the third.

The objective of this study was to determine tHe of fine-scale variation (i.e.
differences between patches over a scale of metréis¢ macroalgal composition of
habitat patches on the juvenile population dynamiestemperate reef fish,
Forsterygion lapillum (the common triplefin). This study uses a comborabtf field
experiments and otolith microstructure analysiaddress the following questions: 1)
Does settler density and individual quality varyamg patches varying in macroalgal
composition?; (2) Controlling for variation in imsic quality, does juvenile survival
and growth vary as a function of conspecific defsi{3) Do density-dependent
relationships vary with macroalgae composition® @) How do quantitative estimates

of nursery value vary when density-dependent pseseare considered?
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4.3 Methods

Study species and site

In the present study | us&arsterygion lapillum (the common triplefin) as my
focal species. The study was conducted at Kau B#lyin Wellington Harbour, New
Zealand (4117’S, 17450 E). On the subtidal rocky reef, | constructestaes of
habitat patches (2 m x 2 m), each containing ortarek macroalgal treatments. (1) A
mixed species treatment containing th@aepophyllum and threeCystophora plants;
(2) A monospecific treatment containing §tarpophyllum plants; (3) A monospecific
treatment containing sikystophora plants. | followed the same protocol for
constructing and maintaining macroalgae treatmahtdetailed in chapter 2. Patches
were arranged in a grid with one replicate of daghtment represented in each row of
the grid, following a randomised block design. [E&eatment was replicated 4 times
(i.e., the grid was 3 x 4). Patches were constduttBm apart, and all macroalgae was
removed from a 1.5m border surrounding each pdticd.experimental grid ranged in
depth from 4.5 to 5.5 m. Each row within the gatidwed a depth contour. Tagging
studies have shown that recently settled juvelid@endard length < 30mm) do not tend
to move from a 1.5fpatch of macroalgae habitat until they undergogenetic
habitat shifts ~ 40 days after settlement (A. Snuitipublished data). Likewise, adult
triplefins generally remain site attached, rarelpving more than a few meters
(Thompson 1983, Clements 2003, Subedar 2009). eTdrera gap of 1.5m between
habitat patches, when they are cleared of all adg&em high, will provide enough of a

barrier to prevent movement of recently setiethpillum.

How does settler density and intrinsic quality of individuals vary among patches that

differ in macroalgal composition?
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To quantify settlement rate, | monitored settlenddifish to each of the 12
macroalgae patches. For a ten-day period, begyrz8rFeb 2008, | collected &ll
lapillum less than 30 mm in total length from each patch {12) every other day. To
determine post-settlement age, | analysed thetabgibliths of all collected recuits
(details of otolith microstructure analysis areatdsed in Chapter 2). A conspicuous
settlement mark is formed kb lapillum (Kohn 2007), facilitating estimates of post-
settlement age, which is simply the number of daityements along the post-rostral
axis between the settlement mark and the outer efddpe otolith. Settlement rate was
then calculated as the number of settlers (idewtifis O or 1 days post-settlement age)
present in each patch on each sampling day, di\bg@d/o, to give the density (per
square meter) of fish settling to each patch pgr da

| compared settlement rate among macroalgal patesiag a Freidman Test
based in the statistical package ‘coin’ (HothoraleR008). The Freidman Test is
appropriate when the dependent variable (settlena¢s) is non-normally distributed.
The Freidman Test compares the distribution ofdéygendent variables against 9999
randomly generated distributions, to determinepitmdability of the observed pattern
occurring by chance. To remove any confoundingotenal variation in larval quality
between sampling days, | included sampling datee(&ad as 1,2,3,4 or 5) as a blocking
variable in the model.

To quantify the quality of settlers among macrobpgdches, | analysed the
otolith microstructure of al. lapillumidentified as O or 1 day post-settlement. Using
daily increments along the post-rostral axis of giah otoliths, | characterized larval
history traits of juvenild-. lapillum using four phenotypic variables: (1) Pelagic larval
duration (PLD), an estimate of duration of larvaldlopment in days, calculated as the

number of daily otolith increments in the larvalge of each sample (i.e., the interval
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between hatch check and settlement check); (2y Eaaxal growth, estimated as the
mean increment width across the first seven dajaredl growth following hatching;
(3) Late larval growth, estimated as the mean mer& width across the final seven
days of larval growth prior to settlement; and $#e-at-settlement, estimated as the
distance from the core to the settlement marketemn ANOVA to compare the
distribution of each larval trait (PLD, early aradd larval growth rate and size-at-

settlement) among habitat treatments.

Controlling for intrinsic variation among individuals, does survival vary with
macroaglae composition?

To test for the effects of macroalgae compositiorpost-settlement survival, |
introduced 10 tagged. lapillum (post-settlement age 27 days, SD = 7.2; standard
length = 24.6 mm, SD = 2.0) onto each of the 12ro&gal patches within the grid,
and calculated survival as the proportion of tagggdremaining on each patch after 4
days.

Using hand nets, | collected recent settlers freef + 10 m from the
experimental grid from mixed macroagal patchesaiairig bothCarpophyllum and
Cystophora. In order to minimize variation in settler conalit, collections were made
from within the same small area of reef (&niTo further control for any systematic
variation in settler condition, settlers were tlin@aphazardly assigned to macroalgal
patches. Settlers were individually tagged witliedlént colors of Visible Implant
Elastomer (VIE) (Northwest Marine Technology, Shaland, Washington, USA)
forward of the caudal peduncle. Each group ofidi®as given unique tag — coloured
green, yellow, pink or orange, and either on tlitederight hand side of the body. VIE

tags do not have adverse effects on other fishresi€¢fick 1997, Beukers et al. 1995,
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Simon 2007), and my own preliminary study confirnmedtag-induced mortality of a
sample of 20 taggdé. lapillum held in aquaria for 72 hours.

| ran the experiment in two temporal blocks (begigrFeb 7 and 25 2008)
yielding seven replicates (three replicates infitse temporal block, four replicates in
the second temporal block). During the initialHdiurs after release each patch was
covered by a mesh cage to allow fish to acclimat&eir new surroundings and
exclude predators. Cages (1.5 m diameter x 1.39Ihctamsisted of a rigid steel frame
and galvanized steel mesh (25mm hexagonal mesigr this acclimatization period
the cage was carefully removed. A total of 90 taigigeh were released in the first
temporal block over three consecutive days (n #he second temporal block a total
of 120 tagged fish were released over four consexdays (n = 12). Each day fish
were collected from the same area of reef, beferegtagged onshore and released
onto a single row of patches within the grid.

The VIE tags were not clearly visible through thenf the fish by observers in
the field, so it was necessary to recapture indiaisl to determine their identity. In the
laboratory, | could visually identify tagged fistom the samples, aided by a UV light
which caused VIE tags to fluoresce. Four dayg affease | collected af. lapillum
from all macroalgal patches and from cobble surdougpeach patch. Thorough
sampling was carried out in a series of stepsst,Hisystematically searched each plant
within a patch from the top down to the holdfaSecond, | searched all cobbles at the
base of each plant, turning and replacing theneasssary. Third, | searched
surrounding cobbles in expanding circles untildateed a distance of 3m from the
centre of the patch. These steps were repeatdtedollowing day, to ensure no

tagged fish had been missed.
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For each macroalgal patch | calculated the pergergarvival of tagged fish
(i.e., the percentage of tagged fish recovered) th@ density of conspecifics present
within the patch. Conspecifics were split into tage classes; recently settled (<25
days post-settlement age) and juveniles (25 - 48 past-settlement age). To determine
if habitat treatments mediated the relationshipveeh percentage survival and fish
density | used a permutation analysis of covarigdCOVA). This analysis was
appropriate because percent survival was not ndymstributed (Good 2000). | lag
transformed percent survival and each density &égs-@n order to linearise the
relationship between survival and density. | useedr regression to fit 3 parallel lines
to the 3 treatment group€4rpophyllum, Mixed andCystophora). This represents the
null hypothesis that the relationship between siahand density is the same for all
macroalgal treatments. | performed a permutatibiCAVA test by using a
randomization of the residuals, as fitted by thik Imgpothesis. If the null hypothesis is
correct, then the observed slopes of the residaglessed against the covariable
(density) should be the same for all macroalgatinents. Alternatively, if the
regression slopes of the residuals differ amongtézbthe relationship between
survival and density differs among macroalgal tresits.

To perform the permutation test, data were arramgéuaree columns: (i)
macroalgal treatment; (ii) regression residualsi; @i the covariable (density). |
randomly permuted the macroalgal treatment cellisthen recomputed the regressions
of the residuals against density for each ‘psegioi’. For each permutation |
calculated the test statistic, which reflects thfecence between treatments. | then
compared the test statistic calculated for the vfeskresiduals fitted to the null
hypothesis, against the distribution of the pseualae test statistic generated from a

series of 1000 randomisations. The p-value is thpgrtion of pseudo-values less than
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the data based value. A significant p-value (< Pid8icates the rejection of the null
hypothesis that fish within all habitats exhibié ttame relationship between survival

and density.

Does growth vary among habitat patches?

All F. lapillum collected during the sampling (described in thevmus section)
were lightly blotted dry and weighed to the neaflestg (wet weight) using a mass
balance. Using electronic calipers, | measuredtaedard and total lengths of each fish
to the nearest mm. For each juveiiléapillum (n = 369), | used the otolith record to
determine post-settlement age (see chapter 2 failslef otolith microstructure
analysis).

| used allF. lapillum collected to compare juvenile growth rates amaghe
macroalgal treatment. For this analysis | onlydusgh sampled from within the 2 m x
2 m patch (i.e., not from the surrounding cobbldsjlso only includd=. lapillum less
than 36 days old, as after this age fish may beimgdyetween macroalgal patches. |
used an ANCOVA to compare growth, settlement agegeate), macroalgal treatment
(independent variable) and the interaction betweest-settlement age x macroalgal
treatment. | log transformed wet weight to linearise its relatidpshith age.

| also used an ANCOVA to analyse the relationdl@fween average growth
rate and conspecific density for each macroalgalttnent separately. Fish were split
into two age classes; recently settled (<25 dags$-pettlement age) and juveniles (25 -
40 days post-settlement age). For each age grudipeplicate macroalgal patch (n =
42), | calculated mean fish growth and fish densitthen performed ANCOVA
analyses, with mean growth rate as the dependeablg density as the covariate and

habitat as an independent variable. | performed ANCOVA's to examine the
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relationship between average growth rate and caifgpdensity: (i) the relationship
between settler growth with settler density; (¢ relationship between settler growth
with juvenile density; (iii) the relationship betesm juvenile growth with settler density;

and (iv) the relationship between juvenile growikthvjuvenile density.

I ncorporating density-dependent effects into quantitative estimates of nursery habitat
value.

As an estimate of the nursery value of macroalgadhes, | use the total
juvenile biomass produced 30 days after settlemBntsery value is presented as a
function of density, calculated for each macroatgatment separately. Therefore, as
the strength of density dependent survival ratéerdso does the nursery value
function. This function also incorporates habdapendent variation in growth rates, as
the total juvenile biomass produced from each haakitll depend on the growth rate

associated with it.

First, | use the simple linear function (equatigrgénerated from the tagging
experiment (Fig.4.2) to predict percentage survi$las a function of density of

recently settled fish (N):

Logio S=a(logioN) +b (Eq. 1)

wherea andb are constants. This allows me to estimate jueatensity J) as a
function ofN, using percentage surviva@)( | assume that all juvenile migration rates

are negligible (see results).
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Therefore,

*logl0 N *N
J=1o(a 0g10N +b) (Eq. 3)

Finally, total juvenile biomas®] atT days after settlement, is calculated as a function

of N:
Br=MJ (Eq 4)
whereM is individual wet weight at days after settlement. This can be rewritten as:

Br = M+ (10 ~ @*logio N +b) * N) (Eq. 5)

| use habitat-specific estimatesapfb, andM+, taken from habitat-specific linear

regression functions (linear regressions showrign4=2 and Fig. 4.3).

4.4 Reaults

How does settler density and intrinsic quality of individuals vary among patches that
differ in macroalgal composition?

The permutation test revealed no significant déifee in settlement rate among
macroalgal treatmentg{= 1.72, p = 0.43) (Fig.4.1). Mean settlements#teSD)
over the ten days for each macroalgal treatmene\@arpophyllum =1.4 fish nf d* +
1.2, Mixed = 0.7 fish rhd* + 0.9, Cystophora = 0.6 fish i d* + 0.8. Similarly,
ANOVA analyses revealed no significant differencdarval traits, body size or

condition, among macroalgal treatments (Table 4.1).
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Accounting for intrinsic variation among individuals, does survival vary with
macroaglae composition?

| found no taggedF. lapillum outside the 2 m x 2 m macroalgal patches into
which they were released. | therefore assume tivahjle migration rates were
negligible and the loss of taggEdlapillum from macroalgal patches is representative

of mortality. Percent survival of tagged individsiahnged

Settlement rate (m™ day™)
N

23 Feb 25 Feb 27 Feb 1 Mar 3 Mar

Figure 4.1.Mean settlement rate (fish’rday”) of the common triplefinForsterygion
lapillum) for three macroalgal treatmer@s§ pophyllum [open symbols/dotted line]:
mixed [black symbols/black line]; ar@ystophora [grey symbols/grey line]). Dates on
which fish were sampled are given on the x axisoHvars represent standard error. n =
4 for each treatment on each day.

between 0 — 309%-. lapillum within Carpophyllum patches (mean percent survival =
12.9+ 0.14 SD) had 4.5 times higher survival thamapillum within Cystophora
patches (mean percent survival = 2.0.05 SD)F. lapillum within mixed macroaglal
patches (mean percent survival = 8.0.12 SD) had 3 times higher survival tian

lapillum in Cystophora patches.
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For Carpophyllum and mixed macroalgal patches, survival rates nedlwith

increasing densities of recently settledapillum (aged <25 days post-settlement)
(linear regression; Ca “R 0.86, p <0.01, M : R= 0.64, p <0.05; Fig.4.2). The
survival of juvenile fish within monospecifteystpohora habitats was not correlated to
fish density (linear regression?R 0.01, p = 0.90; Fig.4.2). The survival of juMeni

fish was not correlated to juvenile fish densitgdd 25-40 days post-settlement) in any
of the habitats (linear regressiong;<R0.1, p > 0.60). The permutation ANCOVAs
indicated that both the survival of tagdeédapillum and density of recently settl&éd

lapillum varied among macroalgal treatmerfes<0.004).

Logio % survival

0 OT0—@ .'._. .l\ T \\ T O T
0 0.2 0.4 0.6 0.8 1 1.2

Logio density of recently settled fish (m™)

Figure 4.2. Relationship between survival and igia$ juvenile fish for three
macroalgal treatment€arpophyllum [open symbols/dotted line]: mixed [black
symbols/black line]; an@ystophora [grey symbols/grey line]). Given are fitted
regression lines from an ANCOVA. Sampling was ceartdd in two temporal blocks,
beginning February 7 (circles) and February 25 2808ares). Survival corresponds to
the number of tagged fish surviving 4 days aftease. n = 7 for each treatment.
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Table 4.1. Comparison of mean phenotypic traitsettiers (aged 0-5days old) among macraolgalnrewats Car pophyllum, mixed and

Cystophora) for the common triplefinKorsterygion lapillum). N =12, 13 and 10, respectively.

Phenotypic trait MeantSD ANOVA
Carpophyllum Mixed Cystophora F P
Early larval growth jim day") 3.78+£ 2.23 3.8+ 2.87 3.8+ 2.29 1.62 0.22
Late larval growth|§m day") 10.56+ 1.97 10.64t 0.63 9.4A#1.11 0.71 0.50
PLD (days) 52.16+ 7.13 53.38 6.70 48.7Ck 7.22 0.16 0.86
Size-at-settlemenjun) 37.81+ 2.52 39.64 3.32 39.6& 3.02 1.25 0.31
Mass () 13.10+ 1.82 13.25 2.80 13.0G 2.22 0.01 0.98
Body condition 0.03+0.12 0.0 0.21 -0.02 0.15 0.45 0.64
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Does juvenile growth vary with macroalgal composition?

The ANCOVA revealed that fish i@arpophyllum and mixed patches had
higher juvenile growth rates than fish@ystophora patches (Fig.4.3; Table 4.2). The
significant interaction between age and mass irAIREOVA reveals that the rate of
mass increase (i.e., the gradient) appears ta diffeong habitat treatments (Table
4.2). The rate of mass increase per day wasrhésthigher in mixed patches
compared t&ystophora patches, and 1.4 times highedarpophyllum patches
compared t&ystophora patches (gradien€arpophyllum = 0.010 + 0.001 SD, mixed
=0.011 + 0.001 SDCystophora = 0.007 + 0.001 SD). There appeared to be no
significant difference in gradient between mixed &arpophyllum patches. | found

no significant relationship between growth rate dadsity for either age class.

Table 4.2. Results of an ANCOVA for effects ofaraalgal treatment
(Carpophyllum, mixed andCystophora), referred to as ‘habitat’ in the table, on mass
increase with post-settlement age for the commpletm ((Forsterygion lapillum).

Source DF SS F P

Age 1 4.10 177.68 <0.001
Habitat 2 1.01 21.98 <0.001
Age x Habitat 2 0.31 6.77 0.002
Error 173 3.87 1.77
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Figure 4.3. The relationship between wet weight post-settlement age, used to
represent growth rates of the common tripleforgterygion lapillum) in three
macroalgal treatment€érpophyllum: n=111[open circles/dotted line]; mixed:
n=117 [black circles/black line]; ar@ystophora: n=53 [grey circles/grey line]).
Given are fitted linear regression lines from anGOVA.

I ncorporating density-dependent effects into quantitative estimates of nursery
habitat value.

Nursery value for each habitat type was estimaseal fanction of juvenile
density (Fig.4.4). At low densities (<3 fish thaursery values were not greatly
different among habitats, however as density irsgdalifferences became larger.
Confidence intervals of mixed macroalgal &t pophyllym habitats remain
overlapped up to very high densities, where astiisery value o€ystophora

habitats are clearly significantly lower than boftthese habitats.
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Figure 4.4. Nursery value95% confidence intervals, estimated as total b&smd
F. lapillum juveniles per i 35 days post-settlement for three macroalgalrtreats
(Carpophyllum[open circles, dotted line]: mixed [black circlésack line]; and
Cystophora [grey circles, grey line]).

4.5 Discussion

Macroalgal beds are commonly referred to as nuisapjtats due to the large
numbers of juvenile fishes often found within théyg., flounder and tautog, Phelan
et al. 2000; kelp perch, Anderson 1994; leopardigeo, Aburto-Oropeza et al. 2007,
rock sole, Stoner et al. 2007; reef fish such afigh and spot, Powers et al. 2007).
The nursery hypothesis states that nursery habitat area that recruits more
individuals per unit area to the adult populatibart other habitats containing
juveniles of the same species (Beck et al. 2004is Rypothesis clarifies that the
nursery function of a habitat will not only depemdthe density of animals present at
any one time, but also on growth and survival rafeedividuals, and the amount of

successful movement of juveniles to adult habitdeck et al. 2003, Kraus and Secor
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2005, Shervette and Gelwick 2008). Few studie® lexamined how variation in
macroalgal species composition and diversity mayltén microhabitat-specific
variation in juvenile density, growth and survivahd how these factors may interact
to determine nursery value across habitat patd¢hékis study | observe a strong
effect of macroalgal species composition of halp&athes on juvenile demographic
rates. In particular, | identify variation amongernaalgal habitats in growth rate and
in the strength of density-dependent survivalhdvg that quantitative assessments of
nursery value (i.e., the biomass of individualsuémg to the adult population per
unit area) may vary over small spatial scales wiitroalgal species composition
(i.e., among patches less than 2m apart diffenmgpecies identity and diversity).
Additionally I highlight the importance of incorpaiting density effects into
assessments of nursery value, as variation inghsity of conspecifics present within
a habitat patch may influence its relative nuraeaiye.

Density effects on growth and survival have beequently reported for
many species of reef fish, especially for recesditled juveniles (e.g., Johnson 2006,
reviews in reviews by Jones 1991, Hixon and Wel#@62, Osenberg et al. 2002) ).
Given that nursery habitats will potentially reaeivigh numbers of larval recruits
(Wennhage 2007), density-dependent processes reymay an important role in
regulating populations within these habitats. Rigrent strength can vary
considerably through time and space, on a rangéfefent scales. For example, reef
fish recruitment can vary largely between conseewears, which may drive high
temporal variation in juvenile abundance (e.qg., @nand Jones 1991). In the
present study, | find that the density of reces#itled individuals varies across on
much smaller scales; between 1 — 11 indvidualsgeare meter across consecutive

days and among habitat patches spaced only 2m &plenhtify strong density-
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dependence at the lowest densities typically athlyyF. lapillum, with density
dependence resulting in mortality rates approachi@o when natural densities of
F. lapillum exceed 6 individuals per square meter. Thesdtsesuggest that density-
dependent survival may play an important role iapshg population dynamics of
juvenileF. lapillum within macroalgal habitats. However this interptetn must be
treated with caution as covariation of juvenile signwith other factors not recorded
in this study may be responsible for the obsenadtem of mortality. For example,
variation in adult abundance may have shown a sipatiern of variation to juvenile
density. AdultF. lapillum have been observed to exhibit aggressive and even
cannabilistic behaviour towards recently settledspecifics, thus higher densities of
adults, or other competitive or predatory specai@tin patches also containing
higher densities of juvenile fish, may have led dhserved pattern of mortality.
However data on the same habitat patches pridret¢aigging experiment indicates
that the density of adult triplefins, as well as thain predatory species such as
Notolabrus celidotus andParapercis colias, did not differ among patches (A. Perez-
Matus and A. Smithunpublished data).

Predation is known to be a major source of moyt&tit most larval and
juvenile fishes in the marine environment (Baileyg &loude 1989, Planes and
Lecaillon 2001, Doherty et al. 2004). Predatorg.dbpillum such asParapercis
colias were frequently observed inside the study sitethednost commonly
observed fish specié@¢otolabrus celidotus was observed feeding on recently settled
F. lapillum, indicating that predation pressure may be highiatsite A. Smith,
unpublished data). However without further experimentation | cahalucidate the

mechanisms underlying variation in density-depehdwesrtality among habitats.
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Whatever the mechanism, it is interesting to fimak observed patterns of
survival varied with macroalgal species compositesdid growth rates. Several
studies have suggested that fish abundance isrhighgacroalgal habitat as opposed
to other non-vegetated habitats due to increaskitidh@omplexity resulting in
differential predation (Gotceitas and Brown 199@per and Boutilier 1995a) and/or
greater prey densities being present in algal aeb{f upper and Boutilier 1995b,
Meng 2004). The algal species used in this studyadly in structural complexity on
a fine scale and support different communitiespifia@ina. Cystophora is expected to
have a higher level of complexity but in northerevNZealand, Carpophyllum was
reported as supporting a higher number and diyeo$iamphipods (i.e., a food
source of. lapillum; Feary et al. 2009) (Taylor and Cole 1994). Hmeneity in
macroalgal species identity and diversity withipaach may influence factors
structural complexity and prey availability, botlheady known to be important in
driving variation in fish growth and survival. Dsty-dependent mortality in marine
fishes often results due to an interplay betweedation and competition which are
mitigated by such factors.

Previous reef fish studies have found that der@pendent survival may
occur indirectly, through density-dependent effectgrowth (e.g. Vollestad and
Olsen 2008). If small size increases suscepyititpredation, slow growing fish
may be more vulnerable to predation as they resmaialler for longer (Miller et al
1988, Bailey and Houde 1989). | found no eviderfagensity-dependent effects on
growth in any of the habitat treatments; howess,rate of juvenile growth did vary
with macroalgal composition. These results aresisb@nt with studies conducted in
the previous year at Kau Bay, which also found hiall higher growth rates of fish

within mixed macroalgal patches and monospe¢&itcpophyllum compared to
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monospecificCystophora (Chapter 2). Slower growth rates of fish in mqueasfic
Cystophora possibly may be indicative of less favourable ¢ools within this

habitat type. In monospecifiystophora patches, density-independent effects on
survival appear to dominate over density-dependtectts. These initial findings
support the theoretical prediction that densitgeipendent effects on survival should
predominate when environmental conditions arefeasurable, while density-
dependent effects should predominate when envirataheonditions are benign
(Haldane 1953, Vollestad and Olsen 2008). Howduether experimentation is
needed to test how conditions, such as prey awijadnd predator abundance, may
vary among habitat types. It is possible thatremaased growth rate may explain the
stronger density-dependent effects observed withwed macroalgal and
monospecificCarpophyllum patches Fish that are growing faster will be of a larger
size, will have access to fewer refuges and fomgta, may therefore compete more
strongly for space dependent resources such agae{Gamhuori et al. 2009).

In contexts where survival is density-dependedgronstrate that nursery
value may vary thorugh time and space as a fundiigettiement intensity. Other
studies have reported high variation in nurseryeaif habitats among sites and
years. Kraus and Secor (2005) reported that fasamarine fish, high variation in
inter-annual recruitment strength correlated toatemm in nursery habitat function. In
dominant year-classes of white perch, brackishtaebhad the highest nursery value,
whereas in all other year-classes, freshwater dtsldiad the highest nursery value. In
caging experiements where fish were maintatinedaatnstant density, both winter
flounder and tautog had higher growth rates in mwalgae compared to eelgrass and
non-vegetated habitats, but only in one locatiomere as in other sites both species

had higher growth rates in eelgrass, or no vanatiggrowth among habitat types was
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found (Phelan et al. 2002). In other fish spearasiation in growth and survival of
fish among algal habitats (e.g., seagrass versusoalgal beds) has been reported to
be surprisingly low (Heck 2003). The contrastimglings from in these studies and
the results reported here, may be due to the ssibagttached behaviour
demonstrated bly. lapillum, resulting in variation over smaller spatial ssalén a
closely related specieBorsterygion varium, which also remains site-attached
following settlement, strong variation in a juvengrowth and survival was reported
among cobble habitats varying in structural comipyexver relatively small scales
(across metres; Connell and Jone 1991). The atalbich demographic rates vary
will be dependent upon the scale of movement obtiganism of interest (Williams
et al. 2003). This study suggests that for moeeatached juveniles, fine-scale
heterogeneity in habitat-specific demographic ratag be more ubiquitous than
previously considered.

Clearly nursery value of habitats has the potetdid@de highly variable
through space and time. This may be due to vanati fish density coupled with
variation in the strength of density-dependenceragii@bitats. Results from this
study provide an example where the difference nseny value between mixed
macroalgal patches and monospedifarpophyllum patches may only become
apparent at high densities of youadapillum. Spatial and temporal variation in
larval supply and larval history jointly affect tdensity of recently settled fish within
nursery habitats. When fish settle in high condiifas a result of favourable
conditions in the pelagic phase), a larger numberdividuals may survive to the
early juvenile stage (see Chapters 2 and 3). Auxtditly, the condition of individuals
at settlement may affect the strength of densipeddent effects. For example, high

condition reef fish can withstand increased lee¢lmtraspecific competition as early
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juveniles (Johnsson 2008). Therefore, the impodaidensity-dependent processes
may vary with spatial and temporal variation in-pettlement processes, such as
larval condition at settlement. Additionally varan in nursery value may occur due
to interactions between the habitat and other tineent environmental conditions,
such as temperature, primary productivity and wexfgsure.

Conservation and management strategies shouldtdtgfocus on those
habitats identified to have the highest nursery@alThis study demonstrates that the
nursery value may be determined by demographioggs®s that vary with habitat
heterogeneity over fine-scales. Additionally, dgnadependent effects may have the
potential to reduce, or magnify, this fine-scaleatzon. Fine-scale heterogeneity in
the demographic rates Bf lapillumis likely to have important implications for large-
scale dynamics of adult populations. This studpleasizes the need to closely
evaluate fine-scale spatial heterogeneity, evemvidrger scale responses are of
interest. The incorporation of habitat specific dgmaphic rates that vary over fine
spatial scales may advance our ability to assess#thanisms driving population

dynamics, and help prioritise key areas for managgrand conservation.
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Chapter 5
Variation in pre-settlement growth as a driver afrphological

variation in a juvenile reef fish

5.1. Abstract

The drivers of between-individual variation in pbgmpic plasticity underlying
observed trait—environment relationships are razehsidered, despite such variation
having potentially large implications on populatiecology. Patterns of
morphological development can be condition depehdenexample lower growth
rates may constrain plasticity due to lower avddamergy to produce and maintain
plastic morphologies. Intrinsic variation in growttstories during early life stages
have been shown to influence subsequent growth eate performance of older
stages in a range of organisms. Thus, spatiateandoral patterns of prior growth
rates of colonizers may potentially influence phgpi@ expression in response to
environmental variation in the new habitat. Hémyaluate how body morphology of
a temperate reef fish varies in response to: (tleseent habitat and geographic site;
and (2) intrinsic variation in larval growth andosequent post-settlement growth.
Over a period of two years | sampled juverita sterygion lapillum (the common
triplefin) from 3 different macroalgal habitat tygeat two sites located in contrasting
environments in the Wellington region, New Zealddding image analysis of otolith
traits, | reconstructed growth trajectories of induals prior to and after settlement.
Although settlement habitat did not influence maiplgy, allometric growth rates of
mouth morphology (maximum gape height and lengtil) tail length differed

between sites. At both sites, mouth morphology alss correlated with larval
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growth rate — fish that grew faster prior to setat had larger mouths with a greater
maximum gape height and width. Furthermore themtade of individual variation
exhibited in morphology within a local populatiomas observed to correlate to the
level of intra-individual variation present in lahgrowth. Cohorts of fish that
exhibited higher levels of individual variationgmowth during the larval phase, also
exhibited higher levels of individual variationmmorphology following settlement.
These results suggest that growth variation dugemty life-history stages may
constrain the magnitude of morphological respoxégbéed within a population at

later stages.

5.2. Introduction

An organism’s ability to change its phenotype isp@nse to environmental
conditions can be critical for its survival (Scheiri993, Via et al. 1995). When there
are reliable environmental cues, many organismgéexyhenotypic plasticity in
response to changes in their environment and ingpttoeir performance (Pigliucci
2001, West-Eberhard 2003, DeWitt and Scheiner 20043 phenomenon can be
seen throughout the natural world and can resgemetically identical individuals
differing in morphology. For example, some plgmtsduce leaves of different size or
shape when grown in the shade and when grown lisdal (Bjorkman 1981).
Theoretical studies have shown that adaptive ¢heihge can have unpredictable
impacts on multispecies interactions and may betapt for determining the long-
term dynamics and persistence of populations antramities (Abrams 1982, 1992,
Holt 1984, Matsuda et al. 1994, Bolker et al. 2003)

Recently, the importance of between-individual &aon in plasticity in

mediating population dynamics has received conalderattention (Nussey et al.
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2005a, Nussey et al. 2005b, Reed et al. 2006, MXXE7, Brommer et al. 2008,
Williams 2008, Williams et al. 2009). Phenotypiagiicity may involve costly
energy demands (DeWitt et al. 1998), including rreaiance costs of sustaining the
sensory pathways that induce plastic responsegraaidiction costs associated with
morphological changes (Relyea 2002). A potentiakt@int to the level of
morphological response to environmental condit&im®wvn by an individual might be
limitations in available energy, as indicated bgiuduals with lower growth rates
exhibiting less extreme forms of morphology (Olssbal. 2005, Olsson et al. 2006).
For organisms with complex life cycles, growth gaformance of juvenile and
adult stages can be dependent on performance erped previous life-history
stages. For example, growth rate experienceddiyiduals during the larval stage
have been shown to influence subsequent performaretgrowth of fishes (e.g.,
Searcy and Sponaugle 2001, Hoey and McCormick 2@ddphibians (e.g., Goater
1994, Altwegg and Reyer 2003), terrestrial inveraéds (e.g., Jannot 2009), and
aguatic invertebrates (Qian and Pechenik 1998, WAfaakd von Elert 2002). Despite
spatio-temporal patterns of between-individual tgpic variation in early life-
history stages having been documented in a nunflsistems (e.g. Juterbock 1990,
Sweeney and Vannote 1986, Weiss et al. 1993, phi2i002), the potential for this
variation to influence the ability of an individual change its phenotype in response
to environmental conditions in later life-histotages has yet to be thoroughly
investigated.

The majority of species in marine systems havespeaisive pelagic larval
phase and at settlement larval fish may show hejivéen-individual variation in
larval growth rate, pelagic larval duration ancesa settlement (Wellington and

Victor 1989, McCormick and Molony 1993, McCormicR¥, Sponaugle and Cowen
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1994, 1997, Kerrigan 1996, Searcy and Sponauglé,Zltima and Swearer 2009).
Variation in growth during early life history isrtgely a reflection of parental
contributions and environmental variation suchessperature and food availability
(Green and McCormick 1995). Recent studies offiskés have found that growth
advantages manifested in the larval phase are ana@at upon settlement in the
benthic habitat (Searcy and Sponaugle 2001, Shndd-adlay 2002, Vigliola and
Meekan 2002, Hoey and McCormick 2004, Raventoshacpbherson 2005, Jenkins
and King 2006, Johnson 2006). Following settlemigsit, species often exhibit
plasticity in body shape in response to a variésnyironmental influences,
including temperature (Martin 1949, Beacham 199 &t al. 1996), water velocity
(Imre et al. 2002), quantity of food (Currens etl#89) and type of food or feeding
mode (e.g. Meyer 1987, Wimberger 1992, Day et34]1 Robinson and Wilson
1995). Thus, reef fish provide an exciting oppoitiuto investigate how natural
variation in intrinsic growth rates prior to andeafsettlement may influence patterns
of morphological plasticity in body shape in respeto environmental influences.
In this study, | focused on the plastic morpholagresponses of a juvenile
temperate reef fisH-prsterygion lapillum). | examined morphological variation at
two sites differing in environmental conditions (v@aexposure, temperature, density
of conspecifics and predators) and among microatshdiffering in macroalgal
composition (monospecific algal patches versus thadgal patches). | examine
whether patterns of growth rate prior to and afttlement can explain the
magnitude and distribution of morphological vaoatobserved. | predicted that
body morphology would vary between sites and tesadr extent between
microhabitats within each site. Furthermore, docted that allometric growth rates

of morphological traits would vary with growth raggperienced immediately prior to
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settlement. Specifically, that individuals expeadry faster growth prior to
settlement will maximise allometric growth ratedafictionally adaptive traits, for
example to grow larger jaws relative to body stigjng the initial period following
settlement. This may be due to faster larval gnowtes resulting in increased
growth following settlement, and therefore | expgatterns of allometry to also
correlate to juvenile growth rate. Finally, | ekpthe magnitude of morphological
variation among individuals within a site and mitabitat will be positively

correlated to the level of intrinsic variation irogith rate before and after settlement.

5.3. Methods

Study system and sampling
Our work examines phenotypic variation in the comrtriplefin, Forsterygion

lapillum (Family: Tripterygiidae)Forsterygion lapillum is one of the most abundant
species in shallow rocky reef habitats of New ZedlgClements 2003, Feary and
Clements 2006, Wellenreuther et al. 20B@)sterygion lapillum feeds upon a range
of small invertebrates (Feary 2001, Clements 2@08)is likely an important prey
species for larger reef predators. Females spamthiceegg masses on cobbles which
are defended and cared for by males for ~2 weeksebatching (Thompson 1979,
Francis 2001, A. Smith, unpublished data). Larvaemete development in the
pelagic water column, where they are patchily disted (Kingsford and Choat
1989). In the Wellington region, juveniles settiethe fronds of macrophytic brown
algae (McDermott and Shima 2006) between DecemizeMarch, after a mean
pelagic larval duration of 52 d (SD: 8 d; A.Smitimpublished data).

To quantify temporal and spatial patterns of varatn growth trajectories and

fish morphology, juvenilé&. lapillum were sampled between January and March in
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2007 and 2008, from two sites: Kau Bay (41°17' #°b0 E) and Island Bay (41°20’
S, 174°46’ E), Wellington, New Zealand. These sitese chosen because: (1) they
are known to be replenished by larvae with diffef@mrenotypes (Shima and Swearer
2009,in press); and (2) they differ in local environmental catains, including
temperature, turbidity, densities of potential @teds and competitors (A. Smith and
J. Shimapnpublished data). Kau Bay is located within Wellington harbour; a
sheltered, well-mixed, nutrient-rich, semi-enclosedy of water supporting a higher
abundance of juvenile and adEltlapillum and also a higher abundance of other
potentially predatory fish species (A. Perez-Matnd A. Smithunpublished data).

By comparison Island Bay is located on the adjabagit-energy, very exposed open
coast with low productivity (Bowman et al. 1983)he Island Bay site is partially
protected from periodic large southerly swells ynaall offshore island (Taputeranga
Island) and supports lower population densitieB.d&pillum and lower overall fish
densities (A.C.Smithpersonal observation). Macroalgal canopy (i.e., the settlement
habitat forF. lapillum) is patchily distributed within both sites ancgr®dominately
comprised of two species of fucalean brown al@epophyllum maschal ocarpum
andCystophora torulosa (A. Smith,personal observation). At each site, | identified a
representative area of reef ~10m long (parall¢héoshore), 5m wide, and at a depth
of ~6m. From within these areas | collected regesettledF. lapillum (individuals
<40mm standard length) with hand nets (aided byifgeof SCUBA). In 2007, all

fish were collected from artificially created 2.25habitat patches. The habitat
patches represented one of three settlement hajpes: (1) monocultures of
Carpophyllum; (2) monocultures ofystophora; or (3) mixed algal stands (comprised
of Carpophyllum andCystophora). In 2008, fish were collected in the same aremfr

natural habitat patches, and sampling areas wédiredted by haphazard placement
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of 1nt quadrats. Two types of settlement habitat wenepsed: (1) monospecific
Carpophyllum; or (2) mixed algal stands (comprisedCarpophyllum and
Cystophora).

| collected fish on dates paired (as closely iret@s weather and sea
conditions would permit) between locations (Harbo2#eb-07, 15-Feb-07, 29-Feb-
07, 26-Mar-07, 21-Jan-08, 13-Feb-08, 22-Feb-08{lSooast: 21-Jan-07, 13-Feb-07,

22-Feb-07, 21-Mar-07, 16-Jan-08, 15-Feb-08, 29-F&)b-

Quantifying age and growth histories

To quantify age and growth histories of individydlanalyzed the otolith
record of 267 juvenil&. lapillum. Otoliths of many fishes (includirg lapillum)
form in daily growth increments that can be usethter stage-specific age and
growth patterns of individuals (e.g. Campana andriidid 2001, Hare and Cowen
1995, Shima and Findlay 2002, Sponaugle et al. 00&oliths were prepared
following the methods of Shima and Swearer (200@sed an image analysis system
consisting of a compound microscope, a digital camend computer-based image
analysis software (Image Pro Plus v5.0), to measemeences of daily otolith
increment widths from different stages of the history of each sampled fish.
Briefly, a conspicuous settlement mark is formethis species (Kohn 2007) and was
used as a reference point for the division betwaesal and post-settlement
increments. Late larval growth was estimated asrtéan increment width across the
final 7 days of larval growth before settlementiidspost-settlement age’,
calculated as the number of daily growth increméuitswing the settlement mark, |
back-calculated ‘settlement date’ from the knowteds collection. | estimated

juvenile growth rate as the average increment w(gltt d Y across the entire
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juvenile period (i.e., from settlement to capture=an post-settlement age of sampled

fish = 18.20 dSD=14.31).

Variation in mor phology among sites, microhabitats and sampling days

In order to assess how juvenile body morphologyeddbetween sites and
microhabitats | measured key morphological traitalbsampled individuals. Fish
were lightly blotted dry and weighed to the neafest (wet weight) using a mass
balance. Electronic calipers were used to medsurenorphological variables to the
nearest mm. 1) Gape height (MH): the height ofghee when the mouth is fully
open. 2) Gape width (MW): the width of the gape wkige mouth is fully open. 3)
Body depth (BH): from base of dorsal fin to base@wél fin at the deepest part of the
body. 4) Tail length (TL): the distance from thaidal peduncle to the furthest edge
of the caudal fin. | selected these four morphalabiraits as they are related to the
ability to escape predation and/or maximise feeduncress and have important
functional implications for juvenile fish performes (Webb 1984). Additionally,
these traits are subject to plasticity in othen 8pecies (e.g., Webb and Blake 1985,
Wimberger 1992, Walker 1997, Heerman et al. 20@Mméenici et al 2008).

To understand the effects of phenotypic plastitity important to be able to
reliably estimate the magnitude of morphologicaiatzon, which is difficult while
organisms are still undergoing development, andngonty involves the removal of
size effects. A wide range of taxa exhibit allontegrowth rates, whereby different
morphological traits within an organism grow afeiént rates (Huxley 1932,
Thompson 1942, Loy et al. 1998, Birch 1999, Tokeslal. 2000, Rosas and Bastir
2002, Cardini and Tongiorgi 2003). Hence, if popiolas exhibit different allometric

growth rates, controlling for body size across pytation may no longer be
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appropriate (McCoy et al 2006, McCoy 2007). Phwpictdifferences may be
occurring via changes in growth trajectories of pinmlogical traits relative to body
size, and therefore it is important to quantifystrelationship rather than remove it.

To test if fish from different sites and habitaxhibited similar patterns of
allometric growth (and therefore whether traitslddae accurately size-corrected), |
used a Common Principal Components Analysis appr(@CA: McCoy et al.
2006). CPCA is a generalization of PCA for comparssof multiple groups or
populations and can be used to test whether grshgre common patterns of
allometry (Flury 1988, Klingenberg and Spence 13dBgenberg and Zimmermann
1992, McCoy et al. 2006, Phillips and Arnold 198%ppan 1997a, b). If groups
share a common size axis (i.e., share their filx€); then the data can be
standardized for size and subsequently analyzedq|Bti et al. 1999, Flury 1988,
Klingenberg 1996). Sites did not share a commatylaxis, however microhabitats
within each site did (see Results). Thereforealygsed variation in morphological
traits (maximum gape height and width, body depidh tail length) among
microhabitats separately for each site. | used&oy’s back project method to
obtain size-corrected trait values and comparesktseze-corrected trait values
among microhabitats (monoculturesCzrpophyllum, monocultures o€ystophora
and mixed algal stands) for each site using arnyasabf variance (McCoy et al.
2006). | also used the same procedure to testfwation in morphological traits
among sampling days at each site.

Since size-correct measurements of morphology cootichccurately be
achieved across sites, | explored the variaticadlometric growth rates of

morphological traits between sites. When two grdapk a common body axis, the
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exponent of the scaling relationships (i.e., slopa log-log linear regression between

morphological variables) can be used as the regpaarsable (McCoy 2007).

Growth ratesasdrivers of morphological variation among individuals

As sites did not share a common size axis (seeliResinvestigated variation in
morphology separately for each site (Kau Bay atahtsBay). | examined variation
in body morphology (jaw height, jaw width, body tleand tail length) as a function
of body mass and two possible predictor variablasorder to avoid problems with
collinearity, as larval and juvenile growth are egfed to be positively correlated, |
investigate the affect of these predictor variablesnorphology using two
independent MANCOVA and ANCOVA models. In each malogither larval growth
or juvenile growth was used as a continuous indégetvariable, and body mass was
included as a covariate. Sample day was includedrasdom effect in the model.
Due to the relationship between body morphologyraads being allometric, | leg
transformed each measure of body morphology (jaghigaw width, body depth
and tail length; dependent variables) and body rf@sariate). In all cases the
interaction term (‘larval growth x mass’ or ‘juvémigrowth x mass’) was

insignificant (P>0.45) and therefore removed frdva model.

The magnitude of morphological variation

| examined whether the magnitude of morphologieaiation among individual
fish sampled from within a quadrat, varied betwsigs, habitats and in relation to
the level of intrinsic variation in growth prior e;md following settlement. The
coeffecient of variation (CV; standard deviationémgis a relative measure of

variation. This index of variation has the addiabadvantage of allowing
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standardized comparison of traits between sitesesm trait values are not compared
directly and therefore size-correction is not regdi CV values of each
morphological trait (jaw height, jaw width, bodypdk and tail length) were
calculated from each quadrat and used to compana@individual morphological
variation between sites (Island Bay and Kau Bayl) lzebitats (monocultures of
Carpophyllum, monocultures o€ystophora and mixed algal stands), and in relation
to varying levels of variation in larval and juvengrowth rates.

First, | calculated the CV of each morphologitait for fish collected
from each quadrat on each sampling day. Secorad¢culated the CV of larval and
juvenile growth rates in the same way, for eachdeatecon each sampling day. | used
two separate ANCOVA analyses to assess whethen#lgmitude of variation in
morphology (CV) was varied between habitats aressand with (1) the magnitude of
variation in larval growth rates and (2) the magaé of variation in juvenile growth
rates. Habitat type and site were included asifedéects and in each model either
CV of larval growth or CV of juvenile growth wasciuded as continuous
independent variable. All statistical analysesenserformed using the EMS

procedure in JMP 7.0 (SAS Institute Inc., Cary, NISA).

5.4. Results

Variation in morphology between sites, microhabitats and sampling days

Fish from the two sites (Kau Bay and Island Bay) mt share a common PC1
axis (P = 0.002), indicating that patterns of akkdm varied between the sites (i.e.,
fish at each site did not share a common bodyasiis). Therefore | directly
examined the slope of the log-log relationshiprait$ to body weight, in order to

guantify variation in allometric growth rates (McC2007). Mouth height and mouth
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width grew on average twice as fast at Kau Baytikeddo fish at Island Bay (Fig.

5.1A and B). There was no clear difference in bdegth allometry between sites

(Fig. 5.1C). Tail length grew on average 1.4 tirfassder in fish at Kau Bay relative to

fish at Island Bay (Fig. 5.1D).

Fish from different microhabitats and different gdimg days within each site

share a common PC1 axis (P=0.42 and P=0.66, resgg}tindicating that fish had

the same patterns of allometric scaling. Once sy was removed using Burnaby’s

back projection method, there were no detectalfferdnces in fish morphology with

microhabitat or sampling day (P>0-2 for all traits)
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Figure 5.1. Allometric growth relationships of teafrom fish at each site (Kau Bay
and Island Bay). Each point indicates the estimalege £SE) from the log—log plot
of body mass and A. gape height, B. gape widtiha@dy depth and D. tail length.
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Growth ratesasdrivers of morphological variation among individuals
MANCOVA analyses revealed that, as expected, agtpositive linear
relationship existed between morphology and bodgsng@able 5.1 and 5.2), with
each morphological trait (gape height, gape wildtdy depth and tail length)
exhibiting a strong positive correlation to bodyssgTable 5.3). At both sites, larval
growth rate had a significant effect on morphol¢ggble 5.1), where as juvenile
growth rate had no effect (Table 5.2). At Islandg/ H&h that grew faster as larvae
immediately prior to settlement had larger mouthif) a greater maximum gape
height and width, following settlement (Table 583. 5.2). At Kau Bay, fish that
grew faster during the larval stage also devela@kager maximum gape height
following settlement (Table 5.3, Fig. 5.2), butrthevas no effect of larval growth on
maximum gape width at this site (Table 5.3, Fig)5.
Table 5.1. MANCOVA results examining how the masjagy (jaw height, jaw

width, body depth and tail length) of juvenile fislere affected by larval growth at
each site. Significar®-values P < 0.05) are displayed in bold.

Factor df F P

A. Island Bay

Mass 1,24 12.809  <0.0001***
Larval growth rate 1,24 44.119 0.0175**
B. Kau Bay

Mass 1,96 12.809  <0.0001***
Larval growth rate 1,96 44,119 <0.0001***

Table 5.2. MANCOVA results examining how the masjdgy (jaw height, jaw
width, body depth and tail length) of juvenile fislere affected by larval growth at
each site.

Factor df F P

A. Island Bay

Mass 1,24 12.809  <0.0001***
Juvenile growth rate 1,24 44.119 0.8644
B. Kau Bay

Mass 1,96 12.809  <0.0001***
Juvenile growth rate 1,96 44.119 0.9989
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Table 5.3. ANCOVA (univariate) resultB{alues) of the effect of late larval growth
rate on each individual trait, with mass as a dat@y at each site for the data in Table
5.1.

Factor Gape height Gape width Body depth Tail length
A. Island Bay

Mass <0.0001*** 0.0008** <0.0001*** 0.0021**
Larval growth rate  0.0305** 0.0218* 0.6027 0.0816

B. Kau Bay

Mass <0.0001*** <0.0001***  <0.0001*** <0.0001***
Larval growth rate <0.0001*** 0.3676 0.9989 0.0536

The magnitude of morphological variation

The magnitude of morphological variation did nitest among habitats or
between sites for any trait (gape height, gapehyiglbdy depth and tail length), and
this result did not differ whether larval or juvengrowth was included as the
covariate (P>0.2 in all cases). Sampling date @ildmot have a significant effect on
relative variation observed for any of the morplgadal traits for either covariate
(P>0.5). However, | observed a significant incesisthe magnitude of relative
variation in jaw height with increasing relativeriaion in late larval growth rate
(larval growth as main effect; 5=10.61, P=0.004; Fig. 5.3). Groups of individuals
that had experienced high levels of among-individaaiation in pre-settlement
growth, also exhibited a greater magnitude of wamain maximum gape height (Fig.

5.3).
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solid grey lines. These fitted surfaces corresgortie ANCOVA models given in
Table 5.3.
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Figure 5.3. The relationship between relativeateoh among fish in gape height
and relative variation in larval growth rate. Eagimbol represents fish collected
from a single quadrat at either Island Bay (opentsyls) or Kau Bay (closed
symbols).
No relationship was observed with variation in &rgrowth rate and any of the
other traits (gape width, body depth and tail lan&>0.2 in all cases), and no

relationship was observed between juvenile groaté and morphology (gape height,

gape width, body depth and tail length; P>0.2 ircases).

5.5. Discussion

Although phenotypic linkages between life-histotgges have been described
in a wide variety of organisms (reviewed in Mora®94, Pechenik 1998, Giménez
2004, 2006, Marshall 2008), the implications otween-individual variation in
performance during early life-history stages on ith@phological characteristics of
individuals at later stages, has yet to be thorbugivestigated. Here, | found that
juvenile morphology is influenced by the growtherdahat individuals experienced

during the larval phase. Individuals that grewtdéa as larvae grew larger mouths
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relative to body size during the initial period (tgp30 days post-settlement) following
settlement.  Furthermore the magnitude of individwariation exhibited in
morphology within a local population, was obserwedcorrelate to the level of
between-individual variation present in larval gtbwCohorts of fish that exhibited
higher levels of individual variation in growth dig the larval phase, also exhibited
higher levels of individual variation in morphologgllowing settlement. These
results suggest that performance during earlyhistery stages has the potential to
constrain the magnitude of morphological respondebéed within a population at
later stages.

Given the highly dispersive nature of pelagic laveoupled with the small
geographical separation of the local populationthis study, high gene flow may be
assumed to occur between the two local populatadns. lapillum examined here
(Palumbi 1992, 2003). | therefore assume the miffees in morphology exhibited by
fish between the sites was primarily a responsevdoation in environmental
influences. An environmental, rather than gendtasis for the observed pattern is
further supported by the known capacity of fishesuhdergo a morphologically
plastic response to environmental factors (e.gedgtor presence, food size).
Justifications for changes in patterns of allomdtryough ontogeny and between
individuals can be provided via ecomorphologicgbdtheses about the allocation of
energy during growth. This hypothesis states thatpgatterns of development and
growth reflect successive functional priorities different sizes and in different
environments (Osse and van der Boogaart 1995, 1989€e et al. 1997, van Snik et
al. 1997, Russo et al. 2007). Radical changedomatric growth within regions of
the head and tail are expected to occur followietfleament, due to the major

ecological transition in feeding habits and swimgnivehavior as individuals move
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toward a benthic habitat and broaden their tropitbe (Bauchot and Hureau 1986).
In the current study, both mouth morphology (maxamgape height and width) and
tail length were observed to differ between the sites. Both of these phenotypes
may be related to performance measures which caateemortality risk in young-
of-the-year fish. For example under conditionshadh predation risk, increased
growth of the tail may be expected because predaislk decreases with increasing
size and escape velocity (Langerhans et al. 2@d)ilarly, more rapid development
of mouth morphology may occur when the availabitifyarger prey items increases
(Magnhagen and Heibo 2001).

Little is currently known about the causes of bamendividual variation in
plasticity in the wild (Nussey et al. 2007). Cuntrephysiological condition is
expected to constrain the ability of organisms todpce morphologically plastic
phenotypes, possibly because plasticity is eneajgticostly and high growth rates
are needed in order to modulate morphology (Olstaal. 2005, Olsson et al 2006,
Chivers et al. 2008). In this study juvenile growdie was not found to constrain
morphology and this may be due to the complexitythed relationship between
juvenile growth and fitness during the first feweake following settlement (Gagliano
et al. 2007, Gagliano and McCormick 2007). Durthgs time the maintenance of
rapid larval growth rates following settlement daa detrimental to small reef fish,
and in some cases a change from rapid larval greovdlower growth rates of reef
fish after settlement can actually increase indiglditness and survival (Gagliano et
al. 2007, Gagliano and McCormick 2007). This isutjht to be due to the strong
trade-off experienced by small fish between forggiate and predator avoidance.
Fish that have higher energy stores at settlemayt go through an initial phase of

slow growth until they become physiologically bettieveloped (e.g., increased jaw
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musculature and/or increased tail musculature),aaadble to then feed and/or avoid
predators more efficiently.

Rapid late larval growth may be correlated withaage of post-settlement
physiological and phenotypic traits such as higheergetic reserves as measured by
lipid concentrations (Hovenkamp and Witte 1991, Mo@ick and Molony 1993,
Suthers et al. 1992, Green and McCormick 1999)aand¢reased competitive ability
(Johnson 2008). Additionally, late larval growtheranay be indicative of patterns of
morphological development of fish larvae during fhedagic phase. At settlement,
fish larvae undergo rapid morphogenesis and difteaBon processes to change their
body shape and morphology as they transform intwvenile form (Osse and van den
Boogart 1995, van Snik et al. 1997, Gisbert 1998uidoundouros et al. 1999).
These processes involve tissue remodeling, as efdptise formation of post-
settlement structures from undifferentiated celeéiges, and consequently greater
linkage between larval and adult traits (Moran, 4)99Variation in the level of tissue
growth prior to settlement, such as faster growargae developing a larger head
relative to body size (Lema and Nevitt 2006), maynbaintained into the juvenile
stage resulting in variation in morphology. A véyief alternative explanations exist,
but whatever the underlying mechanisms, the roleeady-life history stages in
constraining the level of morphological variati@xhibited at later stages has
implications for the way we interpret morphologip#dsticity within populations.

Analyses of individual plasticity in the wild, wheerorganisms experience
naturally occurring ranges of environmental cowmdi$i (rather than those imposed in
the lab), are still extremely rare (reviewed in By et al. 2007). The evolution of
phenotypic plasticity appears tos be favoured ganisms with a high dispersal rate,

and may maximise fitness across the greater rarigenaironments they may
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encounter (Hollander 2008, Sultan and Spencer 20B@) example, relative to
marine species with direct development, marineispesith a pelagic developmental
phase exhibit twice the amount of phenotypic ptastin response to environmental
heterogeneity (Hollander 2008). These speciesyfam plasticity is likely to play a
major role in determining survival, are also likdty exhibit the highest levels of
spatial and temporal variation in larval conditiohis highlights the potentially
profound implications of early life history variati on patterns of phenotypic
response to environment variables. Given the peaca of phenotypic plasticity in
nature, and the growing concern over the long-teomsequences of anthropogenic
effects on both habitats and climate for wild p@pioins of animals, it seems clear we
need to build on our understanding of how and wbputations respond to the
environment. Assessing factors that may promoteoastrain phenotypic plasticity,
such as the performance experienced during didpstegges, may greatly advance our

understanding of population dynamics.
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Chapter 6

General Discussion

Knowledge of how environmental and demographic d¢@rs may mediate the
interaction between pre-settlement, settlementpastsettlement processes is critical
for understanding the dynamics of natural poputetioBy examining heterogeneity
present within settlement habitats, concurrentiphwatural phenotypic variation
present within, and among, cohorts at settlememdyé identified how dynamic and

variable processes that determine growth and salrean be through time and space.

My key findings demonstrate that the compositiomaicroalgal habitat patches used
by settling fish can influence (i) post-settlemgrawth trajectories, (ii) the strength
of density dependent survival, and (iii) the inignef selective mortality. On a
population-level, | found that (i) variation amooghorts in larval quality at
settlement may alter the relative importance ofgatlement processes that shape
recruitment and (ii) regional variation in the lahhistory of settlers can impact on

patterns morphological variation.

Macroalgal habitat composition

Entry into a new environment or habitat is oftesaasated with periods of
high mortality. Researchers studying the ecologfysties often assume that mortality
is highest at the time of, and soon after, setttgrteethe benthic habitat (Hixon 1991,
Caley 1998). Environmental factors that mediatetatity during this period may

have a disproportionate effect on the number alisgtindividuals that will reach
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maturity. In this study | highlight the role ofdbogical heterogeneity within
settlement habitat, specifically macroalgal spec@aposition and diversity, which
affects survival of reef fish during the first 18ys following settlement (chapter 4),
and alters the phenotypic characteristics of sorgiwithin a single generation (e.qg.,
size and body condition; chapter 2, 3 and 4). QvEfiad evidence that mortality
rates were highest @ystophora habitats, in which fish also have the lowest growt
rates. Fish within mixed macroalgal habitats (cstivey of bothCystophora and
Carphopyllum) sometimes fared better than fish within monodpe€ar phopyllum
habitats, growing to a larger size and having adrdpody condition, though this
pattern is variable through the settlement seasdrbatween two locations.

It is well understood that physical condition amesan affect reproductive
performance. Parents in good condition can commberemsding earlier, often have
higher reproductive output, and their offspring nfiay better during embryogenesis
and as juveniles, compared to parents in pooretitton (Donelson et al 2008,
Raventos and Planes 2008). Furthermore, Tabo2€86( found that the allocation
of resources to growth versus reproduction andfsgpong number versus size were
shaped by environmental conditions experiencetearuvenile phase, rather than the
adult phase, for a cichlid fish. Spatial and temapwariation among individuals in
the number or quality of offspring they produceamsimportant consideration for
fisheries scientists and managers (reviewed in1G2008). Further studies which
investigate how conditions experienced during llbéhjuvenile and the adult stages
affect patterns of parental investment may prouideght into patterns of
reproductive output through time and space.

The extent to which the adult population will refienitial differences at

settlement (abundance and phenotypic charactasjistil depend on the strength of
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post-settlement processes such as density-dependedcelective mortality based
on phenotypic characteristics (such as growth &e).4 found that habitat could
mediate the intensity of selection based on lagvaivth by influencing the
relationship between post-settlement growth andalagrowth during the first 10 days
following settlement (chapters 2 and 3). The isignof density-independent and
density-dependent mortality varied among habitaith the lowest quality
(Cystophora) habitats experiencing the strongest level of tgmsdependent
mortality (chapter 4). The mediation of post-setidat processes by conditions in
benthic habitat has important implications for hesttlement and post-settlement
processes are integrated into a common framewayk Gee Schmitt et al. 1999,
Wilson and Osenberg 2002, Shima and Osenberg 2003).

There is increasing recognition of the importantthe long-lasting
demographic consequences of phenotypic variationced in early life, both at the
individual and population level (e.g. Pecheniklet098, Madsen and Shine 2000,
Lummaa and Clutton-Brock 2002, Beckerman et al 20@2Roos et al. 2003, Reid et
al. 2003, van de Pol et al. 2006, Taborsky 20Qf)fortunately, for many marine
organisms, we have a relatively limited understagdif how the effect of phenotypic
variation on subsequent performance varies withrenmental conditions. By
exploring the links between larval and juvenilege&inF. lapillum, my study shows
that habitat composition may mediate the relatignbbetween post-settlement growth
and larval growth, and in turn, the intensity deséive mortality. Although
differences in post-settlement growth may not décsent to allow individuals
settling at smaller size to catch up in size (cb@ap}, increased growth rates during
the initial period following settlement may be iadiive of physiological condition

(e.g. energy acquisition). Fish with higher endeyels immediately following
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settlement may have better predator avoidancesgkily. faster swimming speed;
Holmes and McCormick 2009) and/or competitive &pile.g. have more energy
available for aggressive behaviour; Johnson 20083.post-settlement performance
(e.g. energy acquisition) is a complex and dyngmicess that is affected by many
interacting variables (e.g. competition, predatiod availability), these results
highlight that the propagation of phenotypic vaaatthrough successive life stages
may also be highly variable and dynamic. Furthediss are needed to determine the
range of benthic conditions under which larval eigees might be important for
juvenile survival.

There is growing desire to develop an ecosysteraebapproach to
management and conservation, which incorporategatpad temporal variation in
habitat productivity at multiple scales and lifestioiry factors (Thrush et al. 2005,
Drew and Eggleston 2008). | observe that the efiemacroalgal species
composition on patterns of juvenile abundance amdlition appears to differ among
local populations and through the settlement sea3birs may be due to spatio-
temporal variation in resources within habitatse tluinteractions with broad scale
environmental features such as temperature. Adteely, demographic variation
(i.e. the density and phenotypic characteristiosdprag cohorts of settlers may be
altering the effect of habitat variation. Furtistudies are needed to determine the
specific characteristics of habitat patches wittywey macroaglal composition (.e.g
abundance of epibiota, structural complexity) thHtience post-settlement
processes, and how they may vary with broad seaiation in environmental

conditions.
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Demographic variation among local populations

Marine species commonly show a high degree of alpatid temporal
variation among cohorts in settlement intensitygthurst and Luckhurst 1977,
Doherty 1983, Williams 1983, McFarland et al. 198B6pertson et al. 1988, 1993,
Robertson 1990, Sponaugle and Cowen 1994, 1997ptaysiological condition at
settlement (Jarret and Pechenik 1997, Radtke 20@l, Jarrett 2003, Phillips and
Gaines 2002, Phillips 2006, Shima and Swearer 20BRictuating levels of
settlement intensity have been viewed as extremgprtant for population
dynamics (e.g. Doherty 1981, Victor 1986). Whileuae number of recent studies
have also documented the importance of larval tyual post-settlement growth,
condition and survival (e.g. Sogard 1997, Searcy$wonaugle 2001, Phillips 2002,
2004, Marshall et al. 2003, Hoey and McCormick 20B4gliano et al. 2007, Vigliola
et al. 2007, Hamilton et al. 2008), the consequetspatio-temporal patterns of
larval quality to population dynamics remain retaty unexplored in marine
populations (but see Vigliola et al. 2007, Hamil2008, Shima and Swearer 2009).

Oceanographic forces can strongly affect the mowtmieplanktonic marine
larvae, often producing predictable spatial paterlarval delivery. In particular, in
some coastal systems, certain locations consigtexgeive higher (or lower) larval
supplies (Roberts et al. 2003). Recent empiricalence suggests that geographical
patterns of larval dispersal may also be an impbgaurce of heterogeneity in larval
guality (Shima and Swearer 2009). In this stugyiharily focused on two sites that
are located within a harbour and on an adjacerthsmast and these regions exhibit
distinct patterns of coastal geomorphology. It b@sn suggested that larvae
developing within semi-enclosed embayments arenaftdigher quality (Gaines and

Bertness 1992) and in particular that larva€&.dapillum developing with the
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nutrient enriched, warmer waters of Wellington fwanbare of higher larval quality,
compared to those developing on the south coagh¢saind Swearer 2009). |
observed higher settlement intensity within thebbar and also higher quality settlers
(i.e. fish had a faster late larval growth rate ahdrter PLD at settlement), compared
to the south coast, although the origin of setthes not explicitly examined in this
study. This pattern of spatial variation in lartagdtory traits was not consistent
through the settlement season, however the oyeatibrn (averaged across the
settlement season) was consistent across two years.

In this study I find evidence that variation in déy and condition of settlers,
among cohorts and locations, may have a large ihgrasubsequent post-settlement
processes, such as the intensity of selective igrta found that cohorts of overall
higher condition (i.e. faster larval growth) showside intra-cohort variation in
survival or growth in relation to individual vana in larval history. However further
work is needed to explore possible covariation keetwsettlement processes and
environmental conditions within the benthic envirant that may affect post-
settlement dynamics. Results from this study rgisestions about how consistent
spatial variation in the larval quality may havepmntant consequences on the nature
of post-settlement processes. As intraspecificpiition may be largely
determining performance of recently settled fisky.(by affecting growth, predation
risk), the question should possibly not be “howd@eval history affect subsequent
performance?”, but rather “how does an individuldiwal history, relative to
conspecifics with which it interacts, affect perfance?”.

The possibility that the impacts of events ocarearly in life may be
transmitted across multiple generations, leadirigrig-term effects on population

dynamics (e.g. Hercuss and Hoffman 2000, Beckemrhah 2002, Benton et al.
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2005), remains relatively unexplored in marine gapons. Consideration of how
phenotypic variation will act over multiple geneoats may help to illuminate
patterns more congruent with phylogeographic pastédnat geneticists routinely
measure over evolutionary timescales. For exampéeding females can influence
offspring phenotype and their subsequent dispatséty, in response to changes in
current environmental conditions, which has imglaas for understanding the
dynamics of range expansion (Duckworth 2009). laptér 5 | discuss the possibility
that conditions experienced during dispersal (argal duration and environmental
conditions) can influence the extent to which organrs demonstrate developmental
plasticity in response to a new environment follogvsettlement. Although
individual morphological variation due to conditeoaexperienced during the larval
phase has been reported (Basch and Pearse 1996aReld Hoverman 2003),
consequences of this have yet to be explored aidpelation level. My results
suggest that spatio-temporal variation in larvatdny among cohorts at settlement

may influence variation in subsequent morphologoedterns within a species.

Concluding remarks

Interest in conserving and managing marine hahigatdense and widespread
(Nicholls 2004, Leslie 2005), however limited hunaard financial capital impacts on
the realized form of these efforts. Although theoirporation of life-history factors
into assessments of population dynamics be logistidemanding, it may aid of
assessments of how and why certain habitats akfertthe sustainability of fish
populations. Inshore habitats often take the bofihuman impacts (e.g. land
reclamation, pollution, eutrophication and introtloic of invasive species; Antunes

and Santos 1999, Elliott and Hemingway 2002, Mchusid Elliott 2004), due to
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their close proximity to the terrestrial environrmheftt a time when most adult fish
stocks are stressed by fisheries (Worm et al., R@0é role of these inshore habitats
for persistence of local fish populations, musatdressed. Focus in the past has
been given to developing quick and easy tools sesshabitat suitability and quality
to identify ‘nursery’ or ‘essential juvenile haligge.g. Able 1999). For this reason,
nursery studies have been slow to recognize spheaigat relationships as complex,
multivariate and multi-scale. Understanding the plax interactions between the
environmental variability and the biology of fishexies is a key question for fisheries
research and management, and research will bdygeedianced by the development
of sophisticated techniques which unlock the enasrsiore of life history

information contained within fish ear bones.
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Appendix 1

Table Al.1. The relative AICc weights of multiplgression models for the growth
rate in the first 10 days after settlement. Theifulial model included independent
variables; pelagic larval duration (PLD), earlyigrgrowth, size at settlement (size),
late larval growth (LG) and settlement date (SMariables were then sequentially
removed in a backward-step and forward-step fast8er ‘MethodsCorrelations
between larval history and juvenile growth and body condition for more detail. Only
models that had a AICc weight of >0.10 are preskmtehis table. N = 33.

Model AlCc AlICc weight Adj. R
LG -27.73 0.42 0.20
LG + SM -26.73 0.25 0.18
LG + Size + SM -26.36 0.21 0.18

Table A1.2. The relative AICc weights of ANCOVA dhls for the dependent
variable; juvenile growth rate. The full initialadel included independent variables;
habitat treatment (habitat), larval growth (LG)itkeenent date (SM), all interactions
of these three variables (habitat x LG, habitalk §G x SM, habitat x LG x SM)

and replicate (i.e., row of the grid). Variablesrevthen removed in a step-backward
fashion. Only models that had a AlCc weight of X0ate presented in this table. N =
66.

Model AICc AlCc weight Adj. R
Habitat + LG -63.18 0.47 0.42
LG -62.22 0.29 0.38
Habitat + LG + SM -60.89 0.15 0.41
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Figure A2.1. The distribution of settlement datéfish within (a) settler group (0-
10d) and (b) survivor group (20-50d), used to assekective mortality of larval

traits. Different coloured sections of each baresent number of fish analyzed from
each habitat treatment.
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