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Abstract. Ectetherms exhibiconsiderablglasticity intheir life-history traits.This plasticity can
reflectvariability in environmentahndsocial factorsbutthe causes ajbservegatterns are
often obscuredwvith increasing spatial scales. We survegaghromaticparrotfiskesacross the
northern Great'Barrier Reef to examine variatiohady size distributions and concomitaize
at sex chang@_,s0) against hypotheses directional influence fronbiotic and abiotidactors
known toaffeetdemographyBy integratingtop-down, horizontal, and bottom-ppocesseswve
demonstrat@ strong association betweexposure regime@vhich are known to influence
nutritional ecolagyand mating systemsndboth body size distribution ards, (median length
at femaleto-male sex changg)vith an accompanying lack of stroempiricalsupport for other
biotic driverspreviously hypothesized to affect body size distributidwwsoss sites, body size
was predictably linked to variation in temperature and productivity, but the sstqrgelictor
was whether'subpopulations occurred at sheltered mid and inner shelf reefs orexpespesl
outer shelfireef systems. Upon accounting for the underlying influence of body size titistribu
this habitatexposure gradient was highly associated with furthhgsr variationacross species

demonstratinghat differences in mating systems across exposure gradients affect the timing of

sex clange beyond variation concomitant with differing overall body sizes. We posit that
exposuredriven,differences imabitat disturbance regimes have marked effects omutnigional
ecologyof parrotfishesleadng to sizerelated variation in mating systems, which underpin the
observed pattern®ur resultall for better integration of litdistory, social factorsand
ecosystem processes to foster an improved understanding of complex ecosysteasscoral

reefs

Keywords: lifehistory variation, reaction norm, sex allocation, resource variability, parrotfishes,

structural equation model, sex change

INTRODUCTION

This article is protected by copyright. All rights reserved



57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

Phenotypic traits imrganismsften show considerable variability across space or time,
representing adaptive responses to changes in the surrounding environment (Fagen 1987). The
responseapacity of a genotype to external conditions, manifested as phenotypic plasticity,
allows individuals or populations to persist within a range of environments by optimizing
regionalfitness.to maximizeurvival (Bradshaw 1965, Schichting and Pagliucci 198i8¢.
resultingpatterns ofphenotypicvariability can be measured as reaction norms across
environmental'or anthropogenic gradients arebbserved across a varietysgfatial and
temporalscalegSchmalhausen 1948¢chlichtingand Pigliucci 1998)A speciesinherent
capacity to adapt tlmcal conditions by alterings physiological rateselpsexplain species-
specific distributions on both regional (10-100s km) and biogeographic scales (1000s km) and
canfacilitate’predictions of populaticend ecosysterdynamics under changing environmental
conditions (Munday et al. 2008)ife-historytraits, suchas growth rate or age reiaturity, are
the embodiment of physiological processes in organisms. Understanding how and why such
traits vary provides a link between ecological and evolutionary mechanismse#pginse to
prevailing bietic and environmental conditioasmd biogeochemical pathways within ecosystems
(Warner 1991yAgrawal 2001, Hutchings 2011). Thus, examination of trait variability can
provide apowerful path to understanding spatio-temporal variation in fundamental @zosyst
processes:

Sex allocation theory (Charnov 1982) provides a framework for understanding the
advantage.of resource distribution among males and females in a population.rgtémmithis
frameworksthersizeadvantage hypothesis (Ghiselin 1969) predicts that protogynous
hermaphroditism will be favored wheizemediated reproductive valulgcreases at a greater
rate in males than females (Warner 1975), with the +fieshale intercept of reproductive value
representing the optimal size at which to change sex in a population. Hence, witbaies,s
variability in.thesize of sex change is strongly linked to extant body size distributions (Allsop
and West 2003, Gardner et al. 2005), ibwlso influenced by social factors such as mating
system Features of the surrounding environment can affect population dynamics within a
species, leading to alternative mating behaviors across space (Henson and Warner 1997). These
alternative mating behavigrsuch as tettorial haremic behaviors versus group spawning, can
modify thereproductive valuesf males and females across size or age classes within a species
(Warner 1975), thus influencing the timing of sex change or even the decision of whether to
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88 change sexHowever, because of the interrelated nature offligory processes, teasing apart
89 the factors regulating such processeshalenging (Schaffer 2004). Accomplishing this in a
90 holistic mannerequires a study system spanningatial scale encompassiagroad spectrum
91  of environmental variability.
92 Coral reefs represent one of the most diverse and dynamic ecosystems oGdtaltteef
93 fishes are known to display a wide range of social and reproductive systeare antject ta
94  multitude of'environmental and biological factors, including sreedile variability in water
95 quality, wave'exposure, ambient temperature, habitat complexity, resource atgilabil
96 competitive interactiongnd lethal and sulethal effects of predatio(Sale 2002, Mora 2015\
97 substantiakbedy diterature suggesthatthese factors yield adaptive responses irHigtory
98 traits such'as growth rate, body size, mortality, life span, and reproductive dynafarce( and
99  Hoffman 1980, Robertson et al. 2005, Ruttenberg et al. 2005, Munday et al. 2006, Taylor 2014).
100 To date, one of the most conspicuous and consistent pattarasation inlife-historytraits has
101  been observed ovemall scale¢< 20 km) between sheltered and exposeefs on a longitudinal
102  gradient (Gustet al. 200Bust 2004)This pattern revealeligher mortality, smaller sizat-
103  age, shorter life spans, earlier reproductive developraedtgreater proportions of initial phase
104  primary males (a male alternatix@productive behavior determined prematurationally and with
105  implicationsto the mating systerah exposed outeshelf reefssersus the sheltered mstielf
106  reefs,and this outcomwas linkedto differences ircompetitionand predationThese patterns
107  provided arationale for identifyingiotic topdown and horizontal processas primary drivers
108  of demographic variation (Gust et al. 2002). However, reef ecosystems are alsbtsubje
109  markedly different environmental conditioadargespatial scalesThis variationis reflected in
110  differing patterns of reef configuration, hydrodynamicshistory and frequency of disturbance,
111 and is especially relevant to reef systems that span latitudinal gradients sufficient to reflect
112  changes in.sea.surface tempera Yet, the relativeextent to which biological factoese
113 pertinent drivers of demography over a gradient extensive enough to reflect geogcajic-
114  environmental variation is unknown.
115 Scalingrup.analyseof life-history features to allow investigation over an appropriate
116  geographicscale is importartb investigaé the extent to which small- and brosahkle processes
117  contribute to the demographic patterns we find todag .eé&mine drivers of trait varigiby
118 using a multi-scale design across 6° of latitude spanning the northern halPofstn@ianGreat
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Barrier Reef GBR). This system includes significant environmental variation on both
longitudinal (wave exposure gradient of 40-100 km) and latitu¢i#i@00 km) axes.In
recognizing that various environmental and biotic factors in complex naturahsyate
interdependent and hierarchically structured, we use a structural equatiotingddsahework
to testhypothesized pathways thaeld striking differences ibody size distributionsbserved
between shelf environments. We then focus on variability in the relationship betweerzieody s
and length offemalés-male sex change in parrotfishes, traits thahagily linkedto
physidogical'processes of growth and maturag well as with social demography and
surrounding environment (Shapiro 1991). By examining covariance among environmental
gradients andwreaction norms of trait variabjlitye present study represents the first rigorous
holistic test'of multiple, hierarchical driverslgé-history variation irreef fishesn the absence

of direct human exploitation on the study species.

METHODS

We surveyed 82ites within31reefsalong 6° of latitude on theorthern BR, Australia
(Fig. 1A), where parrotfishes are natploited by humans. Surveys were conducted during Sep-
Oct 2014 using diveoperated sterewvideo along 40win timed swimg5 mwide), with a towed
GPS on asstifface buoy showiaig averagspeed of 20.3 m mih(+3.98 mmin™ S.D.). Surveys
wereconducted on theuterreef slopes at-6l0 m depth and wesdratified across two shelf
positions €xposed and sheltene@nd three management zones éntry, no fishing, and fishing
allowed AppendixS1 Table S}). All surveys were conducted on seaward “asing) reef
slopes of sheltered (inner and mid shelf) and exposed (outer shelf) reefsidPastotieyed by
stereevideo were measured to the nearest fork length and recorded by color phgsetial or
terminal phaselising the EventMeasure software (seagis.comAaagcond diver visually
surveyed all sharks, carangidsid other large mobile piscivores along a wider transect (20 m
wide), and lengths and abundances of smaller predators were determined from video analysis.

We estimated the medidengthat femaleto-malesex changel(;so) by siteof the four most
commonparrotfishspeciewith dichromatic coloration on video survey@h{orurus spilurus,
Scarus frenatus, S. psittacus, andS. schlegeli) atboth exposed and sheltered habitats (Fig. 1B).
Either a logistic modelseeData Analysis section) fitted to relative proportions of initial and
terminal phase individuals across the various length clagisd#se midpoint between the largest
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initial phase and smallest terminal phase individual (when lengt@afphaseslid not

overlap) was used to estimaigy by speciesndsite. The use of color phase is a highly robust
proxy for estimating functional sex change in parrotfishes, and the potentially confounding
presence of initial phase primary males has a minor effelcisrestimategTaylor 2014) We

further estimated a proxy to represent the high-range of the length frequency @stifitnueach
species byssite/using the"™®guantile of lengthl(e). This approach provided a ‘buffered’
estimate of maximum length because actual observed maximum length can vary by breadth of

exposure to'the population.

Environmental data

We measured a range of environmental factors krmwhypothesizetb influence life
history variation either directly or indirect{Appendix S1 Table S2. Speciesspecific densities
(individuals hd) wereestimated from standardized video surveys and represietéttensity
of intraspecific competitionSpecies richness wagatedas the total numbeaf parrotfish
species observed at a site and was highly correlated with more complex diversity measures.
Predator biomas&@s aproxy for the prevailingevel of predationjepresented the mean biomass
density of-all specieusing appropriatsize classeinown or highly suspected to prey upon
parrotfish.species based on an exhaustive literature seaschinggdiets and length-weight
ratios of piscivoresurveyed. Reef area (in hectares), reef slop@QQ mean of ten
measurements per site from random video frames), habitat rygositgoral cover (B-scale;
mean of teprestimates per site from random video frames) were metastgprbsent potential
features ofithe‘environment influenciogrrying capacity ospawning dynamics across reefs.
Metabolic'rates of ectothermic primary consumers are also influenced by sea surface temperature
(SST) and primary production; hences acquired remotelgensedsSTas well aschlorophyll-
A (Chl-A) dataas a proxy for benthic productivity (Appendix:Shble S2. Importantly,while
satellitederived SST can be a higjuality reflection of ambient SST (Kilpatrick et al. 2015), the
relationshipsoetween satelltierived pelagic Chl-A and benthic productivity can be highly
tenuous (Gove et al. 2013), especially for complex etesyssuch as the GBR. However, the
relative differences in estimated productivity values across regions and shelf positions were
broadly similar to those oh-situ measurements of chlorophyll sampling stations across
geographically comparable locations of the GBR (Brodie et al. 2007). Neverthetbssyef a
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181  coarse measure of primary productivity, the relative effects here should Ipeatedrwith

182  caution.

183 A primary determinant of sex change dynamics is the prevailing type of mating system.
184  While it was not feasible to collect empirical data on mating systems across the scale of the
185  study, Gust(2004) found pronounced differences in the reproductive biol@ywgmfurus

186  populations, implying sheltered populations bédost exclusively haremic territorial systems,
187  whereas territoriality was less pronounced (suggesting increased rates of group spawning) at
188  exposed outershelf reefs. In the absence of thisnation for our sites, we used shelf position
189  to represent variation in exposure as well as a proxy for concomitant differences in mating

190 systems, as itrelates to timing of sex change.

191
192 Data Analysis
193 Wefirst examined the consistency and ubiquity of trends,ép acrosexposurdevels

194  Relative proportions of initial and terminal phase individuals across length classgsowkee
195 by exposurerregimeandfitted with logistic modeldor each specie®llowing P, =

196 {1 + e Im (D E=Laso)/(Lass—Laso)} =1 'whereP, is the estimated proportion of terminal phase

197 individualstat.a given lengti), 19 represents the number of breakpoints to tileg9&ntile in a
198  cumulativedensity function (19/20 = 0.95; Haddon 2001),/lapglandL,qs are the length at

199 50%and 95% sex change, respectivélje generated corresponding 95% confidence ellipses
200 surroundinglase @ndL,gs estimates for comparison bpditstrap resampling through 1000

201 iterations.

202 We thendevised an integrated set of hypotheses to explain pattdrpg ifpenultimate

203  responseariablg andL sy (ultimate response variablagrossall sites surveyed in the study
204  (Fig. 1C). We includethree exogenous variabléh@f position [ordinal; O =shelteredl =

205  exposed]PRrotection zone [ordinal; O = fishing allowed, 1 = no fishing zone, 2 = no-entry Zpne)
206 andLatitudejfabsolute degrees latitude So)tand nine endogenous variabl8g4 Surface

207  TemperaturgSST], Productivity [Chl-A], Coral cover, Rugosity, Predator biomass, Intraspecific
208  density, Speciesiichness [of parrotfish, Lmax, andLasp). Habitat variable€oral cover, Rugosity,
209 Reef area, andSope were assessed independently before full model construction and non-
210 significant variablefeef area andSope were eliminated to avoid ovg@arameterization of the

211 resultant models and to improve clarity of the path diagvdlenanalyzed all specified patas

This article is protected by copyright. All rights reserved



212 linked equations using a structural equation modeling approach (SEM) based on deseparati
213 tests(Shipley 2009, which permits the rigorous quantification of indirect effects in a causal
214  network and provides an overall goodness$iafieasure for am priori model through the

215  statistical evaluation of a series of independence cldiiven the hierarchical nature of our

216 data, we used.a piecewise SEM approach (Lefcheck 2@hichallowsthe specification of

217  models that can accommodate random effectsfdimulated the following linkages: 1)

218  Productivity'andSST are affected byhelf position andLatitude and are subject to unquantified
219 common sources of variation (requiring the inclusion of a correlated errausérbetween

220  Productivity andSST); 2) Coral cover is affected byshelf position, Productivity, andSST; 3)

221  Rugosity is.affected byshelf position, Coral cover, andLatitude; 4) Predator biomassis affected
222 by Protection zone, Latitude, andShelf position; 5) Speciesrichnessis affected byCoral cover,

223 Rugosity, Latitude, andSST; 6) Intraspecific density is affected byProductivity, Species richness,
224  Latitude, Coral cover, Rugosity, andShelf position; 7) L is affected byshelf Position,

225  Latitude, SSTI, Productivity, Intraspecific density, Rugosity, andPredator biomass; and8) Laso iS
226  affected byShelf position (interpreted here as alternative mating systeimg), Predator

227  biomass, Intraspecific density, andRugosity. For models 1) through) 5a random intercept was
228  specifieder each surveyed reef. For mo@@|s7), and 8) (which included specigsecific

229  estimates-of density.max, andLasp), the random intercept for reefs was nested within species.
230 Estimates of nax andLaso for all species were scaled and centered prior to the anatyses

231 eliminate biases linked to differences in body size among spadiés Latitude, SST, Predator
232 biomass, Species richness, andintraspecific density were logtransformedo satisfy assumptions
233 of normalitysand homogeneity of variance. The goodnedg-ofthe devised model was

234  evaluated using Fisher’s C statistic on the cumulative results ofsbpatation testShipley

235 2009) Model coefficients were standardized by their mean and variance to facilitate comparison.
236  For all significant pathways (and all pathways leading intQ andLaso), we visualized

237 relationships.using partial regression plttsaddition, goodnessf-fit values &) were

238 extracted ferreacbomponent model. Homogeneity of variance was visually verified for each
239  component'model using residual plcddl.analyses were performed usiRgversion 3.2.3

240

241 RESULTS
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242 Across82 sites spanning the northébBR, the mediarfork length at sex changéAso)

243  ranged from 165 to 26&im for C. spilurus, 181 to 313nm for S. frenatus, 166 to245mm for S
244  psittacus, and 156 to 332 mm f@& schlegeli. All four species had larger collectitgsy values
245  at sheltered versus exposed reefs (Fig. 1). This difference was highly pronourCespifiorus
246 andS frenatus;resulting in non-overlapping 95% confidence ellipses surrounding sex change
247  parameters, whila similarsuggestivarendfor S. psittacus andS. schlegeli was present

248  (Appendix'ST;Fig. S1

249 In thestructural equation modeSEM), Shelf position, Latitude, SST, Rugosity, and

250  Productivity exhibited significant effestonL max (Fig. 2; Appendix S1: Figure $2avith more
251  shelteredeefsilowerLatitude, lower SST, lower Rugosity, and higheProductivity associated
252 with larger‘body size distributior{standardized parameter estimate: Exposed =-1.212+ 0.184
253  SE;P < 0.0001;Fig. 2ILatitude=-0.365 + 0.11&E;P = 0.0029; Fig2J}, SST =-0.315 £ 0.123
254  SE;P=0.0126 Rugosity =-0.0172 + 0.072 SE? = 0.0189;Productivity = 0.169 + 0.0755E; P
255  =0.0271)The negative relationship betweleg.x andLatitude was unpredicted, but appears to
256  be an artefaetof the spatial distribution of sheltered and exposed sites in ourlsuceeyrast,
257  Intraspecifie density andPredator biomass had no effect obhnax. As predictedl,so was

258  significantly.and positivelyassociated with max (Lmax = 0.392 £ 0.065 SE? < 0.0001; Fig. 2K),
259  but was_most stronglgssociated witlshelf position (Exposed = -0.875 + 0.156P < 0.0001; Fig.
260  2L). Thisresultsuggests that a large portion of the influenc&heff position onLasp was not
261 transferred through shedfssociated differences in body size distribytlaut instead directly and
262 independentlywrelated ghelfassociated alternative mating systehs otherfactors included in
263 the modekignificantly affected estimates bfso across sitesAppendix S1: Figure §2The

264  marginal model fit for thé.n-model was 0.35farginal R?), while the conditional model fit
265 was 0556 onditional R?). For theLxso-model, these values were 025@narginal R?) and 0.556
266  (conditional.R?)..Other significant pathways in the model inclueedeffect ofShelf position and
267  Latitude on SST (Exposed = -0.608+ 0.255SE;P = 0.0241 Latitude =-0.709 + 0.118E;P <

268  0.0001; Fige2A; Appendix S1: Figure 52n effect oProtection zone, Shelf position, and

269  Latitude onPredator biomass (No-entry = 0.559 + 0.14(BE;P = 0.000]1 Exposed = 0.824+

270 0.171SE;P = 0.0001;Latitude =-0.166 + 0.078 SE? = 0.0348; Fig. 2B-C; Appendix S1:

271 Figure S2, an effect of Species richness andLatitude on Intraspecific density (Species richness
272 =0.218 £ 0.068E;P = 0.0022 Latitude = 0.293 £ 0.091 SHE? = 0.0020; Fig. 2D-E)an effect
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of SST andShelf position on Coral cover (SST = 0.384 £ 0.147 SE? = 0.0102;Exposed = 0.738
+ 0.347 SEP = 0.0426; Appendix S1: Figure S2), an effecCofal cover, Latitude, andShelf
position on Rugosity (Coral cover = 0.631 £ 0.080 SE? < 0.0001 Latitude = 0.527 + 0.095 SE;
P < 0.0001;Exposed = -0.978 + 0.200 SEP < 0.0001; Fig. 2H), and contrastiyp effects of
Coral cover.andRugosity on Speciesrichness (Coral cover = 0.203 £ 0.100 SE? = 0.0455;
Rugosity =-0.173 + 0.082 SE? = 0.0367; Appendix S1: Figure S2).

Overall;results of th&EM supported tha priori specified pathways. Specificallifisher’s
C statisticrevealed thatvalues obtained throughsgparation tests of independence claims
were likely to occur by chanc€ & 63.93,df =54, P = 0.167), suggesting no important
pathways ameng the specified variables were omitted from the hypothesized Sudlelaries
of the coefficients and component model fits are provided in ApperddiXables S31.

The interplay betweeghelf position, Lmax, andLasp is visualized in Fig. 3. Linear
regressions betwedn.x andL,so demonstrate, as predicted, a positive relationship between
these factors. However, the residuals of this relationship are separ&esifippsition for all
four specieswhereby sex change occurs on average at larger than expected body sizes (relativ
to underlying-body size distributions) at sheltered sites. @dtternwas highly pronounced for
C. spilurussandS. frenatus, but less conclusive for the more déaited speciess. psittacus and
S schlegélis

DISCUSSION

Despiterasnumber of causal links between shelf position and biophfgsitat,our results
demonstrate:the overwhelming significance and generality of shelf pasiéidmatingparrotfish
body size'and associated length at sex chaftyge conclusion is accompanied biaek of
direct support for the roles of some previously hypothesized biotic interacpmusiically
predator-induced mortalitystimated as predator biom#&BeMartini et al. 2005, 2008, Hall and
Kingsford 2016) and iméspecific canpettion estimated as densi{@ust 2004)in driving
variation inbody size distributions. The timing of sex change is heavily influenced by features of
the social systertRoss 1990), and our results demonstrate that length at sex change is linked to
local size distribution. However, for at least two of our study species, aroadtliirectional
response im,s0 beyond that explained by underlying size distributions was linkedawith
common source of variation associated with exposure regime, pl@seimably consistentth
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alternative mating systems between shelf positiBekow, weframe our interpretations tfiese
observed spatial patternstadit variation in light of nutritional ecologgex allocation theory

and mating systems across complex and variable ecosystems

Drivers of parrotfish size distributions

Our results'suggest that parrotfish body size distributiona@ady influenced by ambient
temperature'and productivitigut are highly influenced by biophysical features associated with
shelf positions along the northern GBR. Temperature and producéstiynates of fooduality
and availability)are strongly linkeda metabolic processes in ectothersinson 1994,
Anguilleta.et ak, 2004). In contrast, underlying drivers of variation between exposed and
sheltered reefs'remamuchless cleaand, to date, have not been explicitly linked to changes in
reef fish lifehistory traits A major difference between these systems is the intensity of perpetual
hydrodynamic forces that influence benthic structure (Done 198&ptishes arautritionally
reliant on benthic resources; specifically, they target endolithic and epilitbrobes, and, to a
lesser extentydetrital material (Clements et al. 2017). There is evidence that the distribution and
productivity ofssuch nutritional resources varies along exposure gradientsrf@rossal. 2001,
Tribollet'and Golubic 2005, Tribollet 2008yjth epilithic resources increasing in sheltered
environments and endolithic resources increasing in exposed environments. This vieyion |
facilitates different growth rates and resultant size distributions of the conswheers
differentially target both resourcesurther refinement of productivity estimates beysattllite
derived Chi=A"may strengthen the link between shelf position, benthic productitypcaly
size distributionsGust et al. (2002), while examining lifestory traits of fishes from an
overlapping subset of the reefs surveyed here, demonstrated a general pattern of faster initial
growth leading to larger body sizes at sheltered mid shelf reefs for three pagsotiinstiuding
C. spilurus.andsS, frenatus) and a surgeonfish. Further, higher adult mortality rates were linked
to shorter life_ spans on the exposed outer shelf reefs.

The consistent shelf-related variability in body size and concomitartisfery trats
observed by Gust et al. (2002) and Gust (2004) was attributed to differences in food levels,
predation rates, arjthtraspecific] competition, all of which contribute to mortality rates. We
extended the scope across a greater diversity of environments spanning the nortbéthédalf
GBR, and based on our holistic analytical framework, posit that, among these variables,
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resource distribution and quali@¢ross exposure gradients héyefarthe greatest effecivhile

the previously reported effects of predation aaohpetitionare likely by-products of the

observed variation. Food availability is often a limiting factor in animal growth angroduced
similar demographic differences in a variety of marinetanestrial ectotherms (e.g., Clifton
1995, Hjelm.et al. 2000, Madsen and Shine 2000), including reef fishes (Bonin et al. 2015),
sometimes,over small spatial scales. We found no relationship in our model between
intraspecific’density and body size distributions within or across shetignssisuggesting that
competition'was not a major factor. We recognize thatihédysis was not corrected for
underlying resource levels and acknowledge that competition may be demographically
important. However, our results suggest it is not the primary driver of the demagvaghtion
observed. Weralso found no relationship between predator biomass and body size distributions
Thisresultimplieseither (1)that variation in predation-induced mortality does not account for
observed demographic variation or (2) that predator biomass may not be an appropratt indic
of predatorinduced mortality in the study system. Greater adult mortality cdiesrved on
exposed reefsy(Gust et al. 2002) correspond withlg®ry theory predicting greater

reproductive ‘allocatioassociated witshorter life spans (Stear976. It is not entirely clear
whetherthe source of greataprtality on exposed shelves is extrinsic (e.g., predation) or
intrinsic _(i.e7;linked to rate of metabolic processes; see Brown et al. 2004), but our results

suggest the latter.

The effect of'size distributions and mating systems on length at sex change

A defimngsfeatureof social control is that the length at sex change tenks sofunction of
the local size distributioVfarner 1984). Thipatternwas demonstrated in the present study, but
for at least two species there wamarkableadditional variation (after normalizing for
underlying,size distribution) associated with shelf position. f@ssltsuggests that changes in
social demography associated with different environments elicits fudhéoton sexual
selection (Warner andoffman 1980). Gust (2004) found large differences in the proportion of
initial phasesprimary males between mid and outer shelf populatighsspifurus (i.e.,more
initial phasemales at outer shelf reef§)his patterrstrongly implies thaharemic teritoriality
among malesvas thepredominant matingystem asheltered mighelf reefs where primary
males wereare and thagroup spawning emerged to some degtesxposed outeshelf reefs.
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Such changes in mating strategies can influence theedeted reproductive valued males
(Warner 1984), and potentially explains the differences we observe afteriogrfect
underlying body size distributions between exposure regimes. For example, conceptual
application of the size-advantage hypothesis implies that, if male antkfeepeoductivevalues
are stable, the shifts in body size distribution observed between habitats walijgtgportional
shifts inLasg (Orange arrow in Fig. 4a). However, if larger body size distributions select for
greater'prevalence of harentesritoriality, and haremic male reproductivalues favor the
largest males;#m the optimal,so would be higher than expected based on body size
distributions alone (blue arrow in Fig. 4b) compat@d less haremic system. A related scenario
was observedsby Bruggeman et al. (1994 Swmrisoma viride (Bonaire, Caribbean) between
depth zones. Inthat study, disparity in substrate densities led to differenbnakiyields,
which were linked to changes in mean body size and associated varialiigying systems
Deriving a better understanding of the mechanisms for how environmental featuedtect
mating systems is an important objective for future research.

Linking ecosystem processes and demographic patterns across spatial scales

Despite.the influence of social factors described above, we found only weak evidence of
consistentrelatiomsps among body size distributions, population density, and sex ratio across
speciesAppendix S1: Fig. S3). Thiesultis somewhat in contrast with patterns @rspilurus
from Micronesia (using an identical survey strategy), where strong relapsramong these
three factors'were discovered at spatial scales matching those of the prede (Taylor 2014).
We reconcilesthese perceived differences based on the spsttidution of the observed
systems. In Micronesia, variability was measured within and among highly isclkted i
systems, where.the influence of social structure was much easier to quantify in the absence of
extreme habitat, variability. In contrast) the GBR social groups and subpopulations at close
proximity reefs/are subject to extremely high amoeef variability, therebypbscuring our
ability to easily identify such relationships.

Themajor,similarity among cosmopolitan species achbmgh the northern GBR (present
study) and oligotrophic islands of Micronesia (Taylor 2014) is thaglativelylarge spatial
scaleg>100-1000 km), geomorphological features appear highly influential of observed
patterns of variation in length at sex change for dichrorpatimtfishesThe categorical
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distinction between shelf positions (GBR) and between island types (Micronesia) consistently
explainecthe majorityof the response variance desmitmsiderablgradients of latitude (GBR)
and fishery exploitation (Micronesia), suggesting that geomorphological featflwesnce
variation in demographic traits through their hierarchégdct onbiotic factors directly

affecting life-history variation Althoughwe were not able to determine mating systems at the
site level across the scale of our study, prior biological sampling and decadsesaofheon the
dynamics'oef'sex change suggest that the variation observed among distinct envirorasents w
driven by shelf-associated alternative mating systems. Broadening obseraaticansalyses of
life-history variation to mesoscales, as done here, is an important research olbjective.
particular, given the direct link between variation in history traits (sch as growth rate) and
ecosystenlevel' parameters that indicate overall ecosystem functioning (such as secondary
biomass production), identifying the hierarchy of underlying drivers of demographidosariat
represents a paramount objective in the studyoodtreef ecosystems.

Broadscale investigations of lifaistory variation help identify the capacity of populations
to achievedoeal adaptation, thereby linking ecological and evolutionary processes (Retdrsen
Warner 2002)=This study and others have demonstrated the high magnitude of life-history
variation-aeross multiple spatial scales@x changing reef fisheas well as the hierarchical and
contextspecific nature of relationships between-hiistory taits andnfluential factors. We
expectthatenvironmental perturbations concomitant with climate change will have major
impacts on the persistence of caradf fish species (Munday et al. 2008), and the ability to

modify demographic profiles to optimizarvivability will be critical to population persistence.
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FIGURE LEGENDS
Fig. 1. (A) Map/0f82 sites acrosthe northern Great Barrier Re&xposed sites in yellow,
sheltered sites'in bluéB) Species with associated cofdrases of initial (lower, front) and
terminal (above, behind) broadly representing females and males, respe@@yélypothesized
pathways of influence from exogenous to endogenous biotic and abiotic factors ultimately
affectingmaximum length and length at sex change. Curved, ddwgalded arrows indicate
correlated error structure-i(i) Comparison of sex change schedules for species in (B) pooled
across exposed (yellow) and sheltered (blue) sites. Confidence ellipgemdurglLso andLags
estimates are displayedAppendix S1Fig. S1
Fig. 2. Directed acyclic grapHdisplayingstandardizedegression coefficienter highly
significants@P=<0.01) hypothesized pathwaygolid black and re@rrowsrepresent pathways
with positive and negative coefficients, respectivelge thickness reflects coefficient values.
Subplots(A-H represent the effects plots for significant pathways between explanatory factors.
Plots (-L)«represent effects plots feignificant pathway$o the primary response variables,
maximum length anténgth at sex chang@dditional effects plots are presented in Appendix
S1: Figure.S2.
Fig. 3. Relationships between maximum length (represented here as'the@ile of the body
size distribution) and length at sex change across sheltered mid and inner shelf reefs (blue) and
exposed quter shelf reefs (yellow) of the Great Barrier Regf €n82 sites) for four parrotfish
species: (AChlarurus spilurus, (B) Scarus frenatus, (C) S. psittacus, and (D)S. schlegeli.
Shaded regions represent 95% confidence limits surrounding linear regressmedith t
exposure regime.
Fig. 4. Coneeptual diagram depicting potential change in the optimal size at sex dhange (
[dotted line);intercept of male and female reproductakeliesfollowing the size-advantage
hypothesis) across populations with different body sizestiathativemating systems. In (A),
the orange arrow represents the expected chariggpibbased only on proportional shifts in
body size distribution, with mating system remaining unchanged. In (B), the blue arrow
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represents expected change ig, based on shifts in body size distribution coupled with changes
in the rate of male reproductivalue aslie prevalence of haremic territoriality chanddéste
that reproductive value is an agdated value, but for parrotfishes with only moderately

determinant growth, the curves presented across body size should be approximatgly corre
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