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Abstract

The effects of climate changee difficult topredict br many marine speciégcause little is
known oftheirresponse to climate variations in the past. However, long-term chresologi

of growth, a variable that integrates multiple physical and biological factors, are now
available for'several marine taxa. These allow us to search for clime¢® synchrony in

growth across multiple taxa and ecosystems, identifying the key processes drivingaiologi
responses at very large spatial scales. We hypothesized that in northwest (NW) Australia, a
regionthatispredicted to be strongly influenced by climate change, the El Nifio Southern
Oscillations(ENSO) phenomenon would be an important factor influencing the growth
patterns ofserganisms in batimarine and terrestrignvironmentsTo test this idea, &
analyseckexisting growth chronologies of the marine fiskijanus argentimaculatus, the
coralPorites;spp. and the tre@allitris columellaris and developed a new chronoldgy

another marine fish,ethrinus nebulosus. Principal components analysis and linear model
selection showed evidence of ENS@ven synchrony in growth amoradj four taxa at inter
annual time scaleshe first suchresult for the Southern HemispheRainfall, sea surface
temperatures and sea surface salinities, which are linked to the ENSO system, influenced the
annual growth of fishes, trees and corals. All four taxa had negative relatiowshifise
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Nifio-4 index(a measure dENSOstatus)with positive growth patterns occurg during

strong La Nifa years. This findingnplies that future changes the strength and frequency

of ENSO events are likely to have major consequeftrdsoth marine and terrestrialx@

Strong similarities in the growth patterns of fish and todtes the possibility of using tree

ring chronologies, which span longer time periods than those of fish, to aid understanding of
both historicaland futureesponses of fishopulationgo climate variation.

I ntroduction

Research efforts focused on the effects of climate changeganisms irboth terrestrial and
marine ecaosystems (Rosenzweig@l., 2008; Hoegh-Guldberg & Bruno, 201§ve mostly
examinedsingle 'species or groups of species in common environments. Although it is
recognisedthatterrestrial and marine ecosystems are intimately linked (e.g. Dai & Wigley,
2000), the isolated nature wlanystudiesmeans that the effects othmatephenomenon

across different ecosysternave not been fully explore@ur understanding ahese

connections has been further hampered laglaof longterm (decades to centuries) records

of theresponsesf marinetaxa toclimate variations (Rosenzwegtal., 2008; Richardsoet

al., 2012)."€hronologies of growth are now being developed for an expanding suite of marine
organisms‘includingorals, molluscs and fished| of which have annual cycles of growth

within their hard parts (see review by Morrongiadt@l., 2012). These chronologies provide
powerful'insights into the effects of climate change, since growth is a variable that integrates
the effects of multiple physical and biological factors (Morrongietlia., 2012)and these

taxa are relatively longived (typically many decades).

Initial attempts.to compare growth of taxa across ecosydtamesshown evidence for links
between agceanic/atmospheric variation and growth, with some studies revealing-climate
driven synchrony in growth across multipledaFor example, thergwth of freshwater fish
andtrees were correlatad the United Statelsecause of similar responses of these taxa
rainfall and river discharge&suyette & Rabeni, 1995). Synchronous gropditerns ofrees
marine fish and.bivalvas the northeast Pacifitave been linked to ENSO throutite

influence this phenomenon hassma surface temperatur&s(), land temperatures and
precipitation (Blaclket al., 2009). An understanding of the factors and mechanisms that drive
suchlinkages provides us with an improved capacity to hamdl forecast the effects of

climate change on the growth of aquatic organisms.
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Additionally, growth chronologies derived from tetkeat are sensitive to climate variations
can be utilised to reconstruct past patterndiofate.In Australia, longterm (multi-decadal)
growthrecordsfrom trees and corals have been used to extend records of réamjallCullen
& Grierson 2009; Lough, 2011; O’'Donnedt al., 2015) and SST (Henay al., 2002; Zinke

et al., 20242019 to times prior to instrumeak record. Where onnections between ocean
and atmospheric processes lead to synchronous growth responses among marine and
terrestrial taxamulti-proxy reconstrugbns of broadscale climate phenomegan be
developed: For example, tree and coral growth increments and ice core gingtgpanning
the Pacific basin have be&und to be synchronously responsive to the influence of the
ENSOphenomenon regional temperates and precipitation. These chronologies were
subsequently/used to develop a robust, multi-proxy reconstruction of ENSO variability over
the last ~450 years (Bragangaal., 2009).Suchreconstructions have greatly extended
instrument records and furtleglour knowledge of the amplitude and frequency of variation
in climatethrough time.

Linked biological responsed taxaacrosgerrestrialandmarineecosystems coulaso
enable the use of terrestraironologiegwhich aregenerallyavailable ovetonger time
scaleghan marine recorflas proxies for estimating the likely responses of marinettaxa
climate changeFor example, synchrong the growth otrees, marine fishand the breeding
success:afeabird has been linked tthe influence of sea level pressure on upwelling and
precipitationin the northeast Pacific (Blaekal., 2014). This strong connection between
oceatic andatmosphdc processebkas enabled the uségrowth chronologies from trees to
developa rabust600year reconstrugin of upwellingintensity (California Current Winter
Index)along.the California coast (Blaekal., 2014).Similarly, other coastal ecosystems
with strong links to atmospheric processes that influence treebenayit from this method

of hindcastinghistoric ecosystem states beyond available instrumental records.

Here, wepresent the first regional comparisorttoé climatic drivers of the growth of fishes,
coralsandtreesfrom the Southern Hemisphere. We focus on the marine and terrestrial
environments ohorthwest (NW) Australia. Western Australia (WA) has been identified as a
potential ‘hotspot’ of climate change (Pearce & Feng, 200fgrewater temperatures along
the NW coast are predicted to increase by more than 2°C by the year 2055 (&lstLing
2012). In this region, largeealedrivers (i.e., over hundreds to thousands of kilometres) such
as the ENSO interact with regional Indian Ocean processes to influence the marine
environment on the NW coa@¥larshallet al., 2015; Zinkeet al., 2015). The combination of
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theseinteractionscan result in phenomeachas the ‘Ningaloo Nifio’, an anomalous
warming of surface watethat has caused widespread fish kills and coral bleaching @feng
al., 2013).

Long-term_growth chronologies have already been developed from trees (O’Debrahell
2015), corals.(Coopett al., 2012) and fish (Ongt al., 2015) in this region, providing an
opportunity.to investigate linked biological responseslimate patternacross taxa and
ecosystems=These earlier studies have revealed that giotneles in NW Australishowa
strong positivesresponse to rainfall because water is anlgmgsourcgO’Donnell et al.,
2015) Similarly, coral growth isnfluenced by regionathanges ir8STthat affect
calcificationrates Cooperet al., 2012) while adult fishrespondo changes in SST argia
surface salinity $S9 because of changes in metabolism rates, osmoregulation or food
conversion=efficienciefOnget al., 2015). Given that ENSO drives regional environmental
and climatevariables such as SS$SS and rainfalh Australia’s NW regionwe
hypothesized that the growth of these taxa will extsionilar patternsAdditionally, we
identify thé"key environmenta&hariablesdriving patternan growthamong taxa.

Materials and methods
Environmentakdrivers of marine and terrestrial regionsin Western Australia

The NW coast of Australia includes two major marine bioregions (as defined by Fletcher &
Santoro, 2014): the North Coast, which includes coastal areasRiflihea and Kimberley
regions, and the more southerly Gascoyne Coast from Exmouth Gulf to Shark Bay (Fig. 1).
The warm; low salinity waters off the North Coast are of Pacific origin,iagtére region

via the Indonesian througlow and interacting withwaters of the Indian Ocean (Meygers
1996). The North Coast bioregion is entirely tropical while the Gascoyne Coeagibn is
subtropical and is a transition zone between the tropics to the north anchpleeat= zone to
the south (Fleteher & Santqrd014). The marine environment off the Gascoyne Coast is
influencedsbysthe Leeuwin Current, a pole-ward flowing, eastern boundary curreni@fess
& Golding,2980; Fengt al., 2009)that transports warm tropical waters southwards along
the coast ofWA (Fletcher & Santoro, 2014) and is strongly influenced by ENSO on inter-
annual time scales (Fergal., 2009). In the tropical marine waters of the North Coast, SST
in summer averages 28.8°C with a maximungaf30°C while average SST in winter drops

to a monthly minimum ofa. 24°C (1970-2010 seasonal averages; Rastradr, 2003). In

this region, the intra-annual variability of SSS is low, with an average of 34.§@p&dtical
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salinity units)and a range of ~0.3 PSU (1970-2010 seasonal averageeGadq®013). In
the Gascoyne Coast region, average SST in sunsrakghtly lower than the North Coast
(25.2°C; range of ~1.1°C) while SSS is slightly higher with an average of 35.4 PSU and
range of 0.3 PSU. Both the North Coast and the Gascoyne Coastaomally influenced by
summetrtropicalcyclones (Fletcher & Santarg014) and the North Coast, in particular, is
affected by river outflows from summer rainfall (Lough, 1998).

In the semiarids-and arid terrestrial environments of NW Australia, bioldgicacesses are
principally.driven by rainfall Cullenet al., 200§. This isshownby strong correlations of the
growth ofCallitris columellaris treeswith rainfall and humidity (Cullen & Grierson, 2007;
Cullenet al., 2008; O’Donnelkt al., 2015). In NV Australia,rainfall is extremely variable

both within and among years.ddgtrain falls during the summer months (average of 102 mm
per monthsfrem:Jdanuary to March over the years 1970-2010; Jones & Harris, 2008) and is
associatedswitlropicalcyclones or raifbearing low pressure systems (Gentil®71). In
contrast, the austral winter to sprimgpnthsof June to Novembeaaverageonly 12mm per

month (datafrom 1970-2010; Jones & Harris, 2008).

Growth chrenelogies

Growth chronelogies frorhutjanus argentimaculatus, Porites spp. andCallitris columellaris
were obtained from earlier studias mentioned above (see SupplemerntatyleS1for

details orthetype of data, length of chronology, location and squitleese were
supplemented with aewgrowth chronology developed from otoliths of another tropical fish,
the spangledemperdrethrinus nebulosus). For all species, we only used d&iathe years
1984 to 2003, whiclwerecommon to chronologies froail taxa.The quality of the
chronologeswasassessed using the mean of pairwise series correlatios (estimate of
fractional'common variance, and expressed population signal (EPS), a measure eflhow w
the chronology represented the theoretical population chronology (Vighey 1984).

These weranalysed using the R package Rp(Bunn, 2008).

Spangled.emperor growth chronology

Archived collections of otoliths of spangled empetomgbulosus) were obtained from the
Department of Fisheries (Government of Western Australia). These otoliths came from fish
collected in the Gascoyne Coast region of WA (Fig. 1) from 2006-2010 (Metrebt

2010). The sagittal otoliths of each fish were cleaned and one otolith was embedded in epoxy
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resin. Two to three thin transverse sections weade near the primordium in a direction
perpendicular to the sulcus acusticus with a low speed saw containing a diaafendg
blade, following the methods of Marrietal. (2010). The sections were then washed by
agitating in 2% hydrochloric acid for up to 10 seconds (to remove calcium build-up),
followedrby-rinsing in water. Dry sections were then mounted on microscope slides using

casting resin.

For ouranalyses, we used the otoliths from 23 fish aged 24-32 years old with sufficientl

clear incremeigtfor image analysis. The region next to the sulcus acusticus on the dorsal side
of each otolith was imaged using an Aperio Scanscope Digital Slide Scanner (Leica
Biosystems, Germany) with a motorized stage system. Images were captured using
transmitted Ight with a 20x objective. Increment widths were measured on the otolith images
using a plugin«(“incMeas”; Rountrey, 2009) written for ImageJ, an open source image
processingspregram (version 1.48, National Institutes of Health, USA). Two to thisedisa
parallel tothe growth axis were drawn, and the outer edge of the opaque zones wete marke
(along the'transegtérom the edge of the otolith to the core. The calendar years were also
recorded for each marked increment by working backwards from the date of capture and
taking into consideration the timing of completion of the opaque zone (austral summer
Marriot et al*;*2010) as part of the visual croslating proces<Crossdating assumes that the
environment induces synchronous, time-specific growth patterns that can be matched among
individuals (Fritts, 1971; Gillanders al., 2012).Averages of increment widtlisom the

multiple transects per sample were calculated and used if therameect correlations were
greater than"0%9. Statistical cradsting was used to check the correct assignments of

calendar years«to increments (Blatlal., 2005) and any errovgere visually inspected

before measurements were changed

To produce.the overall chronology, the increment widths were aligned by fish age and the
mean increment'width at each age was calculated, following the methods o&tBdhck
(2013). Eacehsseries was then divided by the meaageyseries to obtain standardized series
that removed ontogenetic trends, and the standardized series were abgregjeddar year

to create a single overall chronology (see Supplementary Fig. S1 for raw, detrended and
averaged series). Only years with a sample depttooé than eighfish (19842003) were

used for analysis. EPS andavere calculatedising only one time series for each individual
fish for the period from 1984-2003.
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Mangrove jack growth chronology

We used existing detrended (ontogenetic trends removed by dividing the raw sdridsewit
meanby-age serigsgrowth increment series for 36 adult mangrove jackjénus
argentimaculatus), that were collected between 1996 and 2005 at various sites alddg/the
coast (Fig. 1@nget al., 2015. The detrended increment serfesm the 36 fistwere

averaged to obtain a single growth chronology. The published chronology consisted of
incrementidatasfrom 1975 to 20@®h a sample depth of at least 20 fish contributing to each
year value-(Ongt al., 2015).

Coral growth chronology

The coral chronologwasa record of annual calcification (calculated as the product of linear
extension and:skeletal density; Lough & Cooper, 2011) from 24 coResitds spp. (Cooper

et al., 2012).collected between October 2008 and September 2010 from five reefs
(SupplementariffableSl) along the NW coast{g. 1). Data were available from 1900 to
2010. To obtain“a standardized growth index, the annual calcification rates werezearmal
by first subtracting the mean for the period 1961-1990 and subsequently dividing by the
standard deviation of this periddormalized calcification rates were calculated for each of
the 24 coraleores from all five reefs. The 24 time series were avdamagbthin a single
coralchrenology for the NW coast.

Treering chronology

We used a+ingvidth chronology developed from ZZllitris columellaristrees (O’Donnell

et al., 2015)fromthe Hamersley Rangeof the inland Pilbara region (Fig. 1). The chronology
had been detrended using the signal free method (Melvin & Briffa, 2008) to improve the
retention"of medium frequency (repenting time scales of decades to a century) variance,
reduce trend distortion at the ends of the chronologies and removelatge-trends
(O’Donnellet al.;»2015). The ring-width chronology covered the period 1802-208i2vas

constructed using 41 series from the 27 trees.
Climatic andenvironmental datasets

Recentstudies have shown that ENSO (represented by the Nifio-4 index) and SSS are
important drivers of the growth of mangrove jack (@nhgl., 2015), while coral growth has
been correlated with decadal trendSBT (Cooperet al., 2012). The growth dtallitris

This article is protected by copyright. All rights reserved



243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

259

260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

trees in the Pilbarmainly responds teoainfall in theaustral summeirom December to May
(Cullenet al., 2008; O’Donnelkt al., 2015). We compared growth patterns to the Nifio-4
index (based on SST in the Western Pacific between 5°N - 5°S and 160°E - 150°W; Rayner
et al., 2003), SST (HadISST; Rayreral., 2003), SSS (Gooet al., 2013) andainfall (Jones

& Harris2008):"All environmental data were obtained from the Royal Netherlands
Meteorological Institute (KNMI) Climate Explorer (Trouet & Van Oldenborgh, 204 3yeb
applicationfor climate data (http://climexp.knmi.nl). The SST, SSS and rarafats were
averagedar a gridbox covering the NW coast from the Kimberley south to Coral Bay (14°S

- 28°S, 110°E -, 127°E). For each environmental variable, the Janudgrebaverages were
used because the growing season for fishes, corals and trees in NW Australia usually occurs
in the austral summer (Ompal., 2015; Lough & Barnes, 2000; O’Donnellal., 2015
respectively. In“addition to the January Marchaverages for each regional environmental
variable from 1984-2003, we also used the previous year’s values (ie. 1993F#0B3T,

SSS andainfall from the same gridand for the Nifio-4 index to allow for possible lagged
responsesAustral winter (June to August) SST values were used in the higher resolution

spatial correlation maptetailed below.
Data analyses

All four chronelogies were standardized (n = 0, 6> = 1) and analysed usimincipal

components analysis (PCA). Theores for th@rincipal componestthataccounted for the
majority of thevariance (PC1 and PC®yeretested for significantorrelatons (using
Pearson’s'correlationyith current and lagged Nifio-4 index. The principal component scores
were subsequently included as response variables in linear regression models to assess the
importance (based on information-theoretic methods) of currantayel previous year SST,
SSS andainfall as drivers of growth. Theainfall values weresquare root transformed (due

to the large range of values from 30-200 mm per month) before insertion into the linear
models usedrinithe model selection procassatisfy the assumptions of homogeneity for
linear models=Collinearity between all six environmental variablesQqJs, p < 0.01) was
evaluatedThe R package ‘MuMIn’ (Bartgr2015) was used for model selection using the
secondorder*Akaike information criterion (AlCc) based on Kullbdakbler (K-L)

information loss and accounting for small sample sizes (Burnham & Anderson, 2004).
Differences in AICc vhes (AAICc) were used to assess the different models. Adjusted R
values, Fstatistig t-statisticand p-values were reported. Model validation was carried out to

ensure that the models conformed to the assumptions of linear models and tested for auto-
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correlation. All statistickanalyses were completed in R version 3.1.3 (R Development Core
Team, 2008). After the model selection process, spatial correlation maps of theagigni
regional variables were made in the web application KNMI Climate Exploréiote the

relationshipsat a higher spatial resolution.
Results
Chronology statistics

The growth:ehronologwf L. nebulosus included theyearsfrom 1984to 2009

(Supplementary Fig. S1). Measurements fraore than eighfish contributed to each yearly
value, with 22 out of the 23 fish contributing to the period between 1988 and 2003. Although
the fractional common variance £ 0.14) and EPS value (0.78) were low relative to tree-ring
data, indicatingsthat variability among individuals was high, the mean chronology from 1984
to 2003did.relate to environmentahriablesas evidenced by significant correlations with
January to'MarclsSTaround the northern Gascoyne Coast (21°S - 23°S, 112°E -;115°E
0.60, p = 0:005)"and marginally significant correlations with averaigéall from January to
Marchover the entire NW are@ = 0.44, p = 0.05).

The published“chronology af argentimaculatus from 1975 to 2003 had= 0.153 and EPS
= 0.84 for the.entire period (Ompal., 2015). Bootstrappedand EPS values (Rountrety
al., 2014)were calculated for the 24 coral coredofites spp. for all possible 1gear
intervalsfrom 1950-2003 (Supplementary Fig. S2) and showed thatwsesreveak but
significant synchronicitamong corals from the year 1980 onwaids Q.05,EPS ~ 0.6).
The published ring-width chronology 6f columellaristrees hadrunning# (> 0.4) and
EPS (> 0.85) for 51-year intervals with 25 year overlaps (O’'Dorhall, 2015).

Principal components analysis

The standardized growth chronologies of all four tdg. 2, Supplementary Table S2 shows

a correlationsmatrixfrom 1984 to 2003 were analysed ussnBCA. The first principal
component(PC1) accounted for 41% of the variance and PC2 accounted for 33%. The third
and fourth pringipatomponents each accounted for less than 15% of the variance and were
not included in any further analyses. Three of the taxa (fishes and trees) hadregative
loadings on PC1 (-0.54 to -0.60; Supplementary Tableig&drating the similarities in

growth patternsf these three tax@ig. 2a). The coral series had the strongest loading on
PC2(-0.78), followed byL. argentimaculatus (-0.47; Supplementary Table S3), with Fig. 2b
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showing the strong synchrony between the coral series andriR€tse vales of both PC1
and PC2 were used in further analyses because the strongest loadings wereasegaigd

above (Supplementary Table)S3
Relationships with ENSO

PC1 was negatively correlated with the Nifio-4 index (average January to Marc}) wétlue

no lag(r =*0.65, p= 0.002; Fig. 3a and 3b). PC2 was negatively correlated with the Nifio-4
index (average January to March values) in the previous year§.62; p = 0.02Fig. 3c

and 3d).

Rel ationshipswith environmental variables

Because o§omecollinearity among the six environmental variables (|r| > 0.5; Supplementary
Table S4 and the low number of observations (n = 20), models wsmgximum otwo
non-collinear variables were constructed. Th#genodels (Supplementary Table) S&ere
evaluated'in the model selection process for PC1 and PC2 separately. The maitsi selec
process inyolving PC1 and the 17 possible combinations of environmental variables found
that the first ranked model (i.e. lowest AlICc) was one that relatedMRE tainfalland ST

from the current'year (Table 1, Supplementary Tab)e BSs first ranked model was
considered to bessubstantially better than the second model (AAICc = 8.7, Supplementary

Table S%. The linear model relating PC1 withinfall and SS from the current year

explained 70% of the variation in PC1 (Tab)ewhich largelyreflectedthe growth offishes
andCallitristrees. In this linear model, both variables were highly significant (p < 0.€1) wi
rainfall having a positive t-value of 4.92 and SST a positive t-value of 3.72. Spatial
correlation maps (using higher resolution environmental variables) show theeosit

relationship between PC1 and these two significant variabigsd@ and 4b).

The second model selection process involving PC2 and theskible combinations of
environmental variables identified a first ranked model that related PC2 witharisigs8nfall
from the current.year (Table 1, Supplementary Table B3 first ranked mdel was not
considered to bsignificantly better than the second model that only included @33Cc =
1.5, Supplementary Table SHence we chogaitially to keep both variable3 he linear
model relating PC2 with SSS arainfall from the current year explained 44% of the
variation in PC2 (Table)LhoweverSSS was the only significant variable {407, p =
0.0008;Fig. 49. PC2 (mainly reflecting variation igrowth ofcorals) had a negative
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338 relationship with SSS. A spatial correlation mapR@2and SST from June to August of the
339  previous year (using higher resolution environmental variables) alsedlacstrong positive
340 relationship between PC2 and offshore waters along the NW, coaddition tothe waters

341 around the Indonesian regidrid. 4d).
342  Discussion

343  Our study revealdthat thegrowth patternsof taxafrom bothmarine and terrestrial

344  ecosystemin NW Australia were coupled to largeale, oceanographic and atmospheric
345 processedarowth of the study species (two fishes, one coral and one tree) had significant
346 inverse relationships with the ENSO phenomenon (as measuredWyith4 index) over

347  two decades,so that when the index masitive(where sustained, strongly positive values
348 indicateanEl'Nifio phase), growth slowed, whereas at times when the index was negative

349  (where sustained, strongly negative values indigéate Nifiaphase)growth rates increased.

350 Thesestrong relationshipbetween ENSO and growth responses of all taxa can be explained
351 by the irfluencethis phenomenon hastbe temperature and salinity of coastal waters and
352 on rainfallpatterns in the watémited terrestrial ecosystene$ the NW regionDuring the

353 La Niflaphase of ENSGhere is greatetransport of warmer andss salinavaters from the
354  western Pagcifitowards thecoast ofNW Australia via the Indonesian throufbw (Meyers

355 etal., 2007; Zinkeet al., 2014).The drongerindonesian througflow subsequently drives a
356  stronger Leeuwin Current that increases the transparaoner and less saline waters along
357 the coast of WA. Warmer waters have been shown to positively influence growth ahdis
358  coralsontheWA, coast(Rountreyet al., 2014; Coopeet al., 2012), while lower salinities

359 mayincreasdish growth through various metabolic pathwalyat result ireduced

360 metabolic €osts (see review by Boeuf & Pay2001) or byincreasng food conversion

361 efficiency(Lambertt al., 1994).Furthermore, Hansoet al. (2005) found much higheates
362  of primary‘productivity along the coastal Gascoyne region in austral summgméhehen
363  we found strong correlations between the grosftall taxaand ENSO. The Leeuwin Current
364 is weakest during austral summer, when southerly winds that favour coastdlingprevail
365 and generate a system of inshore counter-curtieatslow toward the Equatdgthe Ningaloo
366  Current and Capes Current; Hansbal., 2005).These localized upwelling events enhance
367  primary production in otherwise oligotrophic waters and might praiyrgortantrole in the

368 increased growth of our study organisms that we obselwedg the austral summer.
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The La Nifia phase of ENSO is also typically associated with higher rainfallnbaed i
northwest Australiala Nifia tends tstrengthe the Australian monsoon by influeng

SSTs, lowlevel winds, vertical motion and convectionrth of AustraligWanget al., 2003).
This enhanced monsoon causes higher rainfall over northwesinfaetd of northern and
eastern)rAustralia, which in turn stimulates tree growth in northwest Australia (€utlen
2008; O’'Donnellet al., 2015. The ENSOphenomenorlso influencesiorthwest Australian
rainfall throughiteeffecton the activity of tropical cyclones off the northwest coast of
Australia(Rennistoret al., 2015), where tropical cyclone activity is enhanced in La Nifia and
suppresseth ELNifio conditionsl(iu & Chan 2012). Tropical cyclones (and other closed

low pressure systems) caustenserain events over inland northwest Australia and
contribute 46 more than half of the region’s annual rainkall’/énder & Abbs, 2013 Along

the North Coast where there is higher rainfall, it is possible for river outflows to directly link
terrestrial andnarine systems, however, our tree and some fish data were mostly collected
around the Gascoyne region, an area subject to very sporadic patterns of rainfaérand ri
outflow (Lough, 1998)Hence |t is more likely that thé.a Nifia phase of ENSQositively
influences the.growth of both fishes and trees in NW Australia tal itsindirect linkswith
climatic conditions likely tdavour growth (i.e., warmer, less saline sea water in thteea
Indian Ocean angreaterrainfall overnorthwestAustralig).

The correlations between ENSO and growth patterns of our study species occurred despite
the fact that the fractional common variance ofgr@vth chronologyf L. nebulosus was
relativelylow compared to trees and sofrehes(e.g. Cullen &Grierson, 2007; Gillandeet

al., 2012). Sueh,low common variances appear to be a featfisee$sampled from the WA
coast(e.g. Rountrewt al., 2014; Nguyeret al., 2015; Onget al., 2015) but it is important to

note that all WAfishes for which growth chronologies have been constructed have displayed

significant correlations with regional environmental factrsh as SST

The strongreorrelations that we found between R&8€lyreflectingcoralgrowth) and SSS
were unexpeeted, given the small range of changes in salinity that occeiNi\thegion
andthe results of ararlier study that suggestttat decadal growth rates of corals werest
stronglycorrelated with SSTCooperet al., 2012). However, we foundsirong collinearity
between SSS and lagged S&Thigher spatial resolution scal@aplying that the latteor
perhaps some other unmeasuiaaztor) may be causing the appareotrelation between SSS
and coral growth Our resultsalsoshowedthat SSTirrom June to August in the previous year

had strong positive correlations with PC2eThg in thigelationshipmayreflectthe fact that
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coral calcification valuewere based oa year defined by annual density minima, which
were presumed to occur in the austral winter months of June to August (Cantin & Lough,
2014). Hencea year inthe coral chronologwasbased on calcification rates from August of
the previousalendaryear to August of theurrent calendar yeahlternatively, dhanges in
salinity, imparticular anomalous losywere responsible for around 30% of the unusual
enhancement ofithe Leeuwin Current transport during the marine heatwavendient i
austral summer of 2010/2011 (Fesi@l., 2015).This observation suggestisatsalinity may

havea moregeneral influence on the growth rates of marine taxa in the NW region.

The mportance 0ENSOalong the coastline WA is well recognisedn this region the
inter-annual variability othis phenomenohas been linked tthe survival ofvarious life
history stages of marine taxa, with La Nifia years (stronger Leeuwin Qushenting a
greater transport of nutrients into the euphotic zone (Thomgisdn 2011) that accounts for
greater phyteplankton biomass (Kosletal., 2008) and ineased fisheries recruitment
(Caputi, 2008). Our findings show the influence of ENSO on the growth radelsilbfish

and coralsincreasingour knowledge othe farreaching impacts of ENSO @nrange ofife
history stages of marine taxa and acrosmfit trophic leveldn addition to strong
correlations between growth of all taxa and the current year's ENSO, weaihsb f
significant, albeit slightly weaker, correlations between growth and the ENS8&l 81 the
previoussyear. This suggests that the influence of the ENSO system on growth ipayear

between years.

Overall, the strongegative relationship between the growth responses of all four taxa with
ENSO has important implications for the future. Predicted increases in ré@tiaktensen

et al., 2013) and SST (Cheumgal., 2012)for NW Australiasuggest that growth rates of our
study taxa will continue to increase in WA until thermal limits are reached. However, the
strong La Nifia.conditions (with peak SST reaching 5°C above averagehesammer of
2011 led torfishikills and widespread coral bleaching (Fetab, 2013), suggestiniat the
thermal limits-of fishes and corals asdatively close to present day conditions on the NW
coastExtreme La Nifia eventypically follow strorg El Nifio conditions and both are
predicted to"oecur more frequenttythe future(Caiet al., 2014, 2015), whicinaycreate
greater yeato-year variation in the productivity and yield of fisheries and the likelihood of
bleaching in coral communities along the NW cod@ke magnitude of SST changes in the
future (along with the frequencies of El Nifio and La Nifia events) is likely to hgee ma

consequences on both marine and terrestrial taxa and will need to be carefullyedonitor
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435  The similarities in the growth patternéthe fish and trespeciesised in this studguggest

436  that it may be possible to use tmeg chronologis to hindcast/reconstruct the growth

437  responses of fish where archives of otoliths do not exist. In many coastal locations

438  worldwide, tree-ring chronologies now extend centuries into the past, while the most

439  comprehensiverotolith archives are generallypfeeluct of fisheries management studies

440  with a relatively recent history (less than 60 years in most cases). Our study shows that where
441  strong links between the growth of fishes and trees can be established, chronologes of tr

442  growth may provide a proxy to understand the response of fish populaticiteate change,

443  both in the past and the future.

444  In summary, we have providdide firstempirical evidence for climatériven synchrony

445  between marine and terrestrial ecosystenterSouthern Hemispheseannual time scales.
446  These linkssoceur through the influence of ENSO events on regional environmeiataliesa
447  that affect,the.annual growth of fishes, corals and trees throughout the regimughl we

448 lacked anverlap of all taxonomic groups acrbssantire region, this is a common

449  limitation of any program that seeks to access legacy datasets where researchers had no
450  control over theintensity and location of sampling in the pastlarbehistorical archives of
451  fish otoliths (Campana &horrold, 2001), coral (e.g. Tierneyal., 2015) and tree-ring (St.
452  George, 2024).records held by institutions and organizations worldwide offer a major

453 opportunity to expand the scale and resolution of our approach. This will improve both our
454  understading of the effect of climate fluctuations on ecosystems in the past alikktiie

455  impact of climate changen both marine and terrestrial ecosystems in the future.
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Supporting Information

Additional/Supperting Information may be found in the online version of this article:
Figure S1=Raw-and detrended increment width time serid¢tian nus nebul osus.
Figure S2. Assessment of chronology properties for tHeoRides spp. cores.

Table S1Growth chronologies of fishes, corals and trees.

Table . Cerrelation matrix of the growth chronologies of the four taxa.

Table S3. Loadings of the four taxa on the principal components.

Table S4 Correlation matrix of the six environmental variables.

Table S5. Selected models in the model selection process.

Tables

Table 1 Selected firstankedlinearmodelsthat explain variation in thirst two principal
components (PC) scores frahre growth chronologies of four taxa (two fishes, coaland

one tee)ininorthwest Australia. Environmental variabégsJanuary to March averagasd
chronologiesare fromthe years 1984 to 2003. SST = Sea Surface Temperature, SSS = Sea

Surface Salinity.

Model equation Adjusted R F-statistic Model p-value
PC1 ~Rainfall+ SST 0.70 23.3 0.00001
PC2 ~ SSS.Rainfall 0.44 8.4 0.003

Figure captions

Fig. 1 Sampling locations of growth chronologies for four taxa in northwest Australia.
Chronologies were for the period from 1984 to 2003. MJ = mangrove jackL(figanus
argentimaculatus), SE = spangled emperor (fidkethrinus nebulosus), all corals were

Porites spp. and trees wer€allitris columellaris. Mangrove jack locations are approximate
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sampling areas within the boxes. Terrestrial regions follow tharm&iogeographic
Regionalisation for Australia (IBRA) version imodified from the Department of

Environment (Australian Government).

Fig. 2 Growth chronologies of four taxa with the respective leading principal component
(PC)scoresChronologies of foutaxa were from northwest Australia and weet¢rended

and normalized/(mean = 0, variance.5&) Mangrove jacklL{utjanus argentimacul atus)
chronolegy:spangled emperolLgthrinus nebulosus) chronology and tree-ring width
(Callitris columellaris) with PClad (b Mangrove jack andaral (Porites spp.) chronology
with PC2.The inverse of PC scoressused becausie stronger loadintaxa were
negatively loaded on both PC1 and PC2.

Fig. 3 Relationships betwegprincipal componentPC) scoresind the Nified index PC

scores wereonstructed fronthe growth chronologies of four taxa (two fishes, ocoealand
onetree)in northwest Australiand the Nified indexwas calculated from theverageof

January to March values. (a) PC1 (mairdftectingthe growth 6the two fish and one tree
species) and.the Nifd index over the same years; (b) regression plot of PC1 and the Nifio-4
index; (c) PC2 (mainlyeflectingthe coral chronology) and tha@ggedNifio-4 index (average
Januaryito"March values from the previous year) and (d) regression plot of Pd2gged
Nifio-4 index..he inverse of PC scoresmsused becaudbe stronger loadintaxa were
negatively loaded on both PC1 and PC2.

Fig. 4 Significant correlations (p < 0.05) betwgamcipal @mponen{PC) scoresind
environmentalwvariables. PC scores wewastructed from the growth chronologies of four
taxa (wo fishesy oneoraland ondreé. (a) PC1 andainfall (mm per month); (b) PC1 and
sea surface temperature (°C) overihruary to Marcperiod; (c) PC2 andea surface
salinity (psu)over the January to March period and (d) PC2smadsurface temperature (°C)
from June'to August in the previous yealt.data were fronthe years 1984 to 2003 and PC
scores were plotted @n inverted scalbecausehe strongest loading taxaere negatively
loaded on both PC 1 and P@2aps were obtained and modified from KNMI Climate

Explorer.
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