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General Abstract

Ecologists have long been interested in competition because of its potential role in
populationand communityregulation A large body of competition theory has accumulated,
much of which remamto be empically tested. To date, the occurrence of competition in
natural communities and the mechanisms by which competing species coexist are not fully
understood. The close relationship between etnadlling fishes and a limiting resource
(coral colonies) mats them ideal models for testing hypotheses and questions about
competition in natural communities. In this thesis | examine the mechanisms of competition
and their influence on resource use in two ecololyicaimilar coratdwelling gobies
(Gobiodon histio and Gobiodon erythrospilysthat are known to compete for access to
preferred coral habitat. The chapters in this thesis address four fundamental questions: 1) the
mechanisms of competitive coexistence between the two species, 2) the role of resource
availability in shaping the outcome of competitive interactions, 3) the fitagssciated traits
of coral colonies that drive habitat preferences and competitive interactions, and 4) the
influence of benthic substratum around preferred coral colonies oritabhabse and
competitive interactions.

Niche and lottery mechanisms of competitive coexistence have traditionally been
viewed as mutually exclusive alternatives. However, recent theory suggests that a mix of
these processes can facilitate coexistence legtwempeting species. ©hapter 2 | tested
the hypothesis thahe mechanism of competition betwe@n histrio and G. erythrospilus
changes with ontogeny, from a lottery for space at settlement to niche partitioning in adults.
Field observations and exjp@ents showed that juveniles of the two species settled at the
same size, had similar patterns of habitat use, and similar competitive abilities, supporting the
lottery mechanism at settlemem contrast, habitat use differed in adults suggesting that
resource partitioning occurs in larger individuals. In laboratory experiments, adults of each
species preferred colonies Afropora nasutahoweverG. histriowas a superior competitor
and prevente. erythrospilugor usingA. nasutan more than 70% ot trials. In a field
based transplant experime@, erythrospiluginferior competitor) suffered less of a fithess
loss when occupying the ngommeferred coralA. spathulata compared withG. histrio, which
could explain its ability to persist when diapéd by the superior competitor. These results
suggest that the competitive mechanism operating between th@dliodonspecies shifts
from a lottery for space to nichmrtitioning through ontogeny and that these two

mechanisms of competitive coexistemee not mutually exclusive.



Competition arises from the shared use of limited resources. Consequently, spatial
and temporal variation in resource availability could influecmepetition among coral reef
fishes. InChapter 3 | investigatedhow variation n the abundance oA. nasutacoral
colonies, the preferred habitat Gf histrioand G. erythrospilusinfluences the outcome of
competitive interactions between these two species. First, the relative abundance and patterns
of habitat use of the two gobpeacies was compared among sites that varied in the absolute
and relative abundance of their preferred habitat. Theie@onization experiment was used
to test the prediction that the effects of competition are greatest whrefesred habitat is
relativdy less abundant. The proportional occupanci.afiasutaby the superior competitor,

G. histrig increased as the relative abundancé .ohasutadeclined. In the recolonization
experiment the effects of preferred coral availability differed between ijeseand adults.

For juveniles, where a competitive lottery operates, the proportional use of preferred coral
was the same for the two species, regardless of the relative abundafcenaduta.ln
contrast, for adults nichgartitioning was greater at latons that had dower relative
abundance ofA. nasuta.These results show that changes in the relative abundance of
preferred resources can influence competitive interactions between reef fishes, but the effects
differ depending on the mechanism of cotitpee coexistence.

Competition for space affects patterns of habitat use and individual performance of
corakldwelling fishes; howeverthe physical attributes of corals that influence habitat
preferences are uncertai@hapter 4 investigated the influese of coral colony size and
branching structure on habitat use and growth rate of the two coral g8bikistrioandG.
erythrospilus.The preferred coral species, nasutahad smaller interbranch width compared
with an alternative coral habitaf\. spdhulata A binarychoice laboratory experiment
demonstrated that both gobies preferred coral colonies with smaller interbranch width, except
when they had the opportunity to occufly nasutaover A. spathulata A field transplant
experiment showed that bogoby species grew faster on larger coral colorded in
colonies with smaller interbranch widt@®. erythrospilusgrew faster tharG. histrio on A.
spathulata indicating that it suffers less of a fithess loss occupying this alternative habitat.
The resilts of this chapter show that conathysical attributes are important factors driving
habitat preference of cordivelling gobies; however, there must also be additional factors
related to coral species identity that influence their habitat preferences.

The distribution and abundance of habitat specialists is often associated with the
availability of preferred habitat; however, other environmental features can also influence
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habitat selection. Coralwelling gobies depend on the availability of a few lepgcies of

coral for their survival and also possess skin toxins that reduce predation @$lagdter 51
analysed the influence of benthic substratum around preferred coral colonies on patterns of
habitat use and toxicity db. erythrospilusand G. histio. Field surveys demonstrated that
juveniles single adults and breeding pairs G&f erythrospilusmostly inhabitedA. nasuta
colonies surrounded by branching corals. In cont@sthistrio juveniles andsingle adults
associated withA. nasutacoral cobnies with adjacengpilithic algal matrix ands. histrio
breeding pairs inhabited colonies surrounded by sand/rublalkitatchoice experiments
showed that both gobies species prefernasutacoral colonies withbenthic substratum
mainly composed by €lhic algal matrix and sand. Lastly, the substratum around preferred
coral colonies also influenced the toxicity levels of the associated fishes. Gobies inlrabiting
nasutacoral colonies with more epilithic algal matrix and sand were more thait fihres
collected fromcolonies surrounded by branching corals. Given the potential for toxicity level

to reduce the risk of predation, this could explain why gobies compete for access to preferred
coral species surrounded by epilithic algal matrix and sand.

This thesis empirically demonstrated thadifferent mechanisms of competitive
coexistence (such aslatteries and niche partitionipgare not mutually exclusive and may
operate at di fferent stages in an othagani s mi
changes in the relative abundance of preferred resources can influence competitive
interactions, but the population level effects depend on the mechanisms of competitive
coexistence that operate. Additionallyistresearch highlights that both cosglecies identity
and colony structural features influence the growth of ednadlling fishes and thus play a
key role in shaping habitat preferences and competition for space irdeailihg fishes.
Finally, the kenthic composition around preferred dospecies influences the toxicity of
coraktdwelling gobies, and this further influences their habitat preferences and dorapeti
interactions. his thesis answered some fundamental questions about the mechanisms of
competition in animal communitiesith broader implications for predicting the effects of
climate change and anthropogenic impacts on reef fish communities. Coral cover, benthic
community composition and reef structural complexity @eelining due to the combined
effects of storms, crown of thas starfish outbreaks, coral bleaching and diseases. This
degradation will affect habitat use and fithess of coral associated fishes and ultimately
influences the outcome of ecological process suck@asitment and competition within reef
fish communites.

Vi
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Chapter 1: General Introduction

1.1. Competition and mechanisms of competitive coexistence

Competition has long been regarded as one of the most important processes structuring
natural communities (Darwin 1859; T 1917; Gause 1934; MacArthur and Levins 1967,
Diamond 1978; Schoener 1983). It has been the cornerstone of much ecological theory and
the focus of empirical research to understand its prevalence and impact in nature (Whittaker
1965; Roughgarden 1983; @mell 1983, Schoener 1983; Amarasekare 2003; Forrester 2015).
Competition occurs when two or more individuals of the same or different species attempt to
utilize the same resource and this resource is in limited supply, leading to a reduction in
fitness ofat least one of the individua($ilman 1982. Theory suggests that competition will
influence a wide range of ecological patterns, including species richness and community
structure, population size argpatictemporal dynamics, and local to geographisedle
distributions (Connell 1961; Tilman 1982; Goldberg and Balft®92; Holtand Polis1997;

Hibbing et al.2010; Livingston et al. 2012). While many empirical studies have demonstrated
that competition within and between species can influence thédigin and abundance of
species and the structure of communities (Connell 1961; Schoener 1983, Gurevitch et al.
1992, Youngentob et al. 2012; Wisz et al. 2013), many questions remain about how
competing species coexist, what resources they actually cerfgreind themplicationsof

competition for individual fitness.

A key question for ecologists is what enables competing species to coexist? What prevents
one species gaining an advantage that could allow it to dominate the exploitation of shared
resoures and ultimately prevent the persistence of other speBies@urce partitioning is
believed to be the most common and widespread means of competitive coexisiehee

based models predict that competing species are able to coexist in complex enusdnymen
partitioning essential resourcesjch as food and shelteCdqlwell and Fuentes 197Ross

1986; Silvertown 2004 Gilbert et al. 2008)lf a specieslecreases the range of resource used,
thereby specializing on a narrower range of resources, thid ceduce competition with

other speciesArmstrong and McGehee 1980). For examMagcArthur (1958)proposedhat
different species oWood warblerscoexistby partitioning habitat space within pine trees.
Eachspecies specializan usinga particular pa of the treein order to reduce competition

with other speciedn many instances, such patterns of niche partitioning may represent the

1



Aghost of competition pasto (Connel!/l 1980)
specialized resource requments. Currentlay competition does, however, drive niche
partitioning where species have overlapping demands for shared limited resources. In this
case, pecies mayuse a broader set of resources or a different seesfurce when
competitors are absenbmpared withwhen they are presentor example, the presence of
competitors dramatically reduces the niche breadth of desert rodents (Hughes et al. 1994). A
significant increase in habitat use arga. new habitat types) wasbserved for rodents
following the removal of a potential competitor. Alternatively, species may use the same
range of resources but partition access to those resources in space or time. Species may use
the same set resources, but differ in terms of when they exploit these ess@Anmmstrong

and McGehee 1980; Chesson 1985; Albrecht and Gotelli 2001), or they may exploit the same
resources, but in different locations (May and Hassell 1981; Chesson 2000; Lyson et al.
2011).

Competitive hierarchiesrecommonin nichebased competidn anddirectly influencewhich
species have accese which resources (Connell 1983; Bonin et al. 20IBy)minant
competitors are expected to have preferential accesgpriferred resources; whereas
subordinatecompetitors will be forced to use inferi@sourcesPrevious studies have shown

that inferior competitors either shift to resources that are normally not used by the dominant
species (e.g. niche displacement) (Brown 1988; Svanback and Bolnick @odéremay be

a competitionperformance tragoff, such that subordinate competitors outperform
dominants when using alternative resources (Bigimg) Dobbertin 1995Caley and Munday
2003. Reduced access feferredresourcesfor subordinate competitors could reduce their
performance and ultimdte fitness (Tanner 1997; Cusumano et al. 201%)espite
considerable research is uncertainhow subordinate competitors persistinstancesvhere

they do not attain better fithess on alternative habitats and additional stabilizing mechanisms
(e.g. neutal model assumptions) could be the explanation.

In 1978, Peter Sale presented an alternative to the-partiioning paradigm of competitive
coexistence, called the lottery hypothesis. Toiery hypothesisargues that competing
species with identidaresource requirements can coexist through chance colonization of
vacant spaceThis theory assumes that space is a limiting resource, that vacant space is
recolonised by the firsavailable recruit (analogous to a winning lottery ticket) and that
specieshave similar competitive abilitiedn a competitive lotteryrecruitment to vacant

2



habitat operates on a firsomefirst-served basis and there is no subsequent displacement.
The lottery hypothesis was further developed tolottery modelby showing hat spatial or
temporal variation in the relative abundance of recruits is necessary to prevent one species
gaining a numerical advantage that could lead to competitive exclusion of other species
through time (Chesson and Warner 198\ lottery for spaces potentially ineffective at
producing longterm coexistence between species without additional stabilizing mechanisms,
such as spatiotemporal environmental variation that alternatively favours recruitment rates for
the different species (Chesson and Veart981).

The lottery hypothesis was first developed using reef fishes as a model, however
experimental test of the hypothesis have found little evidence for competitive lotteries in reef
fish communities Robertson 1995)Nevertheless, competitive lottesi do appear to operate

in some plant (Henri et al. 1997), parasite (Janovy et al. 1992) and marine benthic
invertebratecommunities(Shinen and Navarrete 2014), and at least one study has recently
found support for lotterpased competition in reef fish@glunday 2004) Although there is
ample empirical evidence for competitive coexistence by niche partitioning in plant and
animal communities, the conditions that favour competitive coexistence by the lottery

mechanism remain unresolved (Amarasekare 2003).

Subsequent extensions and derivations of the lottery model, such as compeldionation
tradeoffs (Levins and Culver 1971; Horn and MacArthur 1972) and spatial patch dynamic
models (Wu and Levinl994) offer additional mechanisms that promote coexisé of
competing species-or example, the competitiezolonization tradeff model proposeghat
species that are better competitors are inferior colonizers and vice versa (Levins and Culver
1971; Horn and MacArthur 1972nferior competitors are bettat colonizing vacant space,

but superior competitor cagenerallydisplace the subordinatés time (Amarasekare et al.
2004). Competitioncolonization tradeff models have been used to explain species
coexistenceof virus (Ojosnegros et al. 2013)arastes (Nowak and May 1994) arglants
(Calcagno et al. 2006} owever, the importance of competitionlonization tradeoffs
explaining species coexistence has also been questioned (Yu and Wilson 2001; Amarasekare
et al. 2004).Yu and Wilson (2001 applied at the individual patch level, the classic
competitioncolonization modks of species coexistence assuntingt propagules of superior

competitors can displace adults of inferior competitors (displacement competittvmgver,



they found thatradeoffs between different stages of colonization could be far more common

in nature than a tradaff between competitive ability and colonization ability.

The development of the unified neutral theory of biodiversity and biogeogdphified
Theory"or "UNTB") has intensified theinterest and debate about the mechanisms of
competition in natural communities. Neutral models (Hubbell 2001) suggest that ecological
differences between species are irrelevant to the maintenance of biodiversity. Instead, chance
variatiors in demographic (births, deaths and immigration) and evolutionary rates (speciation
and extinction) are responsible for the generation and maintenance of biological diversity
(Bell 2000; Hubbell 2001). Recruitment into the population in the neutral nedelverned

by a simple lottery for space, species have equal competitive ability, and any differences in
resource use are unrelated to competitive effects. In other words, there is no niche
partitioning due to competition and no competitive hierarclidespite controversy over the
neutral model (Whitfield 2002; Mikkelson 2005) and some studies refuting its assumptions
(Adler 2004; Dornelas et al. 2006; Ricklefs and Renner 2012), a lively debate about niche

versus neutral mode#dill persists in ecologyGravel et al. 2011; Connolly et al. 2014).

1.2. Competition and resource availability

Competitive interactions arise from the shared use of limited resources and resource
availability is one of the main factors determining the dynamics of populatioisofvénd

Tilman 1993; Dyer and Rice 1999; Schoolmaster Jr et al. 2014). Consequently, fluctuations
in resource availability can influence the intensity of competition (Wilson and iltA83;

Briones et al. 1998; Dehg and VasseuR013). When resourceseaabundant, individuals

have greater access to preferred resources and thus competitive effects may be negligible.
Conversely, when resources become scarce, competition for these resources may be intense,
affecting fundamental demographic traits, such gaswth, survival and reproduction
(Robertson 1996; Dyer and Rice 1999; Pollitt et al. 20E®). example Robertson et al.

(2015) demonstrated that a reduction in the availability of feeding habitats proportionally
increased competition for food in Europedadger, a mustelid mammal that lives in
territorial social groups, but forages alone. Additionally, in environments where resource
fluctuaions are frequent and severdjigh responsiveness for suddenly released resources is

expected and species coegiste can be favouredby repeated fluctuation in resources
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availability (Wright 2002; Pekkonen et al. 2013). Therefore, spatiotemporal fluctuations in

resource availability can influence the intensity of competition as well as species coexistence.

How resairce availability influence the outcome of competitive interactions should also
depend on the mechanisms of competition in actlona competitive hierarchyniche
partitioning), changes in resource availability could affect patterns of resource use and
relative fitness among species because superior competitors should gain greater access to
preferred resources when they are scarce, whereas subordinate competitors are forced to use
inferior resources.However, in lottery competition, changes in resowacailability should

not actually alter patterns of resource use. Change in resource availability maglagtdate
abundancgebut not the relative performance of different species, because each species will
still have an equivalent chance to use remginiasources. Hence, the mechanisms of
competitive coexistence are critical to understand the consequences of interactions between
the intensity of competition and resource availabilByrprisingly, no studyto datehas
explored the relationship betweerechanisms of competitive coexistence and how species

will respond to fluctuations in resource availability.

Cryptic densitydependence (Shima and Osenb20@3)is arotherimportant concept that
deals with the correlation of resource availability/quaktyecies abundance and competitive
outcomesThis hypothesis argues thiétsites differ spatially and temporally in qualitg.g.

supply of a limited resource) then species abundance will become positively correlated with
resource availabilityThe cryptc densitydependence phenomenon has been desciibed
site-attached reef fishes (OverholtadcLeod 2004; Schmitt and Holbrook 2007), crabs
(Donahue 2006) and aphids (Helms and Hunter 2005). Heterogeneity in site quality can affect
species recruitment, csing species abundance to become positively correlated with resource
availability. The connection between the strength of density dependence and resources
availability canthen givethe false idea that all sites have the same capability of support
similar populations. Because survival is density dependent, habitat quoalitynask the
effects of competitionmaking it more difficult to detecShima and Osenbe03.

1.3. Competition in reef fish communities



Coral reefs are one of the most importard asobgically diverse ecosystems omrh and

are home of astonisiy and almost unmatched diversity of species (Rééakdla 1997). The
occurrence of compéion and its role in structuringommunities has been a particularly
controversial topic in reefgh ecology (Jones 1991, Forrester 2015; Bonin &tdl5. Early
researchers assumed that competition for space was ubiquitous in reef fish communities, but
differed in their opiniorover whethecompetitive hierarchieled to changes in resource use

by nichepartitioning (Smith and Tyler 1972, 1975; Robertson and Lassig 1980) or whether
reef fish were competitive equivalents, successfully exploiting the same limited resources by
the lottery mechanismS@le 1977, 19978By t he 19806s cfavoupastam t i on
ecological process explaining the diversity and dynamics of reef fish commuBpese and

food were no longer consideraa belimiting factors in the recruitment limitation hypothesis
(Doherty 1983) and predatiofTalbot et al1978) hypohesis. The recruitment limitation
hypothesis (Doherty 1983) stated that larval mortality of reef fishes is so high, and
subsequently settlement so low, that local populations of juveniles and adults never reach
abundances where they compete for space twer aesources. Alternatively, the predation
hypothesis asserts that predation on new recruits, juveniles, and adults results in such low
population sizes that resource limitation and competitioressentiallyprecluded. However,

more recent laboratory drield experiments have since demonstrated that space is a limiting
factor for at least some reef fishes (Clarke 1992; Munday et al. 2001; Holbrook and Schmitt
2002; Munday 2004; Forrester et al. 2006; Bonin 2009) and that competition for space can
affect demographic traits such as growth and survival (Shulman 1R88ertson1996;
Munday 2001). While the majority of studies suggest the presence of competitive hierarchies
and niche partitioning among competing species (Robertson and Gaines 1986; Clarke 198
Munday et al. 2001; Geange et al. 2013), there is also evidence for competitive lotteries in
some reef fish taxa (Munday 2004; Pereira e2@15).

Competition appears to be especially prevalent in small -devalling fishes Robertson
1996; Munday etal. 2001; Almany 2004; Coker et al. 2009; Forrester 2015), presumably
because shelter space in coral coloniesvdad butlimited, resource. Some highly diverse

fish families, such as Pomacentridae, Gobiidae and Apogonidae rely extensilrety aomal
habitatduring most of their life (Jones and Syms 1998; Pratchett et al. 2008; Coker et al.
2014). The complex architecture of coral colonies created by their branching structure

constitutes the living space for these species (Coker et al. 2014) starcg@Acroporacoral



colonies provide refuge from predators, nesting sites and also food resources for many fishes.
The complex branching structure of these corals can influence survival rates and fithess
associated traits such as growth and reprodustieceess (Thompson et al. 2007, Schiemer et

al. 2009;Noonan et al. 2012). Therefore, cedaelling fishesare expected to select coral
types that benefit individual fithess and may compete for access to these habitats (Munday et
al. 2001; Holbrook and &mitt 2002).

However, competitive hierarchies are also evident on-chwalling fishes, such that superior
competitors gain greater access to preferred habitats and inferior competitors are forced to
use suboptimal habitat, regardless of their naturelepence. For example, following the
removal of the superior competit@tégastes planifrojsn a damselfish assemblagelultS.

partitus, which are less aggressive and half the siz8. gflanifrons doubled in number and
expanded their range into acrohabitat previously used almost exclusivelySyplanifrons
(Robertson 1996)A third speciesS. variabilis which is less aggressive and 20% smaller
than S. planifrons also increased in abundance following the removéd.gblanifrons By
contrast, emoval ofS. planifronshad no effect on the abundances and patterns of resource
use ofS. diencaeuandS. leucostictupecause these two species use different microhabitats

to S. planifronsand thus do not compete direc{iRobertson 1996)Additionally, Geange et

al. (2013) recently demonstrateonepetitive networkemong threelosely related speciesd

wrasse. Rsource monopolization and patterns of distribution and abundance among species
in competitivenetwvorks (at least 1 species of lower rank @ompees O1 speci es of
rank) differed from those in competitive hierarchieall(species of higher rank cabmpete

all species of lower raniduring a fieldbased experiment (Geange et al. 2013).

Competitive hierarchiesind competitive displacement aldmave consequencéor fithess
associated traitg reef fishes €.g9. growth and reproductionfor example, Clarke (1992)
demonstrated that competition between the spinyhead bl&wanthemblemaria spinosa

and the roughhead blenr§canthemblemaria asperanfluenced both growth and fecundity

The dominant spinyhead blenny tend to exclude the inferior competitor, roughhead blenny,
for superiorhabitats and a manipulative experiment conducted shawggphificant reduction

in spawning frequency for the infer competitor as a result of inhabiting lower quality
microhabitas (Clarke1992) In addition Forrester et al. (2006) manipulated the densities of
two sand gobiesaind suggestedompetitive @ects on growth due timcreased metabolic

costsduring foragng at sites withhigh density



There has been a surge of interest in competition in reef fish communities in recent years and
two newreviewson competition among coral reef fishes have recdrggn publishe{Bonin

et at.2015;Forrester 2016 Bonin etat. 2015 demonstrated therevalence and importance

of competition among coral reef fishes compiling and synthesizing the results of 173
experimental tests of competition from 72 publicatiombe authors arguinat evidences for
competition are pervage both within and between species, with 72% of intraspecific tests
and 56% of interspecific tests demonstrating a demographically significant consequence of
competition (e.g. a decrease in recruitment, survival, growth or fecundity). An important
concluson from Bonin et at. Z015) is that it isilne to move beyond the debates of the past
aboutwhethercompetition occurs and embrace the pluralistic notion that competition is one
of the many factors that shape reef fish communit@srester (2015) alsoighlights the
relevance of competition and discuss how the effects of competition are influenced by body
size, priority effects, predator and prey behaviour, reef shape and guaalitwell as
spatiotemporal resource availability. An important ndimension outlined by Forrester
(2015) is how reef fish competitive interactions will be affected by the ongoing degradation
of the coral reefs, which is altering resource availability. Forrester (2015) argues that a
result of competition for gradually diministy supply of resources, it is likely that some reef

fish species experiencising levels ofdensitydependent mortality.

To date, most studiesn habitat use of coralwelling fishes has been focused on habitat
features such as coral colony size, cogdlltih and physical structure (Friedlander and Parrish
1998; Feary et al., 2007; Noonan et al. 2012; Holbrook et al. 2015). However, other resources
(i.e. surrounding habitatpround coral colonies could also influence fish preference,
performance and compigon. For example, Wen et al. (2013) observed that the recruits of
three predator reef fisheRléctropomus maculatus, Lutjanus carponotauas Epinephelus
guoyanuy were found mostly associated witkcropora coral colonies located over sand
substratum Similarly, the abundance of the comvelling damselfishDascyllus aruanus

was directly correlated with the presence of the preferred hahitztlopora damicornis
located on a sandy substratum (Chase et al. 2014). Consequently, there is some tvidence
suggest that the benthic composition around preferred coral colonies could directly influence
the habitat preference of comelling fishes, and this may influence competitive

interactions; however, this has never been tested.



1.4. Coral gobies asnodels for ecological investigations

Gobies in the genusobiodonare obligate coradlwelling fishes that live among the branches

of Acroporacoral coloniesusing them forshelter, breeding sites and foddunday et al.
1999; 2004; Brooker et al. 201(ome goby species are highly specialized, inhabiting just
one or two species @dfcroporg whereas other species are more generalist and use a variety
of Acropora species (Munday et al. 1997, Dirnwoeber and Herler 2007g close
relationshipof Gobiodonwith their Acropora coral hosts makes them excellent models to
investigate ecological and evolutionary patterns within reef fish communities. In addition,
coratdwelling gobies are some of the best reef fish models for ecological field experiments,

due to teir short pelagic larvae duration, restricted movement and easiness of collection and

tagging.

Coraldwelling gobies compete for habitat space and some species have similar preferences
and therefore compete for access to preferred coral coldmieslay ¢ al. (2001) found that

the presence of a superior competitor influenced habitat use of subordinate species of coral
dwelling gobies. Following the removal of a superior competohistrio, the subordinate
competitor,G. brochusincreased its use ofdlpreferred coral. nasutawhere it has faster
growth, increased survival, and reaches a larger maximum size and thus has higher fecundity
(Munday 2001; Herler et al. 2011¢ompetition also controls spatial distribution and social
organisation ofsobiodn histrig an obligate coradlwelling goby that inhabits the branching

coral Acropora nasuta Hobbs and Munday (2004) demonstrated a positive relationship
between fish size and coral size, with smsithgle G. histrio mostly occupying small corals

and lager paired fish inhabiting large corals. A manipulative experiment involving small and
large corals demonstrated that this positive relationship between fish size and habitat size was

due to sizebased competition for large coral colonies (Hobbs and Mug@a4).

Previous studies also indicate that gobies coexist by a variety of mechanisms. For instance,
some corabdwelling gobies appear to coexist by niche partitioning either among coral species
or among reef zones (Munday et al. 2001). Species alser difftheir competitive ability,
resulting in a competitive hierarchy that influences patterns of habitat use and access to
preferred coral habitat (Mundagt al. 2001). In contrast, other coddlelling gobies appear

to coexist though a lottery for spaddunday (2004) suggested that two ecological similar

species G. histrio and G. erythorspiluy have similar patterns of habitat use and identical



ability to compete for vacant corals, and thus may coexist by a lottery for space at settlement.
However, notall assumptions of lottery competition have been confirmed and it is not known
if patterns of habitat use established atlessment persist into adulthood or if there are any

ontogenetic changes in the relative competitive strength of the two species.

Another unique characteristic of cowelling gobies is thathey possess toxic skin
secretions that can act as a chemical defense from predatbegbéert et al. 2003; Gratzer et

al. 2013. However,the origin of these toxins is not clear as well as thergxf variation

among different goby species and habitat typesecent study by Dixson and Hay (2012)
suggests that the gobies may sequester these toxins from algae that grow nearby their host
coral colony. If skin toxins reduce the risk of predatidrent gobies may also select coral
colonies in locations that are likely to offer the best opportunities to feed outside of the coral
colony and graze on benthic substratum that enhance their chemical defense. stetlies

to date have testefithe bentlic composition around preferred coral colonies could influence

the habitat use and also toxicity of these gobies.

1.5. Aims and thesis outline

The overall aim of this study is to investigate the mechanisms of competition, habitat
selection and resourceelin two ecological similar cordwelling gobies Gobiodon histrio
andGobiodon erythrospilys AlthoughG. histrioandG. erythrospilushave previously been
considered the same species (Munday et al. 1999) they can be distinguished by differences in
color pattern and the presence or absence of minute cycloid scales on the side of the body
(Suzuki et al. 1995Molecularanal ysi s has conyrmed t hat t he
(Munday et al. 2004Ducheneet al. 2013 G. histrioand G. erythrospiluscanbe found in
neighbouring coral colonies, but rarely occupy the same coral colony, and have not been
observed to form a breeding pape¢sonal observation The thesis focuses on the two
species because they provide a unique opportunity to investigafeetttom on coral reef

fishes. These two speciese ecologically similar sister specid3ucheneet al. 2013) that
overlap broadly in their geographical distribution. At Lizard Island on the @BfRoccur in

similar abundances and have broadly simildatgpas of habitat use; bopecies are known

to inhabit the same species of coral fasuta and occupy the same reef habif@tsinday et
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al. 1997; 2001). Therefore;. histrio and G. erythrospiluscompete for preferred coral

habitat,A. nasuta

The chagers in this thesis address four fundamental questions: 1) the mechanisms of
competitive coexistence between the two species, 2) the role of resource availability in
shaping the outcome of competitive interactions, 3) the fitasssciated traits of coral
colonies that drive habitat preferences and competitive interactions, and 4) the influence of
benthic substratum around preferred coral colonieg @anb ipatterdsof habitat use and

toxicity. Each chapter is written as a staaldne publication.

Chapter 2 tested the hypothesis thiie mechanism of competition on ecologically similar
goby species changes with ontogeny, with a lottery for space operating at settlement and
niche partitioning occurring in adultRecent theory suggests that a mix of lotteng niche
processes can facilitate coexistence between competing species, but this has not been
empirically tested.Field and laboratory experiments with two ecologically similar fish
species G. histrio and G. erythrospiluson different life phases, weresed to test this

hypothesis.

Resource limitation underpins competition theory; consequently, changes to resource
availability are predicted to influence the outcome of competitive interactions in natural
communities. InChapter 3, | explore how variatio in the relative abundance Af nasuta

coral colonies influences the outcome of competitive interactions bet&ebistrio and G.
erythrospilusin a system where the mechanisms of competitive coexistence changes through
ontogenyG. histrioandG. erythrospilusprovided a unique opportunity to test how resource
availability influences the outcome of competition for habitat space under different

mechanisms of competitive coexistence.

G. histrioandG. erythrospilugreferA. nasutacoral colonies duringaboratory experiments
and it has also been shown that both goby spexegete forA. nasutacoral colonies;
whereasA. spathulatais used as an alternative habitat. However, it is not yet understood
which coral attributes drive this specific preferefmeA. nasutaand coral complexity and
size could be determinant facto@hapter 4 examine how coral identity, coral colonies size

ard branching structure influentabitat use and fitness of coral reef fishes.
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The distribution and abundance of habifadalists is often associated with the availability

of preferred habitat; however, additional environmental features can also influence their
spatial distribution. Coradlwelling fishes depend on the availability of a few species of coral
for their survial, but whether the location of preferred coral habitats influences habitat
selection is unknown. I€hapter 5 | investigate the influence of benthic substratum around
preferred coral habitat on patterns of habitat use and toxicity level§&afifiodon

erythrospilusandGobiodon histrio
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Chapter 2: Competitive mechanisms change with ontogeny in coral

dwelling gobies

This chapter was published in Ecologythors: PHC Pereira, PL Munday and GF Jones.

2.1 Summary

Recent theory suggests thatmax of lottery and niche processes can facilitate coexistence
between competing species, but this has not been empirically tested. Previous research
indicates that a competitive lottery for space promotes coexistence betveeecologically

similar fish species Gobiodon histrioand Gobiodon erythrospilusHowever, not all the
assumptions of lottery competition have been tested and patterns of habitat use by adults
suggest niche partitioning. Here, we investigated the hypothesis that the mechanism of
compeition changes with ontogeny, with a lottery for space operating at settlement and niche
partitioning occurring in adults. Patterns of resource use in the field were compared for
juveniles and adults of the two species. Pelagic larval duration (PLD) zmdtsiettlement

was also estimated to determine if size differences at settlement could affect the outcome of
competitive interactions among juveniles. Habitat preference anebasszl competitive
ability were then tested for juveniles and adults in tatmyy experimentsFinally, a
transplant experiment was performed to test the fitaeseciated consequences of niche
partitioning among adults and its implications for coexistence of the two spéciasstrio

had a similar PLY20.7 + 2.0 days) t&. erythrospilus(18.5 + 1.9 days), and there was no
difference in sizeatsettlement between the species. Juveniles of the two species had similar
patterns of habitat use and similar competitive abilities, supportinptteey mechanism at
settlementHowever, adults differ in their habitat use, supporting the prediction that resource
partitioning increases with ontogeny. In laboratory experiments, adults of each species
preferred colonies oAcropora nasutahoweverG. histrio was a superior competitor and
preventedG. erythrospilusfor usingA. nasutain more than 70% of the trials. In the field
transplant experimenG. erythrospilus(inferior competitor) suffered less of a fitness loss
when occupying the nepreferred coral A. spathulath compared withG. histrio, which

could explain its ability to persist when displaced by the superior competitor. These results

suggest that the competitive mechanism operating between th@dliodonspecies shifts
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from a lottery for space to nichmartitioning throughontogeny and that these two

mechanisms of competitive coexistence are not mutually exclusive.

2.2 Introduction

Competition is a fundamental ecological process, influencing population size, biomass,
species richness and community structure (Elton 1946toDaiQ71; Levin 1974; Connell

1983; Tilman 1994). The traditional view of interspecific competition was that one species
would dominate, leading either to resource partitioning between the species, or the
elimination of the weaker competitor from the habiColwell and Fuentes 1975)Vhile a
number of theoretical studies have advanced alternative ideas to account for the coexistence
of ecologically similar species in animal communiti8ale 1977; Abrams 198¥yarner and
Chesson 1985Chesson 2000Hubbel 2001), these hypotheses have not always been
adequately testedYu and Wilson 2001; Salomon et al. 2010n fact, a limitation to
understanding the role of competition in structuring ecological communities is that theoretical
explanations for competiter coexistence have generally advanced more rapidly than
empirical investigations and more field observations and experiments are necessary to test
predictions of existing hypotheses (Amarasekare 2003; Siepielski and McPeek 2010; Hixon
2011; Shinen and Naxate 2010).

Traditional nichebased models of competition propose that competing species coexist
through resource partitioning (Colwell and Fuentes 1975; Diamond 1978). These models
predict that species are able to coexist in complex environments byopartj resources,

such as foodHyndes et al. 1997; Pimentel and Joyeux 2010; Pereira et al 20d Shelter
(Ross 1986; Schmitt and Holbrook 1998 a speciedecreases the range of resource used,
thereby specializing on a narrower range of resoutbés could result in reduced levels of
competition with other speciedrmstrong and McGehee 1980). Consequently, coexistence
in a spatially heterogeneous environment is possible by species specialization on different
resources (Colwell and Fuentes 19728narasekare 2003). However, competitive abilities
may also differ among species, with superior competitors gaining access to preferred
resources, whereasferior competitors are forced to use less favorable reso(kaslin

1960; Violle et al. 2011). Asa result, there can be fitneassociated consequences of

resource partitioning that favour selection over evolutionary timescales for the ability of
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inferior competitors to maintain their performance across a range of resources (Lynch and
Gabriel 1987; Btuyma and Moreno 1988).

Sale (1977, 1978) proposed an alternative idea,dttery hypothesiswhich argues that
competing species with identical resource requirements can coexist through chance
colonization of vacant spacéhe lottery hypothesis assumthat space is a limiting resource,

that vacant space is recolonised by the-fikstilable recruit (analogous to a winning lottery
ticket) and that species have similar competitive abilities. The lottery hypothesis was further
developed to théottery malel by showing that spatial or temporal variation in the relative
abundance of recruits is necessary to prevent one species gaining a numerical advantage that
could lead to competitive exclusion of other species through time (Chesson and Warner
1981). A lIdtery for space is potentially ineffective at producing lbegn coexistence
between species without additional stabilizing mechanisms, such as environmental variation
that alternatively favours recruitment rates in the different species (Chesson aner Warn
1981). Although there is ample empirical evidence for competitive coexistence by niche
partitioning in plant and animal communities, there is much less evidence for competitive
coexistence by the lottery mechanisRobertson 1995Amarasekare 2003). €hefore, he
conditions under which these two competitive mechanisms are likely to be favoured have not
been resolved for either aquatic (Munday 208dtomonet al. 2010; Shinen and Navarrete
2014) or terrestrial systemdbbell 2001; Lin et al. 2009; HKauzhny et al. 2014

Interest and debate about lottery models intensified with the development of the neutral
model (Hubbell 2001), which proposed that differences between species in ecological
communities are irrelevant to the maintenance of biodiversitg core assumption of the
neutral model is that chance variations in demographic (births, deaths and immigration) and
evolutionary rates (speciation and extinction) are responsible for the generation and
maintenance of biological diversity (Bell 2000;ulbbell 2001). Recruitment into the
population in the neutral model is governed by a simple lottery for space. Competition
models have subsequently been classified into those based atalfilizing mechanisms
(known asniche theory, such azompetitivehierarchies and resource partitioning, which are
the most widely accepted mechanisms of species coexistence, afitthg®y equivalence
(known asneutral theory, where stabilizing mechanisms are absent, species have equivalent
fitness, and coexist thronglemographic stochasticity (Adler et al. 2007; Bode et al. 2012).

Neutral models challenge the niche paradigm by proposing that similarities, not differences,

15



explain the high diversity of natural communities. Despite controversy over the neutral model
(Whitfield 2002; Mikkelson 2005) and some studies refuting its assumptions (Adler 2004;
Dornelas et al. 2006; Ricklefs and Renner 2012), a lively debate about niche versus neutral
models persists in ecology (Gravel et al. 2011; Connolly et al. 2014).

Theay and experimental tests of competition typically assume that just one competitive
mechanism operates between speciésiviell and Fuentes 197%Amarasekare 2003).
However, niche and neutral theory are not mutually exclusive, and both niche and neutral
processes could potentially influence the coexistence of competing species (Gravel et al.
2006; Silvertown et al.,, 2006; Adler et al.,, 2007). Chesson (2000) proposed that the
magnitude of nichdased differences required to stabilize kbegn coexistence gends on

how similar species are in average fitness. If species have similar average fitness they require
only small niche differences to coexist. Neutral mechanisms are the special case where
species have equivalent fithess and there are no stabilidoigebased processes. Recent
theory suggests that niche and neutral theories are the extremes of a continuum and that
aspects of both could operate in many communities (Gravel et al. 2006). In this context, niche
and lottery processes could operate sinmaltaisly to promote coexistence, or their relative
importance could change through time, with similar fithess and a lottery operating in one life
stage and differential fitness and nigbertitioning operating in another life stage. Ecological

and life hisbry changes through ontogeny could affect both fithess consequences of resource
use patterns and the potential competitive mechanisms involved. Ontogenetic shifts in habitat
(Dahlgren and Eggleston 2000) and food preference (Schmitt and Holbrook 1984 &wte
Ferreira 2013) could potentially alter the degree of resource overlap between species and
their competitive abilities. It is well known that the strength of competitive effects can be
stagedependent (Werner 1994; Callaway and Walker 1997; Conrolty Muko 2003).
However, to our knowledge, no study has empirically demonstrated ontogenetic changes in

the competitive mechanisms operating in animal communities.

The coralassociated gobies from the ger@sbiodonare some of the most specialized fishes

on coral reefs. These fishes associate almost exclusively with corals from the genus
Acroporg from which they derive multiple resources including shelter, food and breeding
sites (Munday et al. 199 obbs and Munday 2004Brooker et al 2010). The close
relationship of the gobies withcroporacoral hosts makes them an excellent model group to

analyze competitive interactions within reef fish communitiskinday et al. (2001)
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demonstrated that some cedalelling gobies compete for spackcfopora coral colonies)

and that species coexist by a variety of mechanisms. Most species coexist by niche
partitioning, at one or more spatial scales, and interspecific differences in competitive ability
result in a competitive hierarchy among species. However, itaappbat some coral
dwelling gobies may coexist by the lottery mechanism. Munday (2004) found that two
ecologically similar specie<3( histrioandG. erythrospiluy have similar patterns of habitat

use and that juveniles have similar sibgsed ability tacompete for vacant corals. Removal

of one species from coral colonies, resulting in vacant space, caused enhanced recruitment of
the other species, demonstrating that habitat space is limited. However, not all the
assumptions of the lottery hypotheses evtasted. For example, it is not known if the two
species recruit to coral habitat at the same size, which could influence their competitive
ability. Similarly, it is not known if habitat preferences and competitive abilities remain the
same or change thugh ontogeny. Coexistence of these goby species could involve a mix of

both lottery and niche processes if competitive abilities change with ontogeny.

In this study we tested, for the first time, the hypothesis that the competitive process changes
from a bttery for space at settlement to niche partitioning in adults. There were four
components to evaluating this hypothesis. Firstly, newly settled juveniles were collected to
estimate the pelagic larval duration (PLD) and sitzsettlement for each specidiom

otoliths (ear bones). This was to determine if differences in size at settlement could affect the
outcome of competitive interactions among juveniles. Secondly, we compared patterns of
resource use by the two species to examine potential resoulitieuag by either juveniles

or adults. To do this we compared the primary biotic and abiotic factors, such as coral species
inhabited, size of the coral colonies inhabited, and reef location, that have been found to be
important to resource partitioning gobies in previous studieM(nday 2000Mundayet al.

2001; Hobbs and Munday 2004). Thirdly, habitat preference andbassrl competitive
abilities were tested for juveniles and adults of both species in laboratory experiments to
determine if there wasompetitive equivalence or a competitive hierarchy. Finally, a
transplant experiment tested if individual performance in preferred angraterred habitat
differed between the two species, which could provide an explanation for the coexistence of
the two species if a competitive hierarchy developed with ontogenyhygethesized that
coexistence could be achieved if the relative fithess (i.e. growth rate) of the inferior
competitor in the nopreferred habitat is greater than that of the superior cotopetithat

habitat.
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2.3 Methods

Study location and species

Field surveys and laboratory experiments were conducted in May and September 2012 at
Lizard Island in the northern section of the Great Barrier Reef (GBR), Australia (14° 38'S
145° 26'E).Gobiodon histrio and Gobiodon erythrospilusare ecologically similar sister
species Ducheneet al. 2013) that overlap broadly in their geographical distribution. At
Lizard Island on the GBRhey occur in similar abundances and have broadly similar patterns
of habitat use (Munday 2004%. histrioandG. erythrospiluscan be found in neighbouring

coral colonies, but rarely occupy the same coral colony

Pelagic larval duration and size at settlement

Munday (2004) showed that juveniB histrioandG. erythiospilushave similar competitive
strength when size matched. However, it is unknown if these species actually settle at the
same size. Differences in PLD could enable one species to grow larger than the other, leading
to a competitive hierarchy at settlemedespite similar sizbased competitive ability. To
estimate size at settlement, sagittal otoliths were removed from 25 juveniles of each species
collected from the most commonly inhabited corafgsropora nasutaand Acropora
spathulataat Lizard Island.Otoliths were processed using standard methods as described by
Epperly et al. (1991) and Secor (1992).

PLD was determined by counting daily growth increments of processed otoliths from the first
fine-lined, dark increment to the settlement check marle Jéttlement mark was identified

by the increment transitions, represented by a zone where the increments are indistinct from
one another (Victor 1986; Wilson and McCormick 1999). Otolith radius was measured from
the nucleus to the settlement mark and ftbennucleus to the otolith edge, along a consistent

axis.

Individual fish sizes (standard lengttSL) at settlement were then bac&lculated using the
biological intercept procedure (Campana & Jones 1992), given byLL + (0,17 Oc) (Lc 1

Lo) (O. 7 Op) %, where L, is the estimated fish length at age a,id fish length (standard
length) at capture, Qs otoliths radius at capturep land Q are the fish length at hatching

and otolith size at hatching, respectively. The biological intercepts afd-Q, were fixed at
18



3.0 mm fish | ength and Oper2 O0by.MmRmcripi waslusedto r adi
perform back calculation. Atest wasused to compare mean PLD and size at settlement

between the two species.

Habitat use and partitioning

Cord-dwelling gobies can partition habitat either among the coral species they inhabit, or
among reefs with different exposure to prevailing wind (Munday 2PR@idayet al. 2001)
Therefore, different species may inhabit different coral species on the saimerrthey may
inhabit the same coral species, but on different reef typesekposed versus sheltered
locations). Pattern of habitat use of juveniles and adults was examined in three reef zones,
based on their exposure to the prevailing south egdtade winds; (1) sheltered lagoon, (2)
leeward side of island, and (3) windward side of island. Three replicate sites were selected
within each zone (Figur2.1l). At each site we recorded habitat use of 50 randomly selected
individuals ofG. histrioand50 individuals ofG. erythrospilusTo do this, a diver conducted

a haphazard swim in the depth range where suitatieporacorals are most abundant (O
10m). All sightedAcroporacoral colonies were inspected and the coral species identity and
coral colay size was recorded for each coral colony containing one or more individ@al of
histrio or G. erythrospilus Gobies were recorded by life phase (juveniles and adults) using
criteria stipulated by Munday et al. (199A&croporacoral colonies were ideffited to species

level according to Wallace (1999) and Veron (2000). Any colonies with doubtful
identification were photographed for further identification. Colony size was recorded as the
distance across its widest axis, using a tape measure. Coral solesie subsequently

categorized asmall (0- 20 cm), medium (2040 cm) or large (4060 cm).

A chi-square test of independence was used to contipareequency with whicl&. histrio

and G. erythrospilusused different coral species. Juveniles and taddre analysed
separately.Univariate regression trees (URT) using Tree Plus were then used to explore
potential resource partitioning among the habitat variables measured for tii@obiaon
speciesAcroporaspecies inhabited, colony size, prevailingpavexposure and location were

the explanatory variables. URT is well suited for describing patterns in complex ecological
datasets because they separate the variables in a series of binary splits and continuous and

categorical variables can be comparethensame analyses (Death and Fabricius 2000).
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Figure 2.1 - Map of study area (Lizard Island Northeast Australia) showing the sites

surveyed for gobies

Habitat preference (laboratory experiments)

Preliminary observations confirmed thatropora nasta and A. spathulatawere the two
most commonly used coral species®yhistrio and G. erythrospilusn the field (see also
Munday 2004) To determine the preference for these two coral species in the absence of
competition, juveniles and adults of eagleaes oiGobiodonwere given the choice between
two coral colonies, oné. nasutaand oneA. spathulataThe protocol used was identical to
that used by Munday (2004) for juveniles. Small colonie$ Z05cm diameter) of these two
coral species were cardfuremoved from the reef, transported alive to the laboratory, and
cleared of all infauna (gobies, crabs, and shrimps). One colony of each coral species
(approximately equal size) was placed at opposite ends of a glass aquarium (50 x 30 x 30
cm). The podgion of each coral species on either the left or right side of each aquarium was
changed regularly during the experiment and coral colonies were replaced if their condition
visibly deteriorated. Gobies were collected from the field by lightly anesthetizerg with
clove oil (Munday and Wilson 1997). A single individual @f histrio or G. erythrospilus
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(ranging from 1.5 to 3.8 cm) was released between 1800 and 1900 in the middle of glass
aguarium and their choice of coral recorded between 0600 and (¥ @dlitdwing morning.

Initial trials indicated that individual fish were unlikely to move between coral colonies after
12 h. Habitat preference was tested for 24 individuals of each species:sfueine test of

independence was used to compare the habsgétrence o6G. histrioandG. erythrospilus

Competition experiment

A laboratory experiment was used to test the relative competitive abiliti@shastrioandG.
erythrospilusfor preferred habitat. This was performed for both juveniles and adults t
determine if there was a shift in competitive ability between life stages. While Munday
(2004) has previously reported similar competitive abilities in juveniles, it was important that
we repeated this experiment with juveniles at the same time tha&isveel tadult competitive
ability. One similassized individual of each species was simultaneously placed into a glass
aguarium with a colony ofcropora nasutan the middle. The species occupying the coral
was recorded after 12 hours. The individual ocaugpythe test coral was considered the
superior competitorAcropora nasutavas the coral species used in this experiment because it
is the preferred species of coral for b@h histrio and G. erythrospilusat Lizard Island
(Munday et al. 1997, 2001). Cdreolonies used in the experiment were carefully removed
from the reef, transported to the laboratory, and cleared of all infauna (gobies, crabs, and
shrimps). To provide shelter for evicted fish, a simdaed piece of coral that had been

bleached to maove all living tissue was placed at one end of each aquarium.

In order to test whether the origin of individuals (édgroporaspecies they were collected
from) affected the competition ability of adul@, histrioandG. erythrospilusvere collected

from A. nasutaand A. spathulataand held in separate aquaria. Two different combinations
were established: (1) Both individuals frofn nasutaor (2) G. histrio individuals fromA.

nasuta and G. erythrospilusfrom A. spathulata.This second combination washosen
because adult. erythrospiluscommonly inhabitedh. spathulatan the field, and this might

affect its competitive ability again&. histrio whereass. histrioless frequently inhabiteé.
spathulata Individuals in each trial were matched fares Fish were released onto the corals
between 1800 and 1900 hours and the outcome recorded at 0700 hours the following
morning. A total of 24 trials were performed for juveniles and a total of 24 trials of each
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combination were performed for adults. Ai-dlguare test of independence was used to

compare the frequency of wins in the competition experiment for juveniles and for adults.

Growth experiment

A transplant experiment was performed to test if patterns of habitat use differentially affect
individual performance o6. erythrospilusandG. histrio. Specifically, we predicted that the
inferior competitor, G. erythrospilus should experience a relative fitness advantage
compared with the superior competit@, histrio, when occupying a nepreferred abitat

A. spathulataConsequently(. erythrospiluamay persist because it suffers less of a decline

in fitnessassociated traits compared wih histriowhen forced to use negoreferred habitat.

We compared the growth rates®f erythrospilusandG. histrio on preferredA. nasuta and
nonpreferred coral specied\( spathulat® over a threanonth period between January and
April 2014. A total of 50 individuals of both goby species were collected fkomasutaby

lightly anesthetizing them with clowal. Collected fishes were transported to the laboratory,
measured (SL to 0.1 mm) and individually marked with a small fluorestastiomer tag
injected into the dorsal musculature (Munday 2001). Tagged fishes were held for 24 hours in
aguaria to ensureecovery. Fishes were then transported to the reef and released on
approximately equal sized coral colonies of eitAenasutaor A. spathulata A total of 25
individuals of each goby species were transplanted to each of the two coral species. Coral
colonies were tagged for subsequent identification and any resident fishes present were
removed before a goby was released onto a coral colony. After three months, all the
remaining fishes were collected from the marked coral colonies and SL of each tagged fish

was measure in the laboratory to determine the increase in size.

A t-test was used to compare the size of the transplanted gobies at the beginning of the
experiment between the two species. Analysis of variance (ANOVA) was then used to
compare growth ofhte two goby species in the two coral species. We predicted that there
would be significant interaction between the main factors (goby species and coral species) if
the inferior competitor was better able to maintain performance (i.e. growth) in the non
preferred habitat compared with the dominant competitor.
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2.4 Results
Pelagic larval duration and size at settlement analyses

G. erythrospilushad a mean PLD of 18.5 + 1.9 days, &dhistriohad a mean PLD of 20.7
+ 2.0 day, which was not significantly téfent ¢ = 10.76, df = 1P = 0.1). Similarly, there
was ro significant differenceén size at settlement estimated for the two spetie(19, df =
1,P =0.7).G. erythrospilusvas estimated to settle at 6.66 + 0.44 mm @ndistrioat 6.98

+ 0.49 mm

Habitat use

Gobiodon histrioandG. erythrospilugnhabited a total of 1Acroporaspecies (Figure.2).
Despite this diversity, 62.9% of juveniles and 86.1% of adults occurred in just two main coral
species;Acropora nasutaand A. spathulata Juvenils of the two species exhibited nearly
identical patterns of habitat useh{-square = 3.68, df = 1® = 0.97) especially for the two
primary coral specie@igure 2A). However, adults of the two species exhibited significant
differences in habitat usehlesquare = 89.21, df = 1®,= 0.002) (Figure 2A). For adults,

G. erythrospilusvas most frequently observed in association wWitrspathulata(44.1% of
observations) wherea&. histrio was mostly associated witl\. nasuta (71.3% of

observations) (Figer22B).

Univariate regression tree analysis for adults resulted Heaf#ree explainin@5.5%of the

total variation (Figure 24&). Coral species inhabited waket most important variable,
explaining more than 80% of the explained variation in habise betwee6. histrioandG.
erythrospilus(Figure 2.8). In the first split,G. erythrospiluswas grouped withAcropora
spathulata A. gemmiferaand A. humilis whereasGobiodon histriowas associated witA.
nasuta A. cerealis, A. digitiferand A. millepora The next split in order of importance was
colony size withG. erythrospilugnore frequent otarge and medium colonies afd histrio
more frequent osmall colonies (22.5% of the variatiofgxposureexplained just 6.06% of

the variance, indidang that patterns of habitat use by the two species differed little among
reefs from different exposure regimés. erythrospilustended to be more associated with

exposed sites arfd. histrioexhibited a slight preferee for sheltered areas (Figure 2-B).
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Figure 2.2 7 Habitat use of juveniles (A) and adults (B) ®@bbiodon histrioand Gobiodon
erythrospilus Coral abbreviationA. cer = Acropora cerealisA. dig = Acroporadigitifera;
A. gem= Acropora gemmifera A. hum = Acropora humilis A. lor = Acropora loripes A.
mil = A. milleporg A. sec= Acropora secalj A. nas = A. nasuta A. Spa = Acropora

spathulata A. ten = Acropora tenuis A. val = Acropora valida.

Habitat preference

Despite the difference iAcropora use in the field, botlG. histrio and G. erythrospilus

exhibited a strong preference f&r nasutan laboratory trials, witmo significant difference
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in habitat preference between the spe¢as-square = 0.76, df = IR = 0.66).G. histrio
preferredA. nasutan 22 of 24 (91.6%ljrials andG. erythrospilusn 20 of 24 (83.3%)) trials.

A) Acropora spp. A.GEM,A.HUM,A.SPA | A.CER,A.DIG,AMIL ANAS B)

Percentage of variation explained

Acropora spp. Colony size Exposure Site

EXPOSE | LAG,PROTEC SizeLM| S . G. erythrospilus
ADIG,AHUM,ASPA| AGEM EXPOSE,LAG| PROTEC G. histrio

Size LM| S l -

G. erythrospilus mm " G histrio
(68) G. erythrospilus G, histrio (471)
G. erythrospilus - (51) 7
(225)  G. erythrospilus G. histrio
(26) )

Error: 0.65 CV Error (pick): 0.723 SE: 0.033
Missclass rates : Null = 0.498 : Model = 0.324 : CV = 0.36

Figure 2.3 - Univariate Regression Trees of habitat useGmpiodon histrioand Gobiodon
erythrospilus.(A) Seven leaf regression tree showing distributiorGobiodon histrioand
Gobiodon erythrggilus among the coral species, colony sizes, wind exposure and locations
samples. Each split in the tree indicatke number of recorded gobies in each situation
(parenthesis) length of vertical lines proportionally indicate the percentage of variation
explained. B) Bar graph showing proportion of variation explained Axyropora species

inhabited, colony size, prevailing wind exposure and location.

Competition experiments

JuvenileG. erythrospilusand G. histrio exhibited similar ability to compete fqreferred
coral habitatA. nasutq. In 24 trials, where similasized fishes were released simultaneously
onto a coral colonyG. histriowon 13 anda. erythrospilusvon 11 trials(chi-square = 1.35,

df = 1,P = 0.45) (Figure2.4A). In contrast, for adudt G. histrio proved to be the superior

competitor compared 6. erythrospiluswinning the majority of the trials regardless of the
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coral of origin(chi-square = 6.03, df = & = 0.001) (Figure2.4B). When both individuals
were fromA. nasuta, G. histdwon 16 of 24 trial§chi-square = 5.63, df = 2B = 0.002) with
3 draws. Moreover, whe@. histrio individuals were fromA. nasutaand G. erythrospilus
from A. spathulataG. histriowon 19 of 24 trial§chi-square = 10.35, df = &, = 0.005) with
3 draws. A draw occurred when both gobies occupied Ahenasutacoral colony in the

experimental arena.

A) Juveniles
100 M G. erythrospilus win G. histrio win
80 -
601 54
45

2}
— 404
©
=
et
()
L 204
e
o
(@)
L oo
_.(E G. histrio (A. nas) X G. erythrospilus (A. nas)
C
()
% B)Adults
Q_ 100 B G. erythrospilus win ' G. histrio win ' Draw

80 - 79

66

60 A

40

20 i

12 12
—
0
G. histrio (A. nas) X G. erythrospilus (A. nas) G. histrio (A. nas) X G. erythrospilus (A. spa)

Figure 24 7 Outcome of competition experiments for juveniles (A) and adults (B) of
Gobiodon histrioandGobiodon erythrospilug=or adults (B)G. histrio was collected fronA.
nasutaand G. erythrospiluswas collected from eitheA. nasuta(left-hand side) orA.
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spathulata(right-hand side). N= 24 trials for each combinatidnnas = Acropora nasuta

A.spa= Acropora spathulata

Growth experiment

The arerage size of transplanted fishes at the beginning of the experiment was 27.4 mm SL
for G. histrioand27.7 mm forG. erythrospilusand there was no difference in the size of the

transplanted gobies between the two spetie$(28, df = 38P = 0.77).

There was a significant effect of goby speciEs £ 7.25;P = 0.01), coral specied{ =
10.77; P = 0.002) and their interactiorF{ = 4.19; P = 0.047), on growth rate of fish
transplanted to colonies &f. nasutaandA. spathulata Importantly, there waa significant
interaction, with the change in growth between the two coral species higkgerhistrio
compared withG. erythrospilugFigure2.5). G. histrio suffered a 37% decline in growth on
A. spathulatacompared wittA. nasutawhereass. erythrogilus suffered only a 21% decline

in growth on the noipreferred coral.
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Figure 251 Growth rates (mm = S.E) @&. histrioandG. erythrospilugransplanted foA.
nasutaand A. spathulataafter a three months transplants experiment on Lizard Island.

Numbers above error bars represent the total number of recollected fishes.
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2.5Discussion

Our results support the conclusion that a competitive lottery bet@ebiodon histricandG.
erythrospilusoccurs at settlement. We show that both species settie aame size and that
juveniles have identical patterns of habitat use. Moreover, a laboramnpetition
experimentfound similar competitive ability between juveniles of the two fish species, as
previously suggested by Munday (2004). Consequentlyuitew@nt to preferred corals is
likely to operate on a first come, first served, basis. However, we show that this situation
changes later in life. By the adult stage, differences in habitat use have ariséa, higtrio
tending to dominate the preferredral specief\. nasuta Competition experiments clearly
show thatG. histrio is the dominant species at this life stage, indicating that differences in
habitat use among adults is likely due to competitive displacement. Our results uniquely
demonstratehat both nichgoartitioning and lottery mechanisms of competitive coexistence
could operate between ecologically similar species and that the relative importance of these

processes may change with ontogeny.

Stabilizing and neutral mechanisms of competitaoe typically viewed as diametrically
opposed alternatives. However, recent theory suggests that they are extremes on a continuum
that can simultaneously influence species coexistence in natural communities (Chesson 2000;
Gravel et al. 2006; Adler et alD@7). Using site attached reef fishes we show, for the first
time, that a lottery for living space occurs at settlement and niche partitioning take places in
the adult stage. In the past, these two alternative mechanisms were considered mutually
exclusive,and the ensuing debate has been one of the most enduring in the literature on reef
fishes through the last few decades (Smith and Tyler 1972; Sale 1977, 1978; Robertson 1995;
Forrester 2015). While theoretical and empirical studies have often assumethehat
coexistence of two competing species is explained by just one mechanism, theagrrsono

reason why this should be true. Attributes that might influence fitness differences between
species and their competitive ability, such as growth ratesesgjgeness and specialization
levels can change with ontogeny, as observed for a range of different taxa (De Roos et al.
2003, Huston and Smith 1987, Wilson et al. 20@8gliaro et al. 2007; Pereira and Ferreira
2012). Therefore, it is not surprising that the mechanisms of coexistence may change with

development in these reef fishes.
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The lottery hypothesis still remains controversial and there are few studies that fullyatested

of its assumptions. Results presented here using site attached reef fishes support an earlier
study showing a competitive lottery for space at settlement for two-dadling gobies.

Similar to Munday (2004) we found that juveniles of both spectbghited nearly identical
sizebased ability to compete for preferred habitat. The present study tested and confirmed
additional facets of the lottery hypothesis (sensu Sale 1977, 1998%. (Ajstrio and G.
erythrospilussettle at the same size, so the&eno potential for a sizbased outcome of
competitive ability, and (2) there is no niche partitioning between juveniles of the two
species. Juvenile of the two species have nearly identical patterns of resource use and inhabit
Acropora coral species irthe same proportioriThis combination of results suggests that
chance alone determines which of the two species occupies a vacant space at settlement. The
lottery hypothesis assumes that once space is colonized there is no displacement through a
competitive hierarchy (i.e., there is a strong priority effect). Priority effects are important
during settlement in reef fish assemblages (Shulman et al. 1983; Geange and Stier 2009) and
Munday (2004) showed a priority effect for juvenilesofhistrioandG. eryhrospiluswhere

the first species to occupy a vacant coral excluded an interspecific intruder of similar body
size; further supporting a competitive lottery during early life stages. Differences in
colonization ability and dispersal can also influence terce among species with similar
competitive abilities (Salomon et al. 2010). For example, if the subordinate comp@titor (
erythrospilug spawns earlier and consequently colonizes vacant habitats before the superior
competitor . histrio) a priorityeffect could be established that favours the persistenGe of
erythrospilus However, there is no evidence, either from the present study or from other
surveys and experiments over the last200years at Lizard Island that there are any
differences intie timing of spawning or settlement of these two species of goby (Hobbs and
Munday 2004; Munday 2004; Pereira, P.H.C. unpublished data). Furthermore, the two goby
species have similar pelagic larval durations, which suggest that differences in dispersal

ahlities are unlikely to be involved in competitive coexistence.

Although the laboratory experiments demonstrated that adult€s.otistrio and G.
erythrospiluspreferred the same species of cofalrfasuta they exhibited a different pattern
of resource se in the field.G. histrio usedA. nasutamore often tharmA. spathulata In
contrast,G. erythrospilusused the less preferreicropora spathulatamore often tham.
nasuta In adults,G. histrio appears to become the superior competitor, occupyinasita
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at the expense @. erythrospiluswhich is displaced onto less preferred cdralitats. The

use of alternative coral species due to limited habitat availability is commdbotmiodon

spp. (Munday et al. 1997; Dirnwdber and Herler 2007). Habitditipamg among the two

goby species could be explained either by evictionGoferythrospilusfrom A. nasuta
colonies byG. histrio once competitive strength becomes unbalanced at larger sizes, or
biased acquisition of. nasutacolonies byG. histrio amang juveniles that have settled to
small coral colonies and subsequently need to search for larger coral colonies that can support
a breeding pair (Hobbs and Munday 2004). At this stage the superior com&titosirio

may secure available coloniesAfnasuta whereass. erythrospilugs forced to use mora.
spathulata Postsettlement movement is not yet well understood for ebnadlling gobies,
despite the fact that single adults appear to move more than juveniles and breeding pairs
(Wall and Herler2009).

Given the lottery for space at settlement combined with a competitive hierarchy in adults that
favours G. histrio, the question arises; How does the inferior competEmbiodon
erythrospiluspersist? As predicted;. erythrospilussuffered less foa decline in growth by
occupying norpreferred habitatA. spathulatacompared with the dominant competit@r

histrio in that habitat. Consequentl§, erythrospilusappears better able to maintain growth
performance in the alternative habitat thas itorced to occupy in greater proportion th@an

histrio as a result of competition between the two species. Further@oerythrospiluss

still able to maintain some access to the preferred coral, presumably because body size and
priority effects preent G. histrio from evicting larger residenG. erythrospilusfrom
preferred habitat (Munday et al. 2001). Previous removal experiments of both species at
Lizard Island (Munday 2004) found that removal of adulthistrio from A. nasutahad a
greater effecon recruitment of5. erythrospilughan the other way around, which supports

the notion thatG. erythrospilusmaintains adequate reproductive capacity despite frequent
use of the less preferred coral. The differences in a fimessciated trait (growj detected
between adults of the two goby species occupying preferred angrefenred habitat is
consistent with theoretical predictionss. histrio had higher performance thaf.
erythrospiluson the preferred coral. nasuta but suffered a greateedine in performance

on the alternative habitat. These differences in performance on the two habitats can explain
both whyG. histriois the dominant competitor fét. nasutaand how the two species coexist
through niche partitioning despite the similagfierence ofs. erythrospiludor A. nasuta
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Although G. histrio suffered a larger decline in growth rate in the -poeferred coral
compared withG. erythrospilusit still achieved a similar growth rate @. erythrospilusn

the nonpreferred coral.Thus, G. histro could potentially have a higher overall fithess
compared withG. erythrospilusvhen both coral species are considered. However, we have
only compared growth rates here, and not their reproductive performance. It is possible that
G. erythrospilis has a higher reproductive output th@n histroon the norpreferred coral,

which would help balance their relative fitness. Indeed, Munday (2004) observed that
settlement ofG. erythrospilusand G. histrio was proportional to the relative abundance of
adults of these two species, indicating tkaterythrospilusis able to maintain sufficient

reproductive output despite using a lower proportion of the preferred habitat.

Coral colony size also played a minor role in resource partitioning bet&ekistio andG.
erythrospilus Gobiodon erythrospilusends to uselarge and medium colonies whilst
Gobiodon histriousessmaller ones. Patterns of habitat use by the two species differed little
among reefs from wind exposure regimes, indicating that nichetiguartg occurred
similarly on all reef types. This suggests that fitness differences between habitats were similar
among reef types for the twdobiodonspecies. If one species was a stronger competitor on a
particular reef type, leading to greater usehaf preferred coral on those reefs, we would
have expected reef type to explain more variance in the det&rtheless, minor differences

in habitat use in regard to coral colony size and wind exposure could potentially enhance the
ability of the inferig adult competitor G@. erythrospilu¥ to persist in the presence of the
superior adult competitoS histrio).

The ontogenetic shift from a lottery for space at settlement to-p@figioning in adults that
we observed in the two species of fish stddiere is consistent with the continuum model of
coexistence explored by Gravel et al. (2006). In that model, individuals recruit into limited
space through a lottery, but then exhibit niche differentiation and their probability of
surviving to reproducesia speciespecific function of an environmental factor. Here we
demonstrate that there is a competitive lottery for space at settlement, there is niche
differentiation by adults between coral habitats, and that there is a sppe@fc fithess
related(growth) function associated with access to different coral habitats. In the continuum
model, the coexistence of each species in the community and their relative abundance is
determined by the distribution of environmental conditions and the amount@giation
from the metacommunity. This suggests that variation in the distribution of the coral species
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occupied by the two goby specie8, nasutaand A. spathulata along with regular
immigration and connectivity among reefs though the pelagic larnge ssgporobably crucial

to the coexistence of these two species of fish at a local scale.

In one of the only other studies to empirically test the role of both lottery andmasee
processes in marine organisms, Shinen and Navarrete (2014) examinedodhssg¢s
responsible for the distribution and abundance of barnacles on rocky shorelines in Chile.
They concluded that a lottery for space occurs at settlement and that this largely determines
speciesodo distributions wit hiferencesnndtheaspagah g s i
distribution of two barnacle species on the shore profile (vertical overlap of approximately
75%, which is similar to the nickgartitioning we observed among adult gobies) they found

no evidence for differences in competitive dpilor fithess tradeffs that could explain
distribution patterns. Unlike our study, they did not detect significant differences in vital
rates, such as growth, that could account for any slight differences in species distributions.
Consequently, the twoabnacle species examined in their study appear to be closer to the

neutral end of the continuum than the two species of gobies in our study.

Plant communities are another place that a mix of lottery and-patigioning might be
expected. Plants are goodndidates for the presence of a lottery for space because of their
life histories and mechanisms of dispersal, and indeed, much of the support to date for
competitive lotteries comes from plant communities (e.g. Fagerstrom 1988; Aarssen 1992;
Bengtssonteal. 1994; Kubo and Iwasa 1996; Ilwata et al. 2007). Fagerstrom (1988) proposed
that no interspecific differences are required for coexistence of plants provided the system is
of finite size and spatially heterogeneous (e.g. evident variation in the bio@biotic
environment, such as humidity and temperature) so variations are at least to some extent
asynchronous. Nichpartitioning also occurs among plants (Kielland 1994; Mamolos et al.,
1995; McKane et al. 2002) and it is known that plants segredateg aifferent
environmental niche axes; including gradients of light, soil moisture and roots depth that are
likely to facilitate coexistence (Silvertown 2004). Consequently, just as observed for the goby
species studied here, it seems that aspects bfrmttral and nichenodels may operate in

plant communities (Adler et al. 2007). The life history attributes of perennial plants with a
dispersive reproductive phase that will colonize vacant space stochastically (i.e. by lottery)

could be potentially comgred with reef fishes with a pelagic larval phase. Thus, ontogenetic
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changes in the mechanisms of competitive coexistence might also be observed in further

research on plants communities.

Ecology has progressed from a focus on single ecological processesnultifactorial
perspective of the processes and mechanisms that govern population dynamics and
community structure (Jones 1991, Caley et al. 1996 Hixon et al. 2002; Johnson and
Stinchcombe 2007; Wiens et al. 2010). In this context, it is not surprisaigthe same
ecological process might operate in different ways among interacting species. Competition is
one of the most important ecological processes in natural communities (Connell 1983;
Tilman 1994; Chesson 200@&marasekare 2004 yet few empiricalstudies have tested
whether alternative mechanisms of competitive coexistence migbtao in the same
communities. Our results empirically demonstrate ontogenetic changes in the mechanisms of
competitive coexistence and suggest that it could be re¢lémataxa other than reef fishes.

Just as marine ecologists have embraced the idea that multiple ecological processes
(predation, competition, dispersal) are responsible for the maintenance of populations and
communities (e.g. Jones 1991, Caley et al.61B®&on et al. 2002), our study suggests the
need to recognise that a variety of mechanisms within each of these processes may be
responsible for the maintenance of biodiversity of coral reefs.
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Chapter 3: Influence of resource availability on conpetition among

coral-dwelling fishes

This chapters submitted tadOecologia Authors: PHC Pereira, PL Munday and GF Jones.

3.1 Summary

Ecologically similar goby species compete for access to preferred habitat; however, the
mechanism of competitive coetence changes from a lottery to nighaatitioning with
ontogeny. Here, we explore how variation in the abundanée pasutacoral colonies, the
preferred habitat ofGobiodon histrioand G. erythrospilus influences the outcome of
competitive interactins between these two fish species. First, we compared the relative
abundance and patterns of habitat use of the two goby species among sites that varied in the
absolute and relative abundance of their preferred habitat. We then weedlanization
expeiment to test the prediction that the effects of competition are greatest pre&aed

habitat is relatively less abundant. Both goliiad similar relative abundance among sites;
however similarity in habitat use was closely correlated with the alneelaf their preferred

habitat. The proportional occupancy Af nasutaby the superior competitoiG. histrio
increased as the relative abundancé ohasutadeclined. In the recolonization experiment

the effects of preferred coral availability differedtween juveniles and adults. For juveniles,
where a competitive lottery operates, the proportional use of preferred coral was the same for
the two species, regardless of the relative abundanée ofsuta.ln contrast, for adults
nichepartitioning wasgreater at locations that hadaaver relative abundance @&. nasuta.

Our results show that changes in the relative abundance of preferred resources can influence
competitive interactions between reef fishes, but the effects differ depending on the

mechaimsms of competitive coexistence.
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3.2 Introduction

Competition is a fundamental ecological process structuring natural communities in a range
of different environments, including tropical rainforests (Wright 2002), savannas (Dohn et al.
2013), rocky bores (Connell 1978) and coral reefs (McCook et al. 2001; Connell et al. 2004;
Connolly et al. 201¥ Competition occurs when vital resources such as food and shelter are
in limited supply causing individuals of the same or different species to comeomflatc

and have deleterious effects on one another. Howessource availability is rarely static

and temporal and spatial fluctuation in resource availability can modify the intensity of
competitive interactions (Holling 1973; Abrams 2000; Holt et 2008; Pekkonen et at.
2013). When resources are abundant, individuals have greater access to preferred resources
and thus competitive effects may be negligible. Conversely, when resources become scarce,
competition for these resources may be intensegtafte fundamental demographic traits,

such as growth, survival and reproduction (Roberf€i86;Dyer and Rice 1999; Pollitt et al.

2011). However, few studies have assessed the levels of competition over the natural range of

resource levels.

The mechaniss by which competing species coexist will influence how different species
respond to variation in resource availability and their relative fitiéshe theory predicts

that competition between species leads to resource partitioning, with species diffiegat

range of resources in the presence of a competitor than they do in the absence of the
competitor (Colwell and Fuentes 1975; Schoener 1982; Grant 1986). If this model applies,
changes in resource use may occur for both species, or may be gresmerspecies than the

other (Colwell and Fuentes 1975). A common feature of competitive interactions is that some
species are stronger competitor than others. In a competitive hierarchy, changes in resource
availability could affect patterns of resourcgeuand relative fithess among species because
superior competitors should gain greater access to preferred resources when they are scarce,

whereas subordinate competitors are forced to use inferior resources.

Outcomes will differ if species interactionsndorm more with the lottery hypothesis, (Sale
1977, 1978) or neutral models (Bell 2000, Hubbell 2001), whg$ume that ecologically
similar species have identical competitive abilities and coexist through demographic
stochasticity at one or more litgges. In a competitive lotterySale 1977, 1978)where
species are competitive equivalents and resources are used oftanfiedirst-served basis,

changes in resource availability may affect individual fithess, but should not alter relative
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fitness betwen species. ltanges in resource availability may affect population sizes, but not

the relative performance of different species, because each species will still have an
equivalent chance to use remaining resources. Hence, to understand the consequences of
interactions between the intensity of competition and resource availability, the mechanism of

coexistence is critical.

Coral reef fishes are often assumed to exhibit competition for living space, although this has
been a particularly controversial topidofes 1991; Forrester 2015; Bonin etialpress.

Early researchers assumed that competition for space was universal, but were divided over
whether competition led to changes in resource use by-pmti@ning (Smith and Tyler

1972, 1975; Robertson ahgssig 1980) or whether reef fish were competitive equivalents,
successfully exploiting the same limited resources by the lottery mechaBam 1977,

1978. Subsequent hypotheses, proposed that space was not a limiting factor and that
similarities or diferences in resource use had little to do with the availability of those
resources. According to the recruitment limitation hypothesis (Doherty 1983), larval
mortality of reef fishes is so high, and subsequently settlement so low, that local populations
of juveniles and adults never reach abundances where they compete for space or other
resources. However, laboratory and field experiments have since demonstrated that space is a
limiting factor for at least some reef fishes (Clarke 1992; Munday et al. Padhrook and

Schmitt 2002; Munday 2004; Forrester et al. 2006; Bonin 2009) and that competition for
space can affect demographic traits such as growth and survival (ShulmarRb84#son

1996; Munday 2001). While the majority of studies suggest the nmesef competitive
hierarchies and niche partitioning among competing species (Robertson and Gaines 1986;
Clarke 1989; Munday et al. 2001; Geange et al. 2013), there is also evidence for competitive
lotteries in some reef fish taxa (Munday 2004; Pereied 2015.

Coraldwelling gobies (genu&obiodor) are small fishes that ugeroporacoral colonies as

a vital resource for shelter, breeding and nutrition (Munday 2D@hwoeber andHerler

2007 Brooker et al2010).Acroporacoral colonies are a limited resource and competition

among gobies for preferred coral caEminfluences both abundance and patterns of habitat

use (Munday et al. 2001; Hobbs and Munday 2004). Previous studies indicate that gobies

coexist by a variety of mechanisms. There is a clear competitive hierarchy and niche

partitioning among some spesjewhereas other species appear to be competitively

equivalent and coexist by a lottery for space (Munday et al. 2001; Munday 2004).
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Furthermore, both niche partitioning and lottery mechanisms may be involved in some
competitive interactions. For examp(@pbiodon histrioand Gobiodon erythrospiluare two
ecologically similar species that compete for access of their preferred habitasutaThe

two species have equivalent competitive ability at settlement and access to vacant habitat
space is determad by a lottery at this life stage (Munday 2004; Pereira eR@l5.
However, G. histrio becomes a superior competitor in later life stages and gains greater

access to the preferred coral habjRereira et alin press.

Gobiodon histrioand Gobiodon eythrospilus provide a unique opportunity to test how
resource availability influences the outcome of competition for habitat space under different
mechanisms of competitive coexistence. We predicted that &lulhistrio (superior
competitor) would becomeelatively more abundant, or gagmeater proportion of preferred
corals as the relative abundance of preferred corals diminishes. In contrastGadult
erythrospilus (subordinate competitor) should become relatively less abundant, or have
reduced accesw preferred coral, as the relative abundance of preferred corals declines.
Furthermore, the ontogenetic change in the competitive mechanism should lead to differences
in patterns of relative abundance and patterns of habitat use among life phaseterly &lo

space operates at settlement, then juveniles of both species should use the preferred resource
(A. nasuta in the same proportion, regardless of the relative abundance of the preferred
habitat. However, as a competitive hierarchy is establighedder life stages, theuperior
competitor Gobiodon histrio)could gain access to an increased proportion of the preferred
habitat. To test these predictions we first compared the relative abundance and patterns of
habitat use of the two goby species cmm sites with different absolute and relative
abundances of. nasuta the preferred habitat for both species. We then conducted a
recolonization experiment at the same sites where abundance surveys were conducted to test
if different mechanisms of compite coexistence influence the relationship between
resource availability and the relative abundance of the two species in juvenile and adult life
stages. Due to the ontogenetic shift in the mechanism of competition, we predicted that there
would initially be equivalent recolonization éf. nasutacolonies by juveniles of both goby
species regardless of the relative abundance of the preferred coral (i.e. recolonization would
be a lottery based on chance arrival to vacant habitat). However, through tire, wh

individuals reached larger size classes and a competitive hierarchy develops, we predicted
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that G. histrio should gain greater proportional accesseé.tmasutaat sites with a lower

abundance of preferred habitat.

3.3 Methods

Study species and locat

Gobiodon histrioand G. erythrospilus(Figure 3.1A) are ecologically similar sister species
(Ducheneet al. 2013) that overlap broadly in their geographical distributions. At Lizard
Island on the northern Great Barrier Reef, Austrahay occur in sinbar abundances and
exhibit similar patterns of habitat use (Munday 20Pdreira et al2015. Both species prefer

to inhabit colonies of. nasuta however, thenechanism of competitive coexistence changes
with ontogeny. A lottery for living space occued settlement, whereas a competitive
hierarchy and niche partitioning occurs in the adult s(Rgeeira et ak015.

A)

Gobiodon histrio Gobiodon erythrospilus

Figure 3.17 Gobiodon histricandGobiodon erythrospilyghe two goby species investigated
in this study (A) and tagge#lcropora nasta coral colonies used during the recolonization

experiment (B).
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Field surveys and eecolonizationexperiment were conducted in October 2013 and January
2014 on reefs at Lizard Island (14° 38'SLl45° 26'E). To examine howariation in
availability of peferred coral habitainfluences competitive interactions between coral
dwelling gobieswe took advantage of the natural variation in the relative abundance of the
preferred coral specie®\( nasuta on reefs around the Lizard Island. Preliminary surveys
showed that Loomis Reef was a site with high relative abundange rdsuta Horseshoe
Reef had a moderate relative abundance and North Point had a low relative abun@dance of
nasuta(Figure3.2).

N
W¢E
S

1.0 Km

* High A. nasuta relative abundance
[l Moderate A. nasuta relative abundance

‘ Low A. nasuta relative abundance

Figure 3.2 - Map of study area (Lizard IslandNortheast Australia) showing the surveyed

sites and highlighting the relative abundance of the preferred hautaippra nasuta

Surveys of coral and goby abundance

The abundance of the two goby specféshistrioand G. erythrospilusand their preferred
habitatA. nasutawere surveyed in 10 replicate belt transects (25 X 2 m) on the reef flat at
each of the three sites that differediie relative abundance i nasutaFor each transect,

the total number of all suitabkcroporacoral colonies (includig the preferred habitatA.
nasutg and the total number @. histrioandG. erythrospilugexcluding recruits and small

juveniles)were recorded
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A Kruskall Wallis testwas used to compare mean abundanceA.ofasutaand mean
abundance of gobies amortgetthree sitesAnalysis of covariance (ANCOVA) was then
used totest if changes in the total number of coral colonies within and among sites affected
the relative abundance @. histrio and G. erythrospilusin the same way. This analysis
tested for homogneity of regression slopes of the total number of gobies of each species
versus the total number of coral coloniémally, linear regressions were used to compare the
percentage similarityf the habitat use betweds. histrio and G. erythrospiluswith the
relative abundance of the preferred habifatr{asuta. In this analysis, percestmilarity of

the habitat use by the two species was calculated using the percent similarity index (Wolda,

. P5 = Zmin(plilpﬂij Do . .

1981), the following formula: where® 7t is the prportion of species i
_
I = N

in sample J being 7 and" 7= the number of individuals of species i in sample | !ghd

the number of individuals in sample j.

All analyses were conducted usiStatistica 10 (StatSoft Inc. 2011).

Recolonizatio experiment

Pereira et al(2015) found that competition betweda. histrio and G. erythrospilusshifts

from a lottery at settlement to a competitive hierarchy and fpelitioning among adults. If

a lottery for space occurs at settlement, we preditigdsimilar proportions of the two goby
species should recolonise vac&ntnasutacolonies at settlement, regardless of the relative
abundance of the preferred coral. In other words, the relative abundance of the two goby
species in the preferred habishould not be affected by the abundance of that habitat if they
coexist through a lottery for space. In contrast, if a competitive hierarchy develops among
adults, we predicted th&. histriowould gain greater proportional accesses to the preferred
haltat as the abundance of that preferred habitat diminishes. Furthermore, we predicted that
over time we should observe a shift from newdttled juveniles of the two species that
exhibited similar proportional use 8f nasutato larger individuals anddalts that exhibited

a gradient in proportional use & nasutadepending on the availability of the preferred
habitat. Accordingly, we surveyed the recolonization experiment at two different time
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frames: monitoring corals every day for a week afteralhtiestablishing the experiment

(shortterm) and then again after 3 months (kiagm).

A total of 40 colonies oA. nasutavere numbered and tagged with cable ties at each of three
sites (120 colonies in tota(Figure 3.1B). All resident gobies were raved from those
colonies using clove oil (Munday and Wilson 1997) in October 2013. Empty coral colonies
were monitored daily for seven days and any gobies colonizing the corals were removed and

identified.Coral colonies were then left for 3 months and/eyedagain in Januar2014

A chi-square test of independence was used to compare the frequency withjuwvbidkes

and adults ofz. histrioandG. erythrospilugecolonizedA. nasutacoral colonies among the

three sites. Juveniles and adults were a®alyseparately because of the predicted differences

in patterns of relative abundance among sites. Additionally, short and long term surveys were
analysed separately. For the short term survey, the cumulative number of recruits and adults
observed over theveek of monitoring was used in the analysis. Analyses were condaocted
Statistica 10 (StatSoft Inc. 2011).

3.4 Results
Relative abundance of preferred coral habitat

There was a significant difference in the relative abundance of the preferredAcoesduta

among the three sitébl = 21.36;df = 2, p < 0.05).The percentage @&. nasutacompared to

the total number of coral colonies per transect was 32.27 + 5.08% at Loomis Reef, 20.40 *
3.53% at Horseshoe Reef and 14.6 £ 3.11% at North Adiate vas a negative relationship
betweerthe total number of coral colonies ati@ percentage &. nasutgper transec(R2 =
0.67;p=0.009) (Figure 3).
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Figure 3.3 1 Linear regression of the percentagefofnasutacolonies compared with the

total numbeof coral colonies per transect. Each point represents a belt transect.

Relative abundance of coral gobies and patterns of habitat use

The relative abundance of ad@t histrioandG. erythrospilusvas similar among the three
sites (H = 19.72df = 2,p = 0.5), despite the substantial difference in the relative abundance
of preferred habitat. Relative abundaneesre 50.6% for G. histrio and 49.3% forG.
erythrospilusat Loomis Reef (higlhA. nasutarelative abundance), 52.3¢6r G. histrio and
47.7% forG. erythrospilusat Horseshoe Reef (moderate relative abundance), and 5@r.6%

G. histrioand 45.4% folG. erythrospilusat North Point (low relative abundance).

The total abundance of ad@t histrio (R2 = 0.60;p < 0.05)andG. erythrospilugR? = 0.70Q

p < 0.05) increased with the total number of coral colonies per transect. However, there was
no difference in the relative abundance of the two species as indicated by the similar
regression slopef~1 .9 = 7.76,p = 0.9) emphasizing thathanges in théotal number of
Acroporacoral colonies affected the abundanc&ohistrioandG. erythrospilusn the same

way (Figure3.4).
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Figure 34 - Analysis of covarianceof the number ofG. histrio and G. aythrospilus

compared with the total number of coral colonigach point represents a belt transect

Percentage similarity of habitat use betweéenhistrio and G. erythrospiluswas closely
correlated with the relative abundance of preferred hgittat 0.703p < 0.05) (Figure3.5).

The two speds exhibited more similar patterns of habitat use (>50%) where the relative
abundance oA. nasutavas high compared with transects where the relative abundaAce of
nasutawas low. For instance, where thedative abundance @&. nasutawas very low (15%

of the total number of coral colonies), the similarity in habitat use was around 20%. In
contrast, wherd\. nasutarelativeabundance was high (35% of the total number of colonies)

the similarity in habitat use increased to approximately {ogure3.5).
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Figure 3.5 1 Percent similarity of the habitat use I6yobiodon histrioand Gobiodon
erythrospiluscompared tdhe relative abundance of the preferred habAatdpora nasuta

per transect.

Recolonization experiment

A total of 283 Gobiodonindividuals were recorded during the recolonization experiment
conducted in October 2013 (shtetm) and 192 in January 2014 (leteym) (Figure3.6 A-

B). During the short term monitoring, juveniles of the two species exhibited nearly identical
patterns of recolomation toA. nasutacoral colonies (chsquare = 0.56, df = 4 = 0.75)
regardless of the difference in the relative abundahdeepreferred coralA. nasutqa among
sites(Figure3.6A). In contrast, adults of the two species exhibited significantreifiges in

the recolonization process (etguare = 9.54, df = 2= 0.008) (Figure3.6A). Adults of the
superior competitorG. histrio used proportionally more preferred coral colonies at sites
whereA. nasutawas less abundant (FiguB6A). Specificaly, occupancy ofA. nasutaby
adultG. histriowas 51% for high relative abundance, 67% for moderate and 77% faX.low
nasutarelative abundance. In contrast, occupancp.ofasutaby adultG. erythrospilusvas
49% for high relative abundance, 33% for damate and 23% for lovA. nasutarelative
abundance (Figur@6A).
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Figure 3.6 7 Results of short term (A) and long term monitoring (B) of the field removal
experiment. H = HighA. nasutarelative abundance, M = Moderate nasutarelative
abundance, Low High A. nasutarelative abundance. Numbers above bars indicate the total

number of individuals.

As expected, there were fewer juveniles of both species on the coral colonies after three
months. Nevertheless, juveniles®f histrioandG. erythrospiluswvere still present in equal
proportions (chisquare = 0.45, df = 2y = 0.97) (Figure3.6B). As predicted for adults, the
proportional abundance d@. histrio using the preferred habitat increased as the relative
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abundance ofA. nasutadeclined (chisquare= 9.68, df = 2,p = 0.007). Specifically,
occupancy ofA. nasutaby adultG. histrio was 61% for high relative abundance, 71% for
moderate and 88% for lo#. nasutarelative abundance. In contrast, occupanci.afiasuta

by adultG. erythrospilusvas 39%for high relative abundance, 29% for moderate and 12%

for low A. nasutaelative abundance (FiguB%6B).

3.5Discussion

Our results show that variation in resource availability influences the outcome of competitive
interactions between coral reef fishesd also that the outcome of competitive interactions
directly depends on the mechanisms of competitive coexistence. As predicted for juveniles,
where a lottery for space operates, variation in the relative abundance of preferred habitat had
no effect onpatterns of resouraeseby the two corabwelling gobies. However, for adults,
where a competitive hierarchy occurs, superior competito6. histrio used an increasingly
greater proportion of the preferred habitat as the abundance of that habitetdjdadth in

the field surveys and recolonization experiment. For adults, both goby species occurred in
similar relative abundance at the sites surveyed around Lizard Island, bupatierns of
habitat usaliverged as théhe relative abundance of theeferred coral decreased. Similarly,

in the recolonization experiment the two species used the preferred coral in approximately
equal proportion where it was abundant, but adulthiStrio, gained greater proportional
access to this habitat in locationsiave the relative abundance of the preferred habitat was
low. These results indicate that the availability of preferred habitat does not affect the relative
abundance of these two species, but it does influence competition for preferred habitat, and

thus @tterns of habitat use.

Our results add further evidence to the conclusion that a competitive lottery for space
operates betweeB. histrio and G. erythrospilusat settlement and in the juvenile phaae,
suggested by Munday (2004) aReéreira et al(2015 Predictionsof the lottery hypothesis
were supported in the field recolonization experiment. During daily monitoring of vacant
coral coloniesthe abundance of juveniles of both species recoloniaingasutawas very
similar, regardless of the availaly of the preferred coral in different sites. This pattern of
recruitment is consistent with thattery hypothesis, whichssumes that species have similar
competitive abilities and space is occupied on a-6oshefirst-served basis (Sale 1977,
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1978). As expected, the total abundance of juveniles was less in the recolonization
experiment after 3 months, probably due to habitat exclusion by larger indivitHabq

and Munday, 2004). However, the relative proportion of juveniles of the two species
remaned approximately equal throughout the experiment, as would be expected if a

competitive lottery is operating.

While a lottery for space occurs at settlement, there is a shift to a competitive hierarchy
betweenG. histrio and G. erythrospilusin adults. Feld surveys at nine sites around Lizard
Island during a previous study showed that juveflehistrio and G. erythrospilusused
Acroporacoral species in a similar proportion, but habitat use diverged in aBnltsila et

al. 2015. Here we found that éhrelative proportion oA. nasutaused by the two species
depends on its relative abundance in the coral community. The two fish species had over 70%
similarity in habitat use wheré. nasutawas relatively abundant, but this dropped to
approximately 20%where the relative abundance Af nasutawas low. Importantly, the
superior competito6. histriogained a greater proportional access to the preferred habitat as
the relative abundance of that habitat declined. Consequently, the subordinate corfjetitor,
erythrospiluswas forced to use a greater proportion on-paeferred habitat as the relative
abundance of the preferred habitat declined, with potential effects on individual fitness.

Competitive hierarchies have been shown to influence patternsoofrcesuse in other reef
fishes (Robertson 1996; Munday et al. 20B&ange et al. 20).3For example, following the
removal of the superior competit@tégastes planifrofsn a damselfish assemblagelultS.
partitus, which are less aggressive and hh# size ofS. planifrons doubled in number and
expanded their range into a microhabitat previously used almost exclusiv8lypbgnifrons
(Robertson 1996)A third speciesS. variabilis which is less aggressive and 20% smaller
than S. planifrons al® increased in abundance following the removaSoplanifrons By
contrast, removal o8. planifronshad no effect on the abundances and patterns of resource
use ofS. diencaeuandS. leucostictugecause these two species use different microhabitats
to S. planifronsand thus do not compete direc(gobertson 1996 Similarly, Munday et al.
(2001) found that the presence of a superior competitor influenced habitat use of subordinate
species of coratiwelling gobies. Following the removal of a superiompetitor,G histrio,
the subordinate competitoG. brochus increased its use of the preferred cdkalnasuta
where it has faster growth, increased survival, and reaches a larger maximum size and thus
has higher fecundity (Munday 2001; Herler et all20 In the present study we found that
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the proportional use @&. nasutaby adultG. histioandG. erythrospiluschanged in relation

to habitat availability, with the superior competitor having greater proportional access to
preferred habitat as that htdii became less abundant. Consequemtlyeduction in the
availability of preferred resources may intensify competition, with significant consequences
to the subordinate species (Griffis and Jaeger 1998, Orrock and Watling 2010).

Cryptic densitydependene (Shima and Osenbe03)is another concept that deals with

the correlation of site quality, species abundance and competition outddnselypothesis
argues thaif sites differ spatially and temporally in quality.¢.supply of a limited resource)

then species abundance will become positively correlated with resource availdlhiéty.
cryptic densitydependence phenomenon has been described feattsithed reef fishes
(OverholtzerMcLeod 2004; Schmitt and Holbrook 2007), crabs (Donahue 2006)@mdsa
(Helms and Hunter 2005). Heterogeneity in site quality can affect species recruitment,
causing species abundance to become positively correlated with resource availability.
However, the connection between the strength of density dependence andesesour
availability can the HAcrypticd giving the
support similar populations. Because survival is density dependent, habitat quality masks the
deleterious effects of density. Although cryptic dendigpemlence is associated with
variation in habitat quality, it is not relevant to our study system because goby density is not
higher in preferred habitats. A maximum of two adult fishes (breeding pairs) colonize
preferred habitats, regardless of habitat sizguality (Hobbs and Munday 2004). Instead,
preferred habitat provides benefits to individual fitness (Munday 2Pédeira et al2015

rather than population density.

Given the competitive advantage of adGlt histrio when preferred habitat is scardbe
guestion that arises is how do8s erythrospiluspersist? It is known that growth, survival
and reproductive output of cordlvelling gobies are enhanced by access to preferred coral
habitat (Munday 2001, Caley and Munday 20B@rler et al. 2011 Theefore, we might
expect thaiG. histriowill have a fithess advantage and might produce more larvaeGhan
erythrospilus As vacant space is colonized by a lottery at settlen@nthistrio would
ef fecti velwnningdicked® monr et hiie shbul gaineamymerai adlvantage
at settlement. A numerical advantage at settlement could flow through to the adult
population, eventually leading to the exclusion ®@f erythrospilus However, our data
suggests thaG. histrio does not gain a numericabhaantage at settlement. In fact, we
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observed that the two species settled in nearly identical number during the recolonization
experiment. Furthermore, Munday (2004) observed a numerical bias toward settle@ent of
erythrospilus It seems thab. erythropilusis able to produce sufficient offspring to compete
with G. histrio at settlement, despite using a greater proportion ofpneferred corals. In
some yearsG. erythrospilugnight be even able to outcompé&e histriowith the number of
larvae availble to occupy vacant space, as observed by Munday (2004), which would help
buffer their populations through the storage effect (Chesson and Warner 1981). Additionally,
Pereira et al(2015 found thatG. erythrospilusuffered less of a fithess loss wheatapying

the nonpreferred coral A. spathulatq compared withG. histrio, which could explain its
ability to maintain adequate larval supply to compete @itthistrio. Even thouglG. histrio
prefers to occupyA. nasuta some individuals occupy other clsasuch asA. spathulata
where they may have lower reproductive success compared ®utrerythrospilus
ConsequentlyG. erythrospilusappears to be better able to maintain performance in the

alternative habitat; therefore, ensuring its coexistence@uithistrio.

Spatial and temporal variation in resource availability can also facilitate competitive
coexistence (Stewart and Levin 1973) and may help explainGoerythrospilusand G.
histrio coexist. Coral community structure varies both spatiallytangporally, especially for
fast growingAcroporaspecies (AlvareFilip et al. 2011;Edmunds 2013)As a result there
will always be some reefs with a high abundancé.ohasutawhere both goby species are
able to use their preferred habitat in simildatige abundance, and some other reefs with a
low abundance oA. nasutawhere G. histrio can only access low quality coral habitat.
Indeed, Pereira et.ah pressfound a considerable number of adult individualsSohistrio
inhabiting A. spathulatacoral colonies in sites around Lizard Island. In these locatiGns,
histrio is likely to have lower relative fithess by using Aaneferred habitats compared@o
erythrospilus Therefore, spatiotemporal variation in coral community structure is likely to
produce spatial and temporal variation in the production of offspring byistrio or G.

erythrospiluswhich would favour species coexistence.

Coral cover is declining on reefs all around the woBardner et al. 2003; Bruno and Selig

2007, D e. 2@19. HoweMer, thel effectof competition on reef fish communities

following coral loss and habitat degradation are poorly understood. BeEir@rsson et al.

(2014) showed that reduced habitat quality can have such a profound effect on reef fish

compdition that it eliminates density dependent mortality and competitive dominance
49



hierarchies. Additionally, McCormick et al. 23) showed that habitat degradation caused

maj or changes in the interspeciyc competitio
composition of the remaining coral community will also directly influence competition

among reef fishes. If there is alationship between overall coral cover and the relative
abundance of preferred habitats, then coral loss could have disproportionate effects on
subordinate competitors. Alternatively, superior competitors that specialize on the preferred
resource could ab be affected once the abundance of this specific resource diminishes.
Inferior competitors and more generalist species could become more abundant in the future if
they attain better fithess outcomes in alternative habitats. Our results suggest tiat will

critical to understand the mechanisms of competition between fish species to better predict

how reef fish communities will respond to habitat degradation.
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Chapter 4: Habitat size and complexity as a determinant factor on habitat

use and ftness of coral reef fishes

This chapteis submittedto Marine Ecology Progress SeriddEPS. Authors: PHC Pereira
and PL Munday.

4.1 Summary

Competition for space affects patterns of habitat use and individual performance ef coral
dwelling fishes; hwever,the physical attributes of corals that influence habitat preferences
are poorly known In this study we investigated the influence of coral colony size and
branching structure on habitat use gndwth rateof two coral gobiesGobiodon histricand
Gobiodon erythrospilusFirst, we examined two key aspects of coral colony structure,
interbranch depth and interbranch witllatmay influence habitat preferences. We then used
laboratory and fielbasedexperiments to test the effects of coral speaesal colony size

and branching structure on habitat preference and growth ratesGofhistrio and G.
erythrospilus.The preferred coral specie&, nasutahad smaller interbranch width than
spathulata A binary-choice laboratory experiment demonstratiedt bothgobiespreferred

coral colonies with smaller interbranch width, except when they had the opportunity to
occupyA. nasutaover A. spathulata A field transplant experiment showed that bgtby
species grew faster on larger coral colomied incolonies with smaller interbranch widi@.
erythrospilusgrew faster thaits. histrio on A. spathulataindicating that it suffers less of a
fitness loss occupying this alternative habi@ur results show thatoral physical attributes

are important factrs driving habitat preference of cotblelling gobies; however, there must
also be additional factors thatfluence their habitat use.dolining average coral size and
reduced habitat complexity on coral reefs could have significant impacts on thengerte

of fishes, affecting ecological processes such as competition.
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4 .2 Introduction

Habitat characteristics have a profound influence on the distribution, abundance and diversity
of animals associated with complex habitats, such as rainforestat{f4clL995) and coral

reefs (Friedlander & Parrish 1998, Jones & Syms 1998). Habitat quality, patch size, location
and structural complexity can all be important predictors of species diversity and influence
ecological interactions among resident spedig®wder & Cooper 1982, Grabowski 2004,
Kovalenko et al. 201Zabricius et al. 2014)Species are expected to selected habitat types
that benefit individual fitness and may compete for access to these habitats (Adler & Gordon
2003, Wakefield et al. 2011)However, competitive interactions are often asymmetric, such
that superior competitors gain greater access to preferred habitats and inferior competitors are
forced to use suboptimal habitat, regardless of their natural preference, with consequences for

growth, survival and reproductio{bb 2011,Carrington2014, Bonin et al. 2015).

Coral reefs are well known for their astonishing diversity of fishes (Sale 1977). A eange
habitatassociated variables such as coral cover, coral diversity and structural complexity can
influence the community structure and population dynamics of reef fish (Messmer et al.
2011, Coker et al. 2012, Komyacova et al. 2013). Habitat charactemnsay be especially
important for species that have a close association with live coral habitat; influencing
recruitment, survival, group size and individual growth (e.g. Kuwamura et al. 1994, Holbrook
& Schmitt 2003, Thompson et al. 2007, Schiemer e2809, Noonan et al. 2012). The
complex architecture of coral colonies created by their branching structure constitutes the
living space for many small reef fishes (Coker et al. 2014). Coral species differ greatly in
their structural complexity and thisay influence the diversity and abundance of coral
associated fishes (Messmer et al. 2011). Furthermore, many coral species exhibit substantial
intraspecific morphological variation (Veron & Pichon 1976, Vytopil & Willis 2001,
Schiemer et al. 2009), whichay influence the quality of shelter they provide for fish
(Untersteggaber et al. 2014). Variation in habitat quality and structural complexity can
influence ecological interactions among reef fishes, such as competition and predation
(Beukers & Jones 199AImany 2004; Harborne et al. 2011). Consequently, variation in
coral colony physical characteristics is likely to play an important role in determining the

population dynamics of coralssociated fishes.
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Gobies in the genuSobiodonare obligate coradlwelling fishes that live among the branches

of Acroporacoral colonies. Some goby species are highly specialized, inhabiting just one or
two species oAcroporg whereas other species are more generalist and will use a variety of
Acroporaspecies (Munday al. 1997, Dirnwoeber & Herler 2007). Cowvelling gobies
compete for access to preferred coral colonies (Munday et al. 2001, Hobbs & Munday 2004,
Pereira et al. 20)5and utilization of different coral species has significant effects on
individual perfemance (Munday 2001, Caley & Munday 2008)owever, the physical
attributes of coral colonie®.g.coral size, branching structure) that drive habitat preferences
and competition for differenfAcropora species, is unknownlf coral colony structure
influences the risk of predation we expect that coral species with greater interbranch depth
and smaller interbranch width will be preferred as they will provide more protection against
predators. Interbranch spacing could also influence foraging efficienaygthiam interaction
between predation risk and ease of access to food resources. Consequently, we expect that
growth and survival rates of cordivelling gobies will be associated with coral interbranch
spacing. Coratlwelling gobies also prefer larger cb@lonies (Hobbs & Munday 2004,
Schiemer et al. 2009), possibly because they enhance growth and survival. Several studies
have explored the relationship between coral colony structure and the body shape- of coral
dwelling gobies (Vehrberger& Herler 2014, Untersteggaber et al. 2014), but the inter
relationships among coral colony structure, habitat preferences, and the individual
performance of coradwelling gobies, has not been tested.

Gobiodon histrioand Gobiodon erythrospilusare ecologically similar gby species that
compete for access to their preferred habAatppora nasutgMunday 2004; Pereira et al.
2015). Previous studies have shown that both rpegtioning and lottery mechanisms of
competition influence habitat use and abundance of ttvesegoby species, and that the
relative importance of these competitive mechanisms changes with ontogeny (Pereira et al.
2015). Furthermore, the two species have similar patterns of habitat useAwhasutais
abundant, but the subordinate competi@rerythrospilus is forced to use disproportionately
more of an alternative coral ho#t¢cropora spathulatavhenA. nasutais scarce (Pereira et

al., 2015in prep). While competitive interactions between these two goby species have been
studied in detailthe characteristics of coral colonies that drive habitat preferences and
differences in individual performance for fish inhabiting the two coral species remain
unknown. Coral interbranch space appears to have influenced the evolution of body shapes
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amongGobiodonspecies (Wehrberged Herler 2014) therefore the physical attributes of

coral colonies are likely to be determinants of habitat use and fitness efle@iihg fishes.

This study aimed to better understand the physical characteristics ofcolmaies driving
habitat preference and competition in catelelling gobies. First, we compared key aspects
of coral colony branching structurenterbranch depth and interbranch widthé@tween
Acropora nasutaand Acropora spathulata We then used binafghoice laboratory
experiments to test the preferenceGf histrio and G. erythrospilusfor A. nasutaand A.
spathulatacolonies with either wide or narrow branching structure. Finally, we transplanted
gobies to colonies d&. nasutaandA. spathulatan the field and correlated growth rates with
coral species, coral colony size and branching strudiieepredicted higher growth rates of
both goby species when inhabiting the preferred habRatnfsuta compared with the
alternative habitatA. spathulad), and also an increase in growth rate with increasing coral
colony size and increasing structural complexity. Furthermore, for individuals inhabiting the
alternative habitat, we expect a greater cost to growth rate for the superior comfetitor (

histrio) compared with the subordinate competitér érythrospiluk

4.3 Material and Methods
Study location

Field surveys and @mansplanexperiment were conducted in October 2013 and January 2014
on reefs at Lizard Island in the northern Great Barrier Raedtralia (14° 38'S 145° 26'E).

Coral interbranch space

Interbranch depth (ID) and interbranch width (IW) are key parameters associated with the
body shape of coralwelling gobiesand have been implicated in difference in growth rate of
gobies(Wehrkerger& Herler 2014, Untersteggaber et al. 2RI and IWwere measured in

a total of 50 colonies oA. nasutaand 50 colonies of. spathulataOnly colonies inhabited

by one or moreG. histrio or G. erythrospiluswere measured. To control for a possibl
correlation between coral colony size and interbranch space, the size of coral colonies was

standardized between -30D cm at their longest axis. The relationship between coral colony
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size and interbranch space fAr nasutaand A. spathulatawas later tsted using coral
colonies in the fieldtransplant experiment (below). An underwater calliper was used to
precisely measure ID and IW with a total of 10 measurements of each variable taken at
haphazard locations on each coral colony. The average of theedSurmaments was

calculated for each coral colony.

A t-test was used toompare mealD andIW between similar sized colonies of the two coral
species. Aalysis of covariance (ANCOVA) was then applied to coral data collected during
the field transplant expenent to test if coral colony size, within and among species,
influences the IW ofA. nasutaand A. spathulata This analysis tested for homogeneity of
regression slopes @V on coral colony size for the twooral species, and for a significant

relationdip between IW and coral colony size.

Coral complexity binarychoice experiment

A binary-choice experiment was used to test the preferenGe bistrioandG. erythrospilus

for colonies of different IW. Colonies (180 cm diameter) oA. nasutaand A. spathulata

were carefully removed from the reef, transported alive to the laboratory, and cleared of all
infauna(gobies, crabs, and shrimpg)olonies were visually characterized as having a wide

or narrow IW. Subsequently, at the end of the experimeatyolume and IW of each colony

was measured. The watgisplacement method (Herler & Dirnwober 2011) was used to
estimate the total volume and average IW was calculated by the mean of ten measurements of
IW per coral colony.

Four different combinations aforal species and IW were used to test the preferenGe of
histrio andG. erythrospilugor colonies of each coral species and with either wide or narrow
IW: (1) A. nasutawith wide IW vs. A. nasutawith narrow IW, (2)A. spathulatawith wide

IW vs. A. gathulatawith narrow W, (3)A. spathulatawith wide IW vs. A. nasutawith

narrow IW and (4)A. nasutawith wide IW vs. A. spathulatavith narrow IW. One colony of

each coral species (approximately equal volume), was placed at opposite ends of a glass
aquarium (50 x 30 x 30 cm). The position of each coral species on either the left or right side
of each aquarium was changed regularly during the experiment and coral colonies were

replaced if their condition visibly deteriorated. Gobies were collected tnerfigld by lightly
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anesthetizing them with clove oil (Munday & Wilson 1997). A single individu&@ diistrio

or G. erythrospilugranging from 1.5 to 3.8 cm) was released between 18:00 and 19:00 in the
middle of glass aquarium and their choicefofnasita or A. spathulatarecorded between
06:00 and 07:00 the following morning (Munday et al. 20®dreira et al. 20)5Initial trials
indicated that individual fish were unlikely to move between coral colonies after 12 h.
Habitat preference were tested ¢ individuals of each species in each of the four coral

combinations.

A chi-square goodness of fit test was used to test forramotom habitat preference fGr.
histrio andG. erythrospilusn each of the four combinations.

Field transplant experiment

A transplant experiment was used to test if growth rates. dfistrio and G. erythrospilus
were influenced byoral colony size and IWSpecifically, we predicted that growtf the

two goby species would beositively correlated with coral size and aggely correlated
with IW. In other words, weredicted that both species of goby would grow faster in larger
coral colonies with narrowenterbranch width.Further, we predicted that growth of the
subordinate competitoG. erythrospiluswould be highercompared with the superior
competitor,G. histrio,when occupying an alternative hahijtat spathulataand that IW and

coral colony size could directly influence this relationship.

Growth rates ofs. erythrospilusand G. histrio on the preferredX. nastia), and alternative

coral speciesA. spathulat® were determined in a three month period between January and
April 2014. A total of 50 individuals of both goby species were collected komasutaby

lightly anesthetizing them with clove oil. CollectBshes were transported to the laboratory,
measured (SL to 0.1 mm) and individually marked with a small fluorestastomer tag
injected into the dorsal musculature (Munday 2001). Tagged fishes were held for 24 hours in
aguaria to ensure recovery. Fishsere then transported to the reef and released on coral
colonies ofA. nasutaandA. spathulataA total of 25 individuals of each goby species were
transplanted to each of the two coral species. Coral colonies were tagged for subsequent
identification aad any resident fishes present were removed before a goby was released onto a

coral colony. After three months, all the remaining fishes were collected from marked coral
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colonies and the SL of each tagged fish was measured in the laboratory to deteemine th

increase in size. The size and IW of each coral colony were measured as described above.

Linear mixed effects models (LME) were used to compare the growth of both goby species in
both coral speciefA. nasutaandA. spathulat® while accounting fointerbranch width and

coral colony size. In the LME model the fixed effects were goby species and coral species
and the random effects were coral colony size and interbranch widihidual goby growth

was the dependant variablénteractions between fixeahd random effects and the growth
rates ofG. erythrospilusandG. histriowere also tested. If the effects of coral colony size and
interbranch width on goby growth differ between coral species we expected to find a
significant interaction between IW arwbral species, and also coral colony size and coral

speciesLME was performed in R using the packamene.

4.4Results
Coral interbranch space

A. nasutahad a mean ID of 81.37 + 14.01 mm akdspathulatehad a mean ID of 72.53 £
15.12 mm, which was nafgnificantly different { = 10.76, df = 1p = 0.1). However, there

was asignificant differencen IW between the two coral speci@s= 6.19, df = 1p = 0.001).

A. nasutahad a mean IW of 16.078 + 4.12 mm ahdspathulatehad a mean IW of 23.84 +

4.82 mm (Figuret.1). ThelW of A. nasuta(R? = 0.01;p = 0.3)andA. spathulatgR? = 0.09;

p = 0.2) tended to increase with coral colony size. However, there was no difference in the
relationship between coral colony size dWd for the two coral speciessandicated by the
homogeneity of sloped 29= 3.63,p = 0.5) Consequentlycoral colony sizevas associated

with interbranch widthn the same way fol. nasutaandA. spathulatgFigure4.2).
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Figure 4.17 Interbranch space &. nasutaandA. spattulata coral colonies. N = 50 for each
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Figure 4.27 Relationship between interbranch widthdcoral colony sizef A. spathulata

(open circles) ané. nasutaclosed circlesysing corals from transplant experiment.

Coral complexity binay-choice experiment

Both gobiesexhibited a strong preference for coral colonies with narrow IW, botlAfor

nasuta(G. hi s?=/5.D3pdf =1pec 0.001;G. eryt hrro8QB8idiulp== ¢
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0.001)andA. spathulataG. hi s?=15.69df=1,pe 0.001;G. erythrespil us

5.59, df = 1,p = 0.001) (Figuret.3A-B). Both gobiesalso exhibited a strong preference for
A. nasutavhen given the choice @&. spathulatavith wide IW orA. nasutawith narrow IW

(G. hi s=ril3pdf =1pe= 0.001:G. er yt hr’s 3.56,df ulyp = H5.008)
(Figure4.3C). However, they did not prefer the coral colony with narrow IW in the reverse
combination. Both goby species preferred coral colonies. afasutawith wide IW over a
colony of A. spdhulata with narrow IW (G. hi si=3.78, di= 1@ = 0.001;G.
erythrospilus =¢°= 2.91, df = 1p = 0.001)(Figure4.3D).

Field transplant experiment

The average size of transplanted fishes at the beginning of the experiment was 27.4 mm SL
for G. histrioand27.7 mm forG. erythrospilusand there was no difference in the size of the

transplanted gobies between the two spdtie$.28, df = 8,p=0.77).

Figure 431 Preference of5. histrioandG. erythrospilusfor colonies ofA. nasutaand A.
spathulatawith either a wide (+) or narrow-)( interbranch width in the binary choice

experiment. N = 24 for each species in combination.
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