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Abstract

Entrainment of growth patterns of multiple species to single climatic dcagrtower

ecosystem resilience and increase the risk of species extidatiog stressful climatic

events. However, predictions of the effects of climate change on the productivity and
dynamics of marine fishes are hampered by a lack of historical data on growth péteerns.
use otolith biochronologies to show that the strength of a boundary current, modulated by the
El Nifio,Southern Oscillation, accounted for almost half ofshared variancie annual

growth patterns dfive of six species of tropical and temperate marine fishes across 23° of
latitude (3000 km) in Western Australia. Stronger flow during La Nifia years drove increased
growth of five'species, whereas weaker flduwring El Nifio years reduced growth. Our work

is the firstto link the growth patterns of multigisheswith a single oceanographic/climate
phenomeneiatlarge spatial scalemdacross multiple climate zones, habitat typgesphic
levelsand depth ranges. Extreme La Nifia and El Nifio events are predicted to occur more
frequently gnthe“future and these are likely to have implicatenthesevulnerable
ecosystemssuchras éimited capacityf the marine tax#o recover fronstressful climatic

events.
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Introduction

Changes to the world’s climate driven by the release of carbon dioxide and other greenhouse
gasesnto the atmosphere due to human activities are having semolscreasing
consequence®r marine ecosystems. Thasagefrom changes in individual physiology and
survival toeffects orpopulation dynamics, habitats and ocean productivity (Lehetlal,

2006, Mundayetal, 2008, Hoegh-Guldberg & Bruno, 2010, Cheentgl, 2012). For

marine fishesyresearch on climate change has largely focused on the implications of a
warming ocean_ for thermal limits and distributions of spetiesleyet al, 2006, Portner &
Peck, 2010). Many of tlse studies have identified “hotspots” of change in marine
environments'where pronounced temperature anomalies are now occurring and these serve
a focal point for the prediction of impacts likely to occur in other regions (Chefualg

2012, Poloczansket al, 2013).However, alterations to the distributional limits of fishes are
only part of the potential effects of climate change; this process is also likely to modify
current flows(Bakunet al, 2015), patterns of productivifsarciaReyeset al, 2015) and
population-dynamics (Fordhaet al, 2013)of species in coastal and oceanic ecosystems.
Because warming affects both regional-(I®0s km) and large scale (1000s km) climate
phenomenachanges could occur simultaneously and dramatically at multiple spatial scales,
rather thanvjust in hotspots or progressively at the fringes of specidsutiistrs. Evidence

for this passibility is shown by the links betwgsrpulation dynamicggrowthpatternsn
particula) of many species to climatic features such as El Miéothern Oscillation (ENSO)
events and.the flows of regional boundary currents (Chetvalz 2003, Blaclket al, 2008,
Helseret al 2012, Blacket al, 2014, Onget al, 2016)

Studies haversshowthatsuch entrainment of growth patternsspgcies to single climate
phenomena can increase the risk of species extinction through the reduction ofi¢portf
effects” bath within specie®.g. butterfly communities (McLaughlet al, 2002)andalso
among species, e.salmon(Schindleret al, 2010, Kilduffet al, 2015).These effects are
defined asadiversity of responses to climadevers, allowingsome individuals or speciés
survive throughrextreme everss thatpopulatons can recover to stabiliseosystem
processesy The degree to which species are entrainatividural climatesignals thus
provides a measure of likely ecosystem vulnerability to climate change.

The construction and analysis of biochronolod@iem otoliths or other calcified structures
provides a powerful technique to assess the extent to which growth patterns of marine fishes

are linked at large spatial scales and to determine the likely impact of climate ohahge
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drivers of these patteriislorrongielloet al, 2012). Growth integrates the effects of both
physical and biologicgrocesses that can alter with climate change, allowing insight into
their effects on key parameters (such as-atage) that determine the productivity and

yields of species targeted by fisheries. Recently, this approach has been usedhovshow
increasing searsurface temperature (SST) can affect the growth of temperate marine fishes
(Gillanderset al, 2012, Coulsoet al, 2014, Rountreet al, 2014) and how the drivers of
growth patterns can even be linked across divergent taxa (trees, corals, fish wed)aiva

the same environment (Black, 2009, Gai@l, 2016)

Here, we useraotolith biochronology approach to identify key climate drivers of growth of
marine fishessfrom a variety of habitats and trophic guilds (Supplementary Talaler&d9

23° of latitude encompassing tropicslibtropical transitionand warm and cool temperate
zoneq(Fig..1). We then examine the vulnerability to and likely scale of impact of the
predicted effects of climate change the gowth patterns of these species. The marine
environmentsrofithe continental shelf of Australia provideitablemodel to examine broad
scale impacts-aflimate changen the growth of fishedecaus¢heflow of both the

Holloway Current and the Leeuwiru@ent are stronglgorrelated to andhfluenced by
ENSO(D’Adamo et al, 2009, Fengt al, 2009) The Leeuwin Curreris the dominating
boundary“eurrent off the coast of Western Australiafiovds polewardsuppressing
productivity-and creatg an oligotrophic marine environmefienget al, 2009). This
contrasts with the highly productive eastern boundary currents that flow to the Equator i
other parts of the world (Canary, California, Humbolt and Benguela currentsf) wdiich
contribute significantly to globalatches of marine fishégréonet al, 2009). The Leeuwin
Current extends more than 2000 km transporting warm, nutrient-poor water southward along
the continental'shelf from the tropics to cool temperate coagsdblogically importantor
the recruitmentygrowth and survivorslopmany species in the regig@aputiet al, 1996,
Caputi, 2008)"and extends the distribution of some tropical taxa soutfMaxd/ell &
Cresswell, 1981). Although the Leeuwin Current typically suppresses pratjydtiis also
associated with mesoscale eddies that can increase primary productivity over short periods of
time (Kaslowet al, 2008). The Holloway Current &southwestward flowingcurrent that
was described i8009(D’Adamo et al, 2009).It has beersuggested to ba strong
contributorto the Leeuwin Cuent(Holloway & Nye, 1985with seasondlows occurring
from February to JulyD’Adamo et al, 2009)thatarestronger in La Nifia yea(®Vilson,

2013).
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Earlier studies of otolith chronologies of fishes along the coastestern Australidnave
shown that growthfcsome shallowwater, temperate speciesspond positively t&ST
(Coulsonet al, 2014, Rountrewt al, 2014). In contrast, the growth of tropical fishes is
positively correlated with ENSO variabilifOnget al, 2015, Onget al, 2016) whereas the
growth of-adeepvater fish off the coast of the southwespasitively correlated with the
strength of the Leeuwin Current (Nguyetal, 2015) Given that these observed drivers are
inter-related, the growth patterns oftfess might be similar across relatively large spatial
scales, from tropical to temperate zonesVééfstern AustraliaThus, the effects of climate
change could manifest simultaneously and synoptically across environments where fishe
share connected drivers of growth. We predict that strength of the Leeuwin Cwhiehtjs
stronglycorrelatedo ENSO fluctuations andeterminesegional environmental variables
such as temperature, will be an important driver of the growdlults ofsix species
throughout the coastal marine waters\adstern Australia. We examine the implications of
this link for growth and productivity of fish populations under scenarios of future elimat

change.
Materials/and methods

The otoliths.of fishes grow in proportion to body size and thus provide a proxy for measures
of somatic growitl{Rowell et al, 2008, Neuheimest al, 2011, Stocket al, 2011, Blacket

al., 20138). Existing increment data from the otoliths of five coastal fishgm(us
argentimaculatusLutjanus boharLethrinus nebulosyg\choerodus gould@andPolyprion
oxygeneiopin\Western Australiavere obtained from earlier studies and a new chronology
for Scorpisfaequipinnig/as constructedSupplementary Table S2). These six species, which
all have relatively long lifespans, were sampled in different climatic zéigsl) and depth
ranges Suppementary Table §1Scorpis aequipinnigiere smplked between 2008 and 2011
using both _spear fishing methods (up to 20m depth) and commercial catches (up to 50m
depth) and wliths weresectionedransversely through the primordiusgeCoulsonret al.
(2012)for more detailsimage analysis methsdredescribed in th&upporting Information.
Raw otolith inerement widths for all individuals from each species were obtained and
detrendedwsing the method of Blaatkal.(2013) where increment widths were first aligned
by age and the mean increment width for each age calcutateld series was then divided

by the mean to obtain detrended values. The quality of the detrended increment series (for
fish of the same species) was then assessed using the meannoé@aieries correlations

(), an estimate of fractional common variance, and the expressed populationERBlala
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measure of how well the chronology represented the theoretical population chronology
(Wigley et al, 1984) To ensure that the chronologies contaiaely synchronous growth
signals, bootstrapped 95% confidence interval$ favith 15 year intervals) were estimated
following the methods of Rountrest al.(2014) These were calculated using a modified
version of thepackage “dpIR”(Bunn, 2008)R softwarg R Core Team, 2015). Only

periods withr >0 and EPS > 0.50 were used to construct the growth chronology. If the
detrended increment series for any species did not contain periods>ittand EPS > 0.50,
the detrending methods used in the original publications were adopted to retsipetie af

the growth_ehrenology that contributed to shared variance among sampled individuals. The
growth series fok. argentimaculatud.. bohar, L. nebulosusndS. aequipinnisvere
detrendedfollowing Blackt al.(2013),as described earlieAchoerodous gouldivas

detrended using the double-detrending techniuiee original publicatioffRountreyet al,

2014) where each series was detrended first with a modified negative exponential function
followed by a spline with rigidity set to 67% of the series lengthyprion oxygeneoiwas
detrended using a spline rigidity with a 50% frequencyofutf nine years, following the
original publication(Nguyenet al, 2015) The double-detrending and spline methods may
have been'more successful in emphasizing signal and removing ndlsgéuidiiandP.
oxygeneoisrespectively, due to higher levels of individual variation in yeusted mean
increment width and/or more medium frequency variance caused by local factors rather than
regional drivers. However, explicit testing of detrending methods was beyond the scope of
this study..The final growth chronologies for each species were constructed fromrdgeave
of all detrended increment series fdriatlividuals within each species. The time span of

overlap of chronologies for all six species covered 16 years, from 1988 to 2003.

Each of the"six’echronologiesne per speciesjere standardized (mean = 0, variance = 1) and
analysed-using-principal components analysis (PCA), to reduce the number of response
variables The scores from the principal components that accountedajorrity of the

variance wersubsequently includesk response variabl@a the form of timeseries data,
similar to the original chronologies) separatdinear regression modetgsed on
informatiorrtheoretic methods. These models enablem assess the influenoé the

Leeuwin Current (measured byt Fremantle sea levelpd climate indices including the
multivariate EI NifileSouthern Oscillation (ENSO), Pacific Decadal Oscillation (PDO) and
Dipole Mode Index (DMI; seSupportinginformation for justification and details on datasets

obtained) on thgrowth chronologiesCollinearity between environmental variables (|r| >
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0.5, p < 0.01) was evaluated to ensure that collinear variables were not includesbimé¢he
model. Due to collinearity among tleavironmental variablegnd the low number of
observations (n = 16 years), only one variable was used in the construction of each model,
resultingin the evaluation of five models (one for each of the four environmental variables
and an interecept-only moddr each response variablehe R package “MuMIn(Barton,
2015)was/used fomodel selection using the secomdier Akaike information criterion

(AICc) based on Kullbackeibler information loss and accounting for small sample sizes
(Burnham& Anderson, 2004Differences in Al¢ values (AAICc), model probabilities
(Akaike weights) andelative variable importance (using the sum of Akaike weights over all
models) were used to assess the models. Adjustedlies, Fstatistics and yvalues were
reported far the top-ranked models. All top-ranked models identified in the mbet=ise
process were validated to ensure that assumptions of homogeneity, normalityjpmicike
autocorrelation were not violated. Linear dependence was assumed for the enviabnme
variables because the use of smoothers for the variables did not improve fthieefinodels.

All statistical analyses were completed in R softw@&&ore Team, 2015).

After the model selection process, sdat@relation maps of the first principal component
with quarterly 6cean heat content and ocean mean temperatur8sigeeting Information
for further'details) were constructed to illustrate the spatial relationshipddition to the
temporal resoluon that the linear mode(glescribed above) provide®cean heat content
was selected because it has been identified as a predictor of the strength of the Leeuwin
Current (Hendon & Wang, 201@nd has strong correlations with Fremantke Isgel
(Supplementary Figure $10cean mean temperaturgsto 700 m depth were selected to
encompass. the.depth ranges of all study speciesemaaise ialso shows strong correlations
with Fremantlersea lel/€Supplementary Figure S1). Individual correlations of each
chronolegy withsthe environmental variablgsre also carried out to confirm the importance
of the varigus‘environmental variables on each spaciéso corroborate thesults of the
PCA and the linear regression models.

Results

Similarities in theotolith chronologies

We show that among the imttiluals for each of the six species of fish, there were
synchronous signals of growth at certain periods of thenchwgies (Supplementary Table

S3. The period of overlap for all species was 1988-2003, a 16-year peirathrities
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between the six otdh chronologies (one for each species) were then assessed using a
principal components analysiBhefirst two principal component (PC) scorascounted for
65% of the total variance in the data set. Of these, the first accounted for 41%aridhee,
andthe second24%. The remaining principal components were not included in further
analyses=Growth of three of the speclagjanus argentimaculatygchoerodus gouldiand
Polyprionexygeneioshad negative loadings on PC1 (Table 1) and displayethsitnais in
temporal patterns of growth (Fig. 2a). Chronologies of two of the remaining spectepié
aequipinnisandLethrinus nebulosysalso had negative loadings on PC1, whetedignus
boharhad a.paositive loading (Tablg.XChronologies fok. boharandS. aequipinnisiad the
mostnegative loadings on PC2 (Tableahd displayed similar temporal patterns in growth
(Fig. 2b). Inverse values of PC1 (R&Land PC2 (PGR) scores were used in further

analyses.

Influence of boundary current on fishes

Collinearity among the four environmental variables are shown in SupplementarySfable
The model selection process involving R¢Iound that the firstranked model (i.dowest
AIC ) was one that related PRAwith Fremantle sea level, and it was estimated to be
approximately six times more likely (Akaike weight = 0.82) than the second-ranked model
(Akaike weight=.0.13, AAICc = 3.64 Table 3. The firstranked model showed a positive
relationship.between PGl andFremantle sea levehnd it explained 48% of the variance in
PC1, (adjusted R= 0.48, F-statistic = 14.81, p-value = 0.R02

The strong, positiveelationship between the Leeuwin Current and the western Pacific warm
pool (via the Indonesian throudlow) were evident in the spatial correlation maps of RC1
with ocean heat content from January to March (Fig. 3aSspplementary Fig. SBr

spatial correlation maps of the other months). The spatial correlation med;qf &#nd

ocean temperatures from January to March.(8b; see Supplementary Fig. S3 for the other
months) shewed that higher temperatures were correlated with wider otolith increments for
five of the six,study species, represented by negative loadings gn.PQis result was
consistent with the results for ocean heat content, which also showed positive correlations
with growthrwhen higher amounts of heat were stored in these waters. Both thesh(@A re
and the spatial correlation maps showed the influence of the Leeuwin Ciisedft

modulated by ENSQyn five of the six study species (as indicated by the PC1 loadings). In
addition to the influence of the Leeuwin Current on the shared variance ofefspécies

using PCi,, individual correlations ofdach chronology (all six study speciasg¢ shown in
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Table 3.The importance of the Leeuwin Current (as measured by Fremantle sea level) was
re-affirmed on at least three of the spedilesargentimaculatusS. aequipinnigndA.

gouldii), with again fivespecies having similar positive signs. Significant correlations were
also seen between measures of ENSO (MEI and PDO) and some of the species, while the

DMI wassignificantly correlated to one specf€able3).

Influence ofPacific Decadal Oscillatioon fishes

The firstranked model for PG% identified a possible relationship between growth and the
PDO (Table 2 It'was only approximately twice as likelgkaike weight = 0.55as the
secondrankedyinterceponly model (Akaike weight = 0.24, AAICc = 1.65) and was not
considered to‘besa substantial improvement, as the AAICc was less than @Burnham &
Anderson, 2004). The relative variable importance of the PDO was 0.56, which was much
greater than other variables (0.06—0.07). The linear model showed thagttere

relationship between PGg2and the PDO was marginally significaRtgtatistic = 4.81, p-
value = 0.05) and explained 20% of the variation in RGadjusted R= 0.20), which

largely reflected'the growth chronologiesLoboharandS. aequipinis (Table 1).

Discussion

The strength of the Leeuwin Current, linked to inter-annual variations of EN&@et al,

2009), was a key driver of the growth of adult fishes across more than 3000 km of coastline
in the eastern Indian Ocean. Bkdishes were collected from a shelf that encompassed
tropical, subtropical, warm temperate and cool temperate environments over ~2Bid# la

and from bothsshallow coastal waters and deeper continental slopes. Fremantle sea level (a
proxy for strength of the Leeuwin Current) and composite growth of five of the sixspecie
were positively correlated, indicating that in years of high flow (La Nifia phaded90),

growth rates of adult fishes tended to increase, whereas in years of lo(Eflbifio phass

of ENSO), growth declined. Overall, current strength accounted for almost hiadf of

variability in thescomposite growth chronologieghich represented the shared variance

among the sampled individuals.

Our work is the first to provide evidence of a link between the growth patterns ofisled, f
flow of a boundary current and ENSO at spatial scales that include multiple climate zones,
habitat types and depth ranges. Earlier studies have found strong relationships between

growth and ENSO indices faingle species in norivestern AustraligOnget al, 2015,
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Onget al, 2016). Other studies using growth chronologies in the Southern Hemisphere have
focussed on relationships between growtkingle species dfshes and temperature

(Thresheret al, 2007, Morrongiello & Thresher, 2015, Izebal, 2016). However, our

results show that links between growth and ENSO indiaasoccur for multiple species

along both tropical and temperate coasts and across the shelf in waters éaflon tice

Leeuwin Current, an area encompassing a third of the entire coastline of the Australian
continent. ‘'Other studies on synchronous patterns among marine populations commonly use
metrics ofwecruitmentMegreyet al, 2009), abundand®efriezet al, 2016) or biomass
(Vasseur & Gaedke, 20QAyhich tend to be populatidevel estimates that may or may not

be fisherydependent. In contrast, our research uses individual-growth data to infer

growth variatiorand thesubsequergffects of climate on somatgrowth rates Hence, our

study provides'a different yet valuable approach to the historic effects ofectimat

population dynamics and its consequences.

There are several possible mechanisms that could account for the positive relationship
between growths(as measured by the RGddex) and the strength of the Leeuwin Current.
Firstly, anjincrease in current flow results in a greater input of warmer and lower salinity
waters from the"western Pacific to tiestern Australiacoast(Meyerset al, 2007) As fish
are poikilotherms, these warmer waters may increase metabolic rates and aid growth
(Rountreyetal, 2014), provided individuals do not exceed thermal limits and sufficient food
is available to support energy demands. Secondly, stronger flows of the Leeuwin Current
may create intense mesoscale eddies that draw nuigarwater from depth into the photic
zone, increasing primary production (Koslewal, 2008) that then flows up the food chain
to fishes at higher trophic levelslguyenet al, 2015) Finally, a stronger Leeuw Current is
also associated'with higher rainfall over nentestern Australia due to the influences of La
Nifia oversSSTywinds and convection north of the contif\iainget al, 2003). The input of
terrestrial'nutrient via runoff at these timeght be an important factor for the growth of fish
that live in or near large embayments or estuaries suchrebulosugOnget al, 2016) or

youngL. argentimaculatugOnget al, 2015).

The Pacific Decadal Oscillation (PD@ps identified as a driver of adult growthLofbohar,

S. aequipinnigind, to a lesser extem, oxygeneiosAlthough it might seem incongruous that
the physical oceanography of the northern Pacific could influence growth of fishes in the
eastern Indian Ocean, this teleconnecfloked, largescale variability at long timescales
e.g. Lehodet al, 2006, Kilduffet al, 2015, Newmaset al, 2016)is not without precedent.
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The PDO describes a combination of oceanographic processes that span both ghartdopic
the extratropics and is strongly linked to the oceanography of the tropicalmeatsic

(Chen & Wallace, 2015, Newmaat al, 2016).1t is also regarded as a reddened/delayed
response to ENSO where the ENSO signamerges in th@DO in thesubsequent year
(Newmanet-al;*2003, Shakun & Shaman, 2009). Hence, correlations with the PDO might
have occurred via two mechanisms. Firstly, growth variations in the threesspegid be
linked to the lagged ENSO signal. Alternatively, the gropdtierns were responding to low
frequencyy(ie. decadal) variatiorsf SST anomalies in theopical Pacifi(Chen & Wallace,
2015). In suppeort of the second explanation, mdéttadal variationsf the PDO in the
tropical Pagific lave been found to influence Idnequency variability of the Fremantbea
level, a praxy/for the strength of the Leeuwin Curi&m®nget al, 2003),and this process has
also beenmecorded in the growth patterns of corals alongMestern Australiacoast(Zinke

et al, 2014)

We acknowledge that althouglr study has focused on the effects of climate, other external
factors suchwas:the effects of fishing pressure can also induce synchronous changes in
population‘dynamicéranket al, 2016). However, in our study system, the exploitation of
fish populationgre of relatively minocommercial importanceompared tanvertebrate

species sueh.as prawns, abalone and loffStetcheret al, 2017). Furthermore, the species
we have _chesen in this study tend tmibe the main targets die commercial fisheries in

their respective region&ven thoughA. gouldiiandL. nebulosu$ave the highest

commercial catches compared to the other species (maximum 60 ifmangsay, their

catches are still a small fraction (< 3%) of the total commercial catches in their respective
regions(Fletcheret al, 2017) Hence, commercial exploitation is less likely to be a major
driver of fluetuations in the population dynamics of éishlong this oastline We also
acknowledgesthat because of our attempts to compare mitiltiygeseries of growth data, the
number of years of overlap among the biochronologies is not large (16 years), however, this
is an inevitable consequence of using datasets that were not originally constructed for our

purpose.

The impartance of ENSO and theeuwin Current to the settlement and recruitment of
marine invertebrates and fishes along parts of the coastlivestern Australigs well-
recognised (Capuét al, 1996). The strength of the current also influences the presence and
persistencef corals and their symbionts at high latitu@€sllins et al, 1993, Silversteiet

al., 2011) and the abundance of very large planktivores, such as whale(Steeksaret al,
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2010). Our study shows that the growth of adult fishes is also driven by thessdalge-
atmospheric and oceanographic phenomena, irrespective of the thermal range of a species
(tropical or temperate), the depth of habitat or trophic role it occupies. This result has
important implications for the potential scale afmquity of climate change impacts along

the WesternAustrali@oast. Climate forecasts suggest that El Nifio and La Nifia events are
likely to become more frequent and inte(Gai et al, 2014, Caet al, 2015). Strong El Nifio
events slow the flow of the Leeuwin CurréRenget al, 2009)and our tudy shows that

such conditions may lead to concurrent declines in the growth of many fishes alongréhe enti
coastline oWestern Australia. This has the potential to alter key life history teagssize at

age (Rountregtal, 2014),with subsequent ipacts on population demography. Although
moderate La Nifia conditions are likely to positively affect growth rates nagrégrated by

our study, extréeme events can produce anomalous water temperatures that may surpass the
thermal limits of fishes. For example, the marine heat wave that occurred in the summer of
2011 on the coastline d¥estern Australiavas driven by an unusually strong Leeuwin

Current, itself a result of a strong La Nifia eyé&@nget al, 2013) The marine heat wave
caused majorfish kills along the coéBearceet al, 2011) reductions in abundances of
commercially'important invertebrates such as the abalatietis roeiand scallopg\musium
balloti (Caputietal, 2016), reductions in habitédrming seaweed@Vernberget al, 2013)

and coral bleaching (Depczynskial, 2013). Thus, extreme phases of both El Nifio and La
Nifia are likely to negatively impact fish populations in a synoptic manner along ifee ent
coastline oWestern Australigacross a varietgf distribution ranges, thermailits, depth

ranges and trophic levels.

The recentmarine heat waves highlight the way in which the ENSO signal rcaiuost

extreme variability in physical environments inhabited by marine fiSttesdegree of
entrainmentitosthe ENSO signal and the &sieacy of relationships among a diverse range

of fishes"'show'that there is likely to be only a limited variety of responses to stressful climate
incidents by these faunas across large areas WWéstern Australiacoastline. This implies

that these ecgstems may be extremely vulnerable to and have limited capacity to recover

from theshireatof extreme LaNiflaand El Nifo events.
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Tables

Table 1. Loadings of the otolith biochronologies of six marine fishes on the first amisec
principal component (PQ&cores. Fishes were sampled from coastal Western Australia and

the jotolith growth chronologies were from the years 1988 to 2003.

Species PC1 PC2
Lutjanus argentimaculatu -0.55  -0.09
Lutjanus bohar +0.17 -0.66

Lethrinus nebulosus -0.37  -0.15
Scorpis aequipinnis -0.32 -0.60
Achoerodus gouldii -0.49 -0.01
Polyprion oxygeneios  -0.44  +0.43
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Table 2. List of models with one explanatory variable that went into the modelisel
process. Explanatory variables consisted of annual means over the years 1988 to 2003. The
response variables were the first two principal components (PC) scores from six marine
fishes in Western Australia. Model 1 shows the 4iestked modl for PC1,, and model 2 is
the firstranked model with PGZ. The inverse of PC1 and PC2 were used because the
respective taxa were negatively loaded on both principal components. ENSO = El Nifio-

Southern Oscillation, AAICc = difference in second ordekaike information criterion.

Model Explanatory variable AAICc for  AAICc for
PClny PC2n

1 Fremantle Sea level 0.00 4.13

2 Pacific Decadal Oscillation 6.11 0.00

3 Dipole Mode Index 11.53 4.16

4 Multivariate ENSO Index 3.64 4.41

5 Intercept only 8.47 1.65
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Table 3. Pearson's correlations of the otolith biochronologies of six marine fighes f
coastal Western Australia with environmental variables. Otolitbnologies of each species
included all periods with synchronous growth signals. SL = sea level, MEI = Midte&i

Nifio-Southern Oscillation Index, PDO = Pacific Decadal Oscillation, DMI = Dipole Mode

Index. ** indicates a p-value < 0.01, * indicateg-value < 0.05.

Species Fremantle SL MEI PDO DMI
Lutjanus argentimaculatu +0.46** -0.48* -0.46** -0.06
Lutjanus bohar -0.04 -0.16 -0.26 -0.09
Lethrinus nebulosus +0.21 -0.01 -0.03 +0.14
Scorpis aequipinnis +0.56** -0.44* -0.63** +0.11
Achoerodus gouldi +0.49** -0.27 -0.06 -0.16
Pelyprion oxygeneios +0.42 -0.43 -0.11 -0.51*
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Figure captions

Figure 1. General sampling locations of the six species of adult fishes abbdémbg the
coast of Western Australia. LA (A) = Lutjanus argentimaculatys.B (X) = Lutjanus bohar
LN () = Lethrinus nebulosyAG (d) = Achoerodus gouldiiPO @) = Polyprion
oxygenelosSA (+) = Scorpis aequipinnisThe marine regions and the major current flows

along the coastline are also indicated.

Figure 2. Otolith growth chronologies of six marine fishes from Western Australia with the
respectiverleading principal component (PC) scores. Chronologies were detrended (see
methods) and standardized (mean=0, variance =1)u{@nus argentimaculatyugolyprion
oxygeneiog@ndAchoerodus gouldichronologies with PG3, and (b)Scorpis aequipinniand
Lutjanus behaichronologies with PGg,. The inverse of PC1 and PC2 were used because the

respective taxa were negatively loaded on both principal comfgonen

Figure 3. Significant correlations (p < 0.05) between the inverse of the firsipalin

component (PGJ,) and environmental variables averaged between January and March.
PC1,, was.constructed from the detrended and standardized growth chronologies of six
fishes from,\Western Australia and inverse values were plotted as five of the six species were
negatively‘loaded on PCL1. (a) R End ocean heat content{{lb0 m depth) and P Cly

and ocean mean temperature{00 m depth). Warmer colours indicate positive correlations,
cooler colours indicate negative correlations. All data were from the $688 to 2003 and

spatial correlation maps were obtained and modified from KNit#&te Explorer.
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