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Abstract:

Biogeochemical tracers foundtine hard parts of organisms are frequently used to answer
key ecological questions by linking the organism with the environment. However, the
biogeochemicalrelationship between the environment and the biogenic structureebe

less predictabletin higherganisms as physiological processes become more complex. Here,

we use thessimultaneous combination of biogeochemical tracers and fish growth analyzed
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with a novel modeling framework to describe physiological and environmental coortrol
otolith chemistryin an upwelling zone. First, we develop increasingly complex univariate
mixed modelgo describe and partition intrinsic (age effects) and extrinsic (environmental
parameters) factors influencing fish growth and otal#ment concentratiorierough time.
Secand, werusera multivariate mixeaodel to investigate thdirectionality and strength
between elemestb-element and growth relationships and test hypotheses regarding
physiological'and environmental controls on element assimilation in otcdsply these
models tocontinuous element (Na, Sr, Mg, Ba, Li) and growth increment profiles (monthly
resolution over. 17 yearderived fromotoliths of reef ocean perchiélicolenus percoides), a
wild-caught, siteattached, fully marine fishWith aconceptual model, we hypothesize that
otolith traits’ (elements and growth) driven by environmental conditions will eterbbth

within an otolith, reflecting the time dependency of growth and element asgmiland

among individualshat experience similar set of external conditiong/e foundsome

elements (Sr:Ca and Na:Ca) are mainly controlled by physiological processes, while other
elements (Ba:Ca and Li:Ca) are merevironmentally influenced. Within an individual fish,
the strength.and'direction of correlation varies among otolith traits, partyctiiade under
environmental control. Correlations among physiologically regulated elements tend to be
stronger thanthose primarily controlled by environmental drivers. Surprisingly, only Ba:Ca
and growth are significantly correlated among individuadslure to appropriately account

for intrinsic effects (e.g. age) led to inflated estimates of among individualations and a
depression of within individual correlations. Together, the lack of among-individual
correlations of otolithraits in properly formulated models and the biases that can be
introduced by naot including appropriate intrinsic covariatgggesthat caution is needed

when assuming muligélemental signatures are reflective sol#lghared environments.

Key words: bioarchive, biogeochemical, growth, microchemistry, digilith, physiology,
sclerochronology, sclerochemistry, mixed effects modelipwelling, Helicolenus

Introduction:
How does environmental variation influence a species’ biology? Can we usesit)ig io

hindcast past conditions and forecast future states? These are key ecological questions asked

This article is protected by copyright. All rights reserved



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
88
89
90
91
92
93

by many researchers, but to answer them we need to address two fundamental potats: 1) da
must be collected atéhappropriate resolution and spatwonporal scale; and 2)

measurements need to actually inform the question at hand. Biogeochemical(gare

trace elements, stable isotopes, chemical pollutants, lipids) are commonly used to make the
link betweensan‘organism and the environment. There remain, however, a number of
outstanding issues around their use in ecological studies because each tracer has a unigue set
of properties, controls and assumptions (Rubenstein and Hobson 2004, Ramos and Gonzalez-
Solis 202): Furthermore, different tracers reflect different biological/ecological processes.
Thus, it is desirable to simultaneously measure multiple biogeochemical tracers as well as the
effects of growth or other physiological factors to allow for synergisteractions to be

explored and/understood (Ethier et al. 2010, Ramos and Gonzalez-Solis 2012, Cresson et al.
2015).

Elements are frequently used as biogeochemical tracers in biogenic structures to make
inferences about past environments (e.g. Montaggioni et al. 2006, Batenburg et al. 2011) or
organismalimevement across environmental gradients (e.g. Parrish et al.|1$888,dad
Gillanders'2003a, Ethier et al. 2014). Key assumptions underpinning these corollaes re
the predictability of element assiation relative to the surrounding environment and

minimal or constant influence of biological effects (‘vital effects’). However, the
biogeochemical relationship between the environment and the biogenic structureebe

less predictable in higher orgams as physiological processes become more complex
(Weiner and Dove 2003, Stanley 2006, Cusack and Freer 2008).

Understanding and accounting for physiological processes allow biological and
environmental influences on element assimilation to be disdathagd the tracer to become
ecologically.useful. Early research on otoliths (fish earstones) from the 1980s and 1990s
focused onrdifferentiating the effects of biological and environmental controls lgmerd
compositions(Kalish 1989, 1991, Campana )98cently, there has been renewed interest

in this areas(e.g. Sturrock et al. 2014, Sturrock et al. 2015), as complex and conflictirsg result
have been revealed between otolith chemistry and ambient water (Thresher 1999, Elsdon et
al. 2008, Brown and Severin 2009hese issues need to be resolved if we are to have

confidence in the use of otolith chemistry as an environmental proxy.
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Fish otoliths are biogenic structures readily accessible in almost every aquatic environment.
These structures containogvth increments that can be time resolved, making them one of
the most extensively studied calcified structures of a higher organism. Distinct
biogeochemical (herafter referred to as chemistry or chemical) profiles found in otoliths are
assumed-torefléthe fish’'s ambient environment (e.g. Elsdon and Gillanders 2002, 2003b,
de Vries et al. 2005). Otolith chemical profiles are widely used as natural tags to examine
stock structure, population connectivity, and movement patterns through different aquatic
environments (e.g. Gillanders 2002, Elsdon and Gillanders 2003a, Reis-Santos et al. 2013).
They are also used paleoproxies to infer past environments (Disspain et al. 2011, Disspain
et al. 2015,,lzzo et al. 2016).

Otoliths are encapsulated in the fishead, surrounded by endolymph, and are not in direct
contact with the environment (Campana 1999). This places a first order limit on the
responsiveness of otolith chemistry to variations in ambient water chemistry (Sturrock et al.
2014). Fluctuations ithe physical environment (e.g. temperature, salinity, current strength)
directly affeet.fish physiology by altering metabolism, respiratory function, osmotic
processes,feeding behavior and/or diet (Brett and Groves 1979, Brown et al. 2004, Wootton
2011). Likewise, reproduction and growth affect fish physiology, and together these
processes cancause otolith chemistry to respond both directly or indirectly toscimatinge
ambient environment (Walther et al. 2010, Sturrock et al. 2014, Sturrock et%). 201
Furthermare, the amount of physiological regulation varies between elements and
environments. For example, Ba, Mg, and Li in blood plasnmasinefish display the least
amount of biological fractionation compared to Sr (Sturrock et al. 2014), andrdoations

of Sr:Ca (Sr.normalized to Ca) in otoliths are linked to reproductive processes (Kalish 1991,
Sturrock etal. 2015A metaanalysison Sr:Ca assimilation into otoliths revealed that Sr:Ca
incorporationn.marine species more likely to be physiological in nature, but physiological
factors haverlittle to no effect on Sr:Ca incorporation in freshwater orodielrs fish species
(Brown and=Severin 2009).

Most research,examining physiological controls on otoliths is laboratory based aadlprim
targets early life history stages for limited experimental durations (i.e. days to; watkse
Kalish 1991, Sturrock et al. 2014, Sturrock et al. 2015). These experiments likely do not
capture physiological processes uniquadults, such as reproduction. Moreover, laboratory

based results may not accurately represent the same responses in wild caught fish (Elsdon and
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128 Gillanders 2005). Extensive field-based studies that naturally integraterenental and

129 physiological proesses are therefore required to understand the controls of tracers.

130

131 Here, we develop a conceptual model around element concentrations and growth correlations
132 within a fish’s'etolith and among different fish inhabiting the same marinecament

133 (Figure ). We consider the minor elements of Na, Sr and trace elements of Mg, Ba, and Li
134 (all normalizedto Ca). We propose, underpinned by current understanding, that certain
135 elements assimilated into otoliths are primarily under physiological control, environmental
136 control or both, We hypothesize that Na:Ca and Sr:Ca will be predominantly iniiLieyce

137 anindividual's physiology, while Ba:Ca and Li:Ca would be primarily affected by

138 environmental paraeters (Figure )1 We also predict growth rate and Mg:Ca woutd b

139 moderately influenced by both physiology and the environment. It is likely that theksewill
140 stronger correlations within physiological or environmental variables (elements or growth),
141 but less so between the two groups due to the different contrelement assimilation or

142 growth. Furthermore, the level at which correlation occurs (within or among indsjidu#

143 vary amongsphysiologically and environmentally controlled variables. Thosemrigmost

144 influenced by physiological processes, such peodkiction or metabolic processes, are

145 expected to be correlated within an otolith as they reflect processesioto the individual

146 (‘vital effects’)«Conversely, variables driven by environmental conditionscartielate both
147  within an otolith, refécting the time dependency of growth and element assimilation, and
148 among individual fish that experience a similar $ebaernal conditions (Figure) 1

149

150 We test these hypotheses using the reef ocean péetba{enus percoides (Richardson,

151 1842); here fher referred to as ‘ocean perch’), a long-lived, benthic fish found in continental
152 marine waters of southern Australia and New Zealand. We focused on this species for both
153 biological (i.e..longevity, non-migratory, benthic, fully marine) and environmerdabres.

154  Ocean perehforthis study were collected from a region dominated by seasonahgpwelli
155 (Figure 2a)=Upwelling is a wind-driven, oceanographic process that brings cold, autrient
156 rich, deepwater masses to the ocean’s surface (Botsford et al).20p®elled waters

157 typically leavesdistinctive elemental signatures in biological carbonates due to differences in
158 water mass chemistry and associated links to primary productivity (e.g. caadt be 1989,
159 otoliths: Kingsford et al. 2009, mollusks: Hatch et al. 2013). For example, aherees of

160 upwelled water arenrichedwith Ba from deep watde.g. Galapagos Island, outer Great

161 Barrier Reefcentral California coagtcoral skeletons (Lea et al. 1989, Walther et al. 2013)
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and otoliths Kingsford et al. 2009, Woodson et al. 2013) show spikes in concentrations of
Ba:Ca during upwelling period€oastal upwelling events along Australia’s southern coast
are distinct, seasonal occurrences (austral summer: December to March; Middleton and Bye
2007) that provide much needed nutrients to the oligotrophic waters of this region gNiebla

al. 2009 vanRuth et al. 2010).

We first develop a series of increasingly complex, univariate metiedts models to

partition variation in otolith elemeal concentration or growth between intrinsic (e.g.
individual, age).and extrinsic (e.g. local upwelling, temperature) drivers (Weisberg et al.
2010, Morrengiello and Thresher 2015). We apply these models to continuous, multi-year,
otolith chemistry,and otith growth increment profiles derived from our test species, a wild
caught, site-attached, fully marine fish. We then develop a novel multivariate affeetl-
model, based on the univariate models, to generate estimates of between elewtant/gr
correlatons within and among individuals and investigate the strength and directionality of
those relationshipg.hese estimates are conditional on intrinsic effaMs.use the strong,

local upwelling:signal as an extrinsic cue to explore synergistic effeatgedind

environment on/.chemical assimilation into the otolith and on fish growth.

Methods:

Oceanographic setting & study species

In the southeastern Indian Ocean, upwelling occurs along the Bonney Coast of southern
Australia in'the austral summer as twdaur upwelling events, each lasting three to ten days
in duration, interspersed by episodes of weak downwelling and surface water mi&mpf(K

et al. 2004, Middleton and Bye 2007). These upwelling areas arefovirett and influenced

by the Flinders Current flowing westward along the shelf-slope of southern Aaustrali
(Middletonrand.Bye 2007). The Flinders Current results from wind curl stress and the
equatorward Sverdrup transport of water in the Southern Ocean; it is similar to larger western
boundary currents but is part of a northern boundary current system that produces upwelling
areas (Middleton and Cirano 2002, Middleton and Bye 2007). A reversal in current strength
occurs in the'winter months of southern Australia where an eastward flowingtctimeen
Leeuwin Current, becomes dominant and produces downwelling. Both the Flinders and
Leeuwin Current systems are widdminated, which causes the seasonal strengthening or

weakening of either current system (Middleton and Bye 2007, James and Bone 2011).
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196 Ocean perch were collected from the upwelling area along the Bonney Coast ofrsouther
197 Australia (near 3740'S, 13950’E; Figure 2a) at depths between 43 and 119 m (mean: 80 m).
198 Ocean perch are lecithotrophic (live bearing; Pavlov and Emel’'yanova 2018¢@medsal as
199 both juveniles and adults (Park 1993, Smith et al. 2009). Juveniles and adults are

200 benthopelagic'omnivores (Bulman et al. 2001) with ontogenetic diet shifts from smaller
201 crustaceans (mysids and galatheids) to larger crustaceans (scampi-apthenarab; Horn

202 et al. 2012). Benthic fish and salps (carcasses asfédip¢ienschke et al. 2013) are also

203 important dietary components for all ages (Bulman et al. 2001, Horn et al. 2012).

204

205 Otolith preparation

206 Ocean perch/were caught from October 2@lJanuary 2013 and ranged in size from 160 to
207 344 mm total length (TL). Sagittal otoliths were removed from the fish, cleangglapure

208 water and stored dry. One otolith from each fish was embedded in epoxy resin, selgsver
209 thin sectioned to include the primordium, polished with lapping film, and mounted on a
210 microscope. slide using thermoplastic cement (Figure 2b). Both the epoxy resin and

211 thermoplastieseement were spiked with indium chloride as an indicator of thosanselss

212 Slides were:cleandd ultrapure water and air dried.

213

214  Analysis of elemental otolith chemistry

215 Concentrations of elements were measured in the otolith from the core to the prdgnsal
216 edge (Figure 2b) using a Resonetics MEB0193nm Excimer laser ablation systeoupled

217 to an Agilent 7700cx quadrupole ICP-MS (housed at Adelaide Microscopy, The University
218 of Adelaide). The laser was operated at a scan speed of 4 with s frequency of 10 Hz

219 using a 33 pm.diameter to produce continuous laser transects across the otaliths eBdh
220 ablation, background levels of elements in the ablation chamber were measured for 30 s and a
221 pre-ablation-path 45 pm diameter was made. Instrument drift and precisiomeasisred by

222 analyzing a‘reference standard (NI&I2) after about every 10 samples and a carbonate

223 standard (MACS3; US Geological Survey) at the beginning and end of each laser sesgsion (
224  hrs). Duaktransects were ablated on each otolith to allow the laser torbeegtior higher

225 and lower coneentration elenisr{Figure 2b). Higher concentration elements measured were
226 *Na (dwell time: 50 ms$°Sr (100 ms)*Mg (100 ms) and®**Ba (100 ms)’Li (150 ms) was
227 the only lower concentration element measured. For both trarfS€atg{5 ms)#*Ca (5 ms)

228 and™n (high concentration: 10 ms; low concentration: 5 ms) were also measured to
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produce element:Ca ratios and confirm otolith material was constantlycati¥a¢eision,
calculated as the mean coefficients of varialow) of repeated measurder all elements
based ortheNIST 612standard was1%. Precision for the higher concentration elements
based orthe MACS3 standard was3.1% and <1% for the lower concentration element, Li.
Raw data'were'processed using GLITTER software (Griffin et al. 2008) and all elements
were normalized to Ca and presented as element:Ca (mmpl/mol

Monthly resolution of growth increments and element: Ca profiles

Ablated otolith,sections (n = 38) were viewed with a compound microscope and digital
camera system{87.5 magnificationL.eica DFC320 digital camera) for age interpretation

and growth"inerement measurement. Along each ablation path, the annual growth increments
were marked and measured fim; ImagePro Plus v. 7.0, Media Cybernetics); then, the
hyaline and opague zones weneasured within each annual increment. The proportion of
hyaline to opaque material within an annual growth increment was about 50%. We
designated.the hyaline growth zone as forming from November to March (5 months) and the
opaque zones.as being depakitem April to October (7 months). These timeframes are
basedon ocean perch age data from age validations (Paul and Horn 2009), marginal
increment analysis (Park 1993), and the status of the otolith’s marginal edge at the time of
capture in thescurrentugly. Ages of ocean perch have been validated and each annual growth
increment is comprised of one opaque growth zone and one hyaline growth zone (Paul and
Horn 2009). Ocean perch from the Bonney Upwelling region were assigned a birthdate of
October 1 baskon the peak spawning season (September to November) of ocean perch in
southeastern Australia (Park 1993).

We assigned each annual growth increment a year relative to the date of captgratia

account the marginal increment. Then, starting at the outer edge of the opaque core regi
(representsttransition of growth at end of fish’s first winter; Paul and Horn 2009) a
progressingstowards the otolith’s edge, the hyaline and opaque zones were resolved to
monthly inerements by dividing the total measurement of each zone by its corresponding
number of months, e.g. hyaline measurement divided by five months or opague measurement
divided by seven months. The element:Ca transect data were resolved in a aghitar. f

Since the laser was operated in a time resolved mode, we used the scan sp&gdqum-s
convert each time dated element:Ca data point (s) to a distance measurement (um). Next, we

aligned these data to the growth increment measurements using the otolith edge as the

This article is protected by copyright. All rights reserved



263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

reference point to assign appropriate years. Finally, we resolved the element:Ca data to
monthly increments as above, starting at the outer edge of the opaque core region and
progressing outwards. The element:Ca transect data and growth measurements were trimmed
to only include years 2 to 7 (maximum). This allowed certainty of the starting pdhre of

data when resolving to monthly increments (year 2 begins at the edge of opaque core region)
and provided at least two element:Ca data points for each month. Generallyafértie

width of the monthly growth increment decreased to the point where the lasspsedal,

coupled with the ablation diameter, was equal to or greater than that increiaitént w

Because growth was resolved to monthly increments on both the low concardratibigh
concentration elemental transects, these measurements were averaged and combined into one
growth transect@rowth) for subsequent analysé&¥ata collected from at least five fish made

up eachmonthly time increment for all element:Ca and growth increment prdfileaber of

fish contributingto a time incrememtiean: 11, max: 17).

Univariate mixed modeling to estimate intrinsic and extrinsic variation

We developed.six univariate mixed models for the monthly resolved elemeNa@a(
S:Ca, Mg:Ca, Ba:Ca, Li:Ca) and growth Growth) data extracted from the otoliths to
examine relationships with upwelling events. These models enabled us tompanbtithly
variation of thesresponse variabl®&&a(Ca, S:Ca, Mg:Ca, Ba:Ca, Li:Ca or Growth) between
intrinsic (e.g. age) and extrinsic (e.g. upwelling index) drivers (Weishexg 2010,
Morrongiello et al. 2014). The intrinsic covariates were fish age in moAga &nd age in
months at capturege.month.cap), whilst extrinsic variables describe ntbly characteristics
of upwelling: anupwelling indeX8pnney Ul), bottom temperaturdpttom Temp) and levels
of chlorophyll a Chl-a) (full descriptions in Table 1). As expected from upwelling physics,
theBonney Ul correlated negatively witBottom Temp (r: -0.410,p<0.001) and positively
with Chl-a{(r:.0.340,p<0.001);Chl-a was negatively correlated wiottom Temp (r: -0.320,
p<0.001).

Following.the two-stage procedure of Morrongiello and Thresher (2015), we firsbdeduel
a series of linear mixkeffect models that combined fixed intrinsic variablaége
age.month.cap) with different random effect structures in a hierarchical manner to isolate
sources of variation in otolith element concentrations or fish growth (Table@)n&, we
introducedextrinsic environmental variables into the resulting best models to relate the

observed variability to the environment. We used R 3.0.3 with the packages of ‘Ime4” (‘Imer
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function; Bates et al. 2014), ‘effects’ (Fox et al. 2014), and ‘AlCcmodavg’ (Mde&015)

to perform model analyses (R Development Core Team 2014), and the ‘Hmisc’ package
(‘rcorr’ function; Harrell 2014) to compare among upwelling variables with pairwise
Pearson’s correlation coefficients. All response variableAgagvere naturalog
transformedtormeet model assumptiohgormality and homogeneity gariance and fixed
predictor variables were mean centered to assist model convergence (Morrongiello et al.
2014, Morrongiello'and Thresher 2015). Akaike’s Information Criterf/d&) corrected for
small sample sizef\[Cc) was used to test relative support for each model (Burnham and
Anderson 2004). We also used marginal and conditiohaidrics for mixed effects models
(Nakagawa.and Schielzeth 2013, Johnson 2014) to estimate the proportion of variance for

fixed effects alone and combined fixed and random effects, respectively.

The element:Caand growth data were comprised of repeated monthly measures (element
concentrations or growth increment width) from each individual acrokgplawyears.

Random effects structures (n = 4; Table 2) contained random intercelpishi@ andMonth

(see Table A for/descriptions) in combination with random slopesgBmRandom intercepts

for FishID andMonth induce correlation among measurements within an individual and
correlation among element concentrations or growth increments assimilated in the same
month per year, respectively. Individual element concentration or growth wagaltowary

in comparison to the model average by usifgshlD random intercept. Likewise, a random
Month intercept gives temporally resolved (month per year) estimates of whether extrinsic
drivers provided good or poor conditions for element assimilation or growth relative to the
long term mean (Morrongiello et al. 2014, Morrongiello and Thresher 2015). Random slopes
for Age enabled the fixed effeétge - element: Ca or Growth relationship to vary among
individuals.and among months per year. Randgmslopes for each fish pernatdistinct
age-dependent.element assimilation or growth trajectory while stilliimdeain age response

for the population. Similarly, a randoAge slope forMonth allows for agedependent
responsesstorenvironmental effects through time (Morrongiello et al. 2014, Morlorgié!
Thresher.2015).

The best random effect structures for the six response variables were selected by adding all
fixed intrinsic effects Age, age.month.cap) to each possible random effects structure and
fitting the models using stricted maximum likelihood estimates of error (REML). The most

complex intrinsic effect model took the form:
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Vijke = @o + af + ag + Bixij + biixi; + biixj + Boxy + €4 Eqn. 1
oy

@ N(O,%,)
by B I

] ~N(0,Zr),  &jx~N(0,0?)

1k

whereyiju is"a response variable measurement forifethagg from monthk, caught at age
(age.month.cap)l=ag is the overall mean monthly response interceptis the random
intrinsic effect for fishi, anda} is the random extrinsic environmental effect for mdaiby
is the fixed effecAge coefficient,s; is the fixed effecage.month.cap coefficient, andh?;

andb¥, are randonAge slopes for fish and monttk respectively.

Next, the fixed ‘effect structures of eithAge or Age + age.month.cap were fit to the best

random effects structure (from above) for each response variable with maxksalinobdd
estimates of error (ML). Each candidate set of models were comparetiMih values.

Then, unbiaed parameter estimates were produced for each response variable by refitting the
best ranked-medels with REML (Zuur et al. 2009). We estimated the temporal synchrony of
element assimilation or growth across induals by calculating the inttkass corredtion

coefficient (ICC). The ICC model contained random intercepts forEigthD andMonth,

but a randon#ge slope was only included féishiD to ensure interpretability of thdonth

variance component (Morrongiello and Thresher 2015). Finally, we added the upwelling
specific, environmental covariateBofiney Ul, Bottom Temp, Chl-a; Table 1) to each optimal
model to assess extrinsic effects within and among the response variables. We also tested for
Age specific responses of elements or growth for eamlironmental covariate by fitting

interaction terms.

Multivariate.mixed modeling to estimate within and among individual correlations

Because the'six response variables represent repeated measures of multiple elements and
growth withintthe same otolith of each fish, it is of interest to estimate correlations among
these otolith*traits’ both within and among individuals (response variables here after are
referred to as traits).hese relationships could be directional (i.e. changes in element x
causes proportional changes in element y) or reflective of a common response to a
physiological or environmental driver. Within and among otolith trait correlations therefore
allows us to estimate the strength of relationships between the elements themselvés, as wel
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as growth, and begin linking these to either physiology (intrinsic effects), the enembn
(extrinsic effects) or both. It is important to note that the six traits (elements: n = 5; growth: n
= 1) are dependent on the same intrinsic and extrinsic drivers at a given time and are not
independent of one another. Whilst among-individual correlations can be based on average
trait valuesforeach individual derived from the series of univariate modéisedubove,

these values will be biased due to unaccoufaedsthin-individual variation and do not
properly account for uncertainty around element:Ca or growth estimates (Hatléield e

2010, Dingemanse and Dochtermann 2013). Furthermore, such an approach precludes
estimating trait.correlation within oiths (e.g. is a increase or decrease in a particular
element related to jgeriod of high or lowgrowth during a fish’s lifetime). Multivariate
mixed-effects/models avoid these limitations and allow for the concordant estimabtothof
within- and amongndividual trait variation across multiple traits (Dingemanse and
Dochtermann 2013).

We used amultivariate mixed effects linear model fitted in the ‘MCMCglmm’ package of R
(Hadfield 2020)-which applies a Bayesian approach to estimate vadanasance matrices
within individuals () and among individualdR) for all six traits (bold font denotes

matrices). These matrices were then used to generate point estimates and 95% credible
intervals for each pawvise within and among-individual otolith trait a@lation; credible

intervals that do not overlap zero indicate statistical ‘significance’. Multivariate mixed

models fit with MCMCglmm can cope with missing response values, which was beneficial as
not all otolith traits were measured at each point along an otolith transecti @gld_not be
monthly resolved past age 7 due to decreasing otolith growth increment widths and

limitations of the laser ablation IGHMS system).

Similar to.tnivariate analyses, traits were naturalttagsformedvhere necessato meet
assumptionstafultivariatenormality. They were then standardized (observatieaiSD)

to ensure similar scales, which aids model convergence and parameter interpretation. Our
first multivariate mixed modejenerated conditional correlation estimates (conditioned on
intrinsic effeets), andhcluded fixed effects for tragpecificAge (natural logtransformed)

and traitspecificage.month.cap terms to account for intrinsic effects on growth and element
assimilation into the otolith (Table 1). &l univariate models, a random effect structure
allowing for individual- and montlspecific differences in thage coefficient performed best

(Table 2). We therefore used this random effect structure here as well, adding the additional
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complexity that these individual and month random slopes could vary across elements (e.g.
an individual might have a steeper than average Nagéaelationship but a shallower than
average growtage relationship). We then developed a second multivariate mixed model to
explore the implications of ignoring intrinsic effects (Age andage.month.cap terms

excluded) when‘estimating within and among individual correlations amongst otatih tr

We used parameter expanded priors (Hadfield 2010), ran our model for 1it&r806ns

with a burn-in phase of 10,000 and a thinning interval of 25. This resulted in a well-mixed
chain, no autocorrelation and a sample size of 4,000 values for each eSthmeaassumption

of multivariate normality was satisfied with visual inspectof the model’s marginal
residualgA). We provide R code and data sets for the univariate and multivariate models in

the Supplement.

Results:

Sources of element: Ca and growth variation

The most strongly supportedndom effects structure for all otolith traits included a random
Age slope on botlrishiD andMonth (Table 2), which means thekement: Ca - age and

Growth = agerelationships vary among individual fish and months. For Sr:Ca, Ba:Ca and
Li:Ca, the bestfird effects structure included badige andage.month.cap terms, while
Na:Ca, Mg:Ca and growth includéde only (Table 3). Growth, Ba:Ca, Na:Ca, Mg:Ca and
Li:Ca all decreased with age, while Sr:Ca increased with age (Table 3, Figure 3). Older fish
at captue had higher overall levels of Ba:Ca and Sr:Ca than younger fish (positive
age.month.cap slope), while the negativage.month.cap slope seen in Li:Ca indicated that
younger fish had overall higher Li:Ca levels than older fish (Table 3). These witiésre
suggest older fish most likely have experienced slightly different environmeetaidi
conditions'during the earlier years oéthlives than the younger fish have experienced
during that'same portion of their own lives. Power functions #tement: Ca - age and

Growth - agerelationships (to facilitate comparison with other studies) estimated
assimilation/@rowth rates (AR: umahol*- month'; GR: um/month) for ocean perch (Figure
3).

Random variability around meahement: Ca or Growth was greatest among fisRighiD)
followed by among monthdonth) (Table 3).Element: Ca or Growth - Age slopes had the
highest variation among individuals followed by variation among month&! ekfient: Ca
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data displayed negative correlations betweervitieh random intercept anéige slope,
signifying that younger fish assimilate higher concentrations of elements i@hipalder

fish when condibns arefavorablefor element assimilation (older fish assimilate relatively
higher concentrations than younger fish when conditions aréales®blefor element
assimilation;yTable 3). A positive correlation betweenMloath random intercept and

Growth - Age slope (slopes are shallower at higher intercepts) indicates older fish are
growing proportionally better than younger fish during months of good growth (younger fish
grow better in poor times). Randaokge slopes of the otolith traits were positiyalorrelated

with FishlD,.meaning there is variation in growth or element assimilation across individuals
(largerFishlD effects lead to greater growth variation across individuals). Element
assimilation of Na:Ca and Sr:Ca varied the least across indisidsd@hey aged (corr: 0.470
and 0.330, respectively), whereas Ba:Ca and Li:Ca varied the most (corr: 0.220 and 0.200,
respectively). When compared to element assimilation, growth varied moderately across
individuals (corr: 0.310).

Patterns of-temporal variation in all otolith traits (extracted fromMbeth random effect

term) were\cyclical (Figure 4). Na:Ca and Sr:Ca varied the least through time, but displayed
clear periodicity. The amount of synchrony seen in each element among individuals in each
month rangedsfrom a low ICC of 1.74% (Mg:Ca) to a high of 5.08% (Na:Ca) (Table 3).
Growth had the highest ICC of 8.50%, although these estimates are conservativeeas the

intrinsic effects models included random age slopebBifhi D andMonth.

Relating temporal variation of element: Ca and growth data to environmental parameters
Upwelling-specific environmental covariates improved all intrinsic effect models (Table 4
The upwelling index with an age interactigkgé * Bonney Ul) best explained variatidior
Na:Ca, SriCa.and growth (Table 4). The upwelling index alBoengy Ul) best explained
variation forBa:Ca and Mg:Ca, and chlorophg/li€hl-a) concentrations significantly
improved model fit for Li:Ca (Table 4). Na:Ca, Mg:Ca, and Ba:Ca concentratiemesall
significantlyand negatively related to the upwelling index; in contrast, Sn€Cgrawth

were significantly and positively related to the upwelling index (Table 4yr&&gbeae, g ).
Li:Ca was positively related to monthly chlorophglconcatrations (Figure ).

The elemental concentrations of younger fish showed a steeper rate of change aveyethe r

of environmental variables experienced by fish, suggesting younger fish increase asalecre
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463 element assimilation more rapidly than older fish (Figu€, % k). This pattern was

464 reversed when comparing growth at a given age with the upwelling index. Very young fish
465 grew consistently fast across all upwelling conditions, while older fish propdiyiona

466 increased their growth rate when upwallincreased (Figure 5I).

467

468 Estimatingwithinand among individual correlations with multivariate mixed models

469  Within individual correlations of otolith traits revealed the strength and direofi

470 relationships between the otolith traits (FigueeAppendix S1TableS1). Growth was

471 weakly correlated with Na:Ca @B0), Sr:Ca ¢0.137), and Mg:Ca (028 (Figure6g

472  Appendix S1TableS1), whereas no significant correlation existed between growth and
473 Ba:Ca or l4:Ca within an individual. A moderate, negma correlation was foundetween
474 Na:Ca and Sr:Ca(.399. Mg:Ca was moderaly correlated with Ba:Ca (0.31and weakly
475 correlated with Na:Ca (0.267). Very weak correlations existed betothenpairs of traits
476 (Figure 6aAppendix S1TableS1).

477

478 When comparing otolith traits among individuals, only Ba:Ca and growth were sigtiifica
479 correlated40.41Q Figure 6aAppendix S1TableS2). This suggests that individuals with
480 overall highergrowth generally have lower Ba:Ca, but this relationship was not found
481 between monthly increments measured within an individual otolith. All other otolith traits
482 were not correlated among individuals (FigeeAppendix S1TableS2).

483

484  Within individual correlations from the model excludiAge andage.month.cap were

485 qualitatively similar to those from the more complex model (Figure 6b, Appendikable
486 S3. The biggest differences were evident among individuals where all 15 correlations were
487  strongly significant (>+0.8, Figure 68ppendix S1: Tabl&4).

488

489 Discussiom:

490 Otolith chemistry and fish growth displayed clear cyclic seasonal signals &Veyemar

491 period inasmarine system. Age-dependent relationships existed in the elenagt:@awth
492 profiles, andresponses to the environment differed as thadeth Temporal signals were
493 correlated with seasonal upwelling events. Since elemental concenteattbgsowth were
494 measured simultaneously within the otolith, direct comparisons among otolish Iitit

495 within and among individual fish, were made through time. Multivariate mixed modeling

496 revealed the strength and direction of relationships between element:.Caatidagrd
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supported our conceptual model hypothesizing physiological-environmental controls on
otolith chemistry. We found that withimdividual correlations among physiologically
regulated elements were generally stronger than those primarily controlled pnerestal
drivers. We also showed that failing to account for intrinsic effects egsmtinflated and

biased estimates of amonglividual growth and element correlations.

Sources of intrinsic variation in element: Ca and growth

Age-related responses differed with each element:Ca and growth in ocean perch otoliths. The
rate of element.assimilation decreased as the fish aged for four of the five elements (except
Sr:Ca), and.growth rate also decreased with age, as is typical in most fish species. Age
related assimilation rates of elements should therefore be considered wirestrusting

migratory histories, and as we have demonstrated, this is easily done through the use of
univariate models that include age components as intrinsic effects to avoid the occurrence of
age-dependent biases. Agdated responses are evident for many biogeochemical tracers

and are quite valuable when aptiyed. For examplé& establish lifetime foraging patterns in
avianspeciesstable isotope values in the blood and featbechicksareused to validate
andinterpretisetopic signatures found in immature and adult birds (Cherel and Hobson 2007,
Cherelet al. 2014, Weimerskirch et al. 2018)milarly, ontogenetigrowth patterns in

claws, hairteethh and bonef mammalsallow stable isotopes or trace elements extracted

from these tissuds be used to examirgatterns of migration or foraging behavierg. van

der Merwe et al. 1990, Drucker et al. 2008, Ethier et al. 2014). Knowing metabolic turnover
rates or deposition rates of tissues and the rate of integration of the biogeochemical tracer
over an organism’s life time are integral framingecolayical deductionsvithin appropriate

time scalegEthier et al. 2010, Hobson et al. 2010, Ramos and Gonzalez-Solis 2012).

Comparableslement: Ca - age responses have been reported for other marine fish (Kalish

1989, Proctoretal. 1995, Hughes et al. 2015) with very different life history stratefiels,
suggests thatithese chemical patterns are a conserved and robust proxy for fish responses to
changing.entogeny or environmental conditions. These species (i.e. blue grenadier
(Macruronusnevaezelandiae), Kalish 1989; Australian salmoAipis trutta), Hughes et al.

2015; and southern bluefin tunBh(innus maccoyii), Proctor et al. 1995) inhabit diffemt

marine environments (e.g. benthic/continental slope, coastal, or pelagic) andheage
reproductive strategies (e.g. heterochronal or isochronal spawners) compared foeockea

(benthic/continental shelf and Ineearing) (e.g. Bruce et al. 2002).
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Mg:Ca exhibited the least amount of synchrony between individuals through time. In marine
fish, Mg in otoliths is not correlated with either temperature lmisa(as reviewed by

Sturrock et al. 2012), but it is correlated with growth rate (Sturrbak 2015). Mg is

requiredrin many major metabolic pathways (Kaim et al. 2013), and the lack of observed
synchrony could reflect individual metabolic processes and grétgtCa was most closely
correlated(negatively) with the upwelling indéiereforeany changes in metabolic rates
causd by the environmeat fluctuations (e.gtemperature decreasdésod resources change)
could causalterations irelement assimilation ratels Mg:Ca incorporation is as

individualized as our data suggests, then we woyteéebthe signal to be less synchronous
and not correlate as strongly with growth or other elements. Further researchpamcheém

data are needatkfinecausal mechanisms.

Concentrations of Li:Ca and Ba:Ca showed moderate temporal synchrony compared to the
other elements and also displayed seasonal, cyclic signals. Both Li:Ca and Ba:Ca tend to
primarily correlate with environmental parameters as opposed to physiological processes,
such as reproduction (e.g. Sturrock et al. 2012, Sturrock et al). 20dbever, Ba:Ca has

been linked to diet (positive: Sanchez-Jerez et al. 2002, Buckel et al. 2004) and gtewth r
(negative: Miller 2011, Sturrock et al. 2015). Indeed, dietary sources have been shown to
contribute up to 25% of otolith Ba in marine settings (Webb et al. 2012, Izzo et al. 2015).

Temporal patterns of element:Ca and growth displayed distinct seasonal tre@isaN
Sr:Ca were the most consistent through time and had the highest individual synchoogy a
the element:Ca traits, but dispéad an inverse relationship (i.e. Sr:Ca peaked in
spring/summer; Na:Ca peaks in autumn/winter). Na is a physiologically impetément
(Kalish 1991, Thresher et al. 1994) and fluctuates not with the environment but with
osmoregulatory-control (Campana 1999). Seasonal sinusoidal patterns in otolitbov@r.Ca
shorter timesperiods have been documented and are attributed to seasonalusmnperat
changes aliased by reproductive physiology or other biological processes (Radtkegaiid Ta
1984, Thorreld,and Shuttleworth 2000, Hughes et al. 2015). Otolith Sr:Ca levels in plaice
(Pleuronectes platessa) were highly correlated with physiological processes, particularly
reproduction (Sturrock et al. 2015). Ocean perch are live-bearing (Pavlov and Emel’'yanova
2013) and have a winter reproductive period with fertilization occurring in May/June,

followed by gestation through the winter and parturition in October/November (Park 1993).
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565 The timing of increases in otolith Sr:Ca corresponds with gestation and pantuait it is

566 possible the seasonal environmental signal (i.e. upwelling) aliases the undenigagta

567 Sr:Ca fluctuation in ocean perch otoliths. Additioredearch is required to conclusively

568 define this relationship.

569

570 Environmental influences on element: Ca and growth

571 While age"andindividual variation accounted for most of the variability seen within t

572 otolith traityprofiles, some variation was attributed to environmental parameters. Seasonal
573 upwelling is.a key environmental driver of the loeabsystem, and we used this strong

574 environmental signal to examine the otolith elemental composition and growitbnshéps

575 experienced by a fully marine fish situ. The upwelling process has a ‘cascading’ effect

576 where multiple’changes occur in the eamment due to increased wind stress. As deeper

577 water is broughtto the surface, salinity and temperature change, and there is an influx of
578 nutrients. The amount of change within the local environment is dependent on the

579 characteristics of the water mdssing upwelled in addition to the strength/duration of the

580 wind driving:the/upwelling event (Bigg 2003). During an upwelling event within the Bonney
581 upwelling system, both temperature and salinity decrease (e.g. temp: A>4°C; sal: 35.6 to

582  35.2%o)(Lewis 1981, Middleton and Bye 2007) and chloropayticreases due to nutrient

583 influx (Nieblas"et al. 2009, van Ruth et al. 2010). All elements and growth, except Li:Ca,
584 were correlated with the upwelling index as opposed to bottom temperatureropblyll-a.

585 There were different directional relationships among the otolith traits with the upwelling

586 index, and these persisted through time.

587

588 Otolith Ba:Ca.was negatively related to the Bonney upwelling index and generallyedpla
589 maximaduring autumn/winter anahinimaduring spring/summer. The opposite relationship,
590 a positive.correlation, is seen in carbonate records from other upwelling systems (e.g. coral:
591 Lea et al. 19897 Montaggioni et al. 2006; otoliths: Kingsford et al. 2009). In strong upwelling
592 areas, usugrdominated by large continental boundary currents or equatorial currentss water
593 tend to besBa enriched due to dissolution of barite in deep ocean water and marine sediments
594 (e.g. Lea and'Boyle 1991, Shimmield 2015). Positive relationships between Ba:Ca

595 concentrations of ambient water and those measured in fish otoliths have been well

596 documented (as reviewed in Sturrock et al. 2012). Moreover, otolith Ba:Ca conoastrati

597 increase in as little as three days following increased levels of Ba:Ca in se@Mlzeter et
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al. 2016). Therefore, the otolith Ba:Ca profile found in the Bonney upwelling region may
reflect reduced concentrations of Ba of the actual water mass being upwelled and alternative
(non-upwelled) sources of greater Ba input into southernréligst marine waters during the

autumn/winter months.

Source waters of the Flinders Current (the northern boundary current influencinaniteyB
upwelling)are primarily Tasmanian Subantarctic Mode Water (TSAMW) formed in surface
waters southwest of Tasmaniacat7°S and subducted to depths of 400 to 800 m as it flows
northwest (Barker 2004, Middleton and Bye 20@&ihcethe watemasstransported by the
Flinders Current and upwelled along the Bonney Coast has had very minimal contact with Ba
enrichedbettom waters/sediments, it magt produce a ‘typical’ positivBa:Ca signal in the
otoliths.In addition while nutrient inputs and the productivity of the Bonney upwelling are

well documented (e.g. Nieblas et al. 2009, van Ruth et al. 28ddijnent acumulation rates

of biogenic_.compounds (including Ba) in the upwelling areas of Africa (Benguela Qurrent

and South*America (Peru Current) are 1 to 2 orders of magnitude higher compared to
southern Australia (Veeh et al. 199Bpwer regional Ba sedimenbucentrations reflect the
general oligotrephic nature of southern Australian wagdtsrnative sources of Baputs

may include wintertime strengthening of the eastward flowing Leeuwin Curreddi@fion

and Bye 2007); seasonal riverine inputs (Moore 1997, Sinclair and McCulloch 2004), and/or
wintertime transport of coastal waters from the shelf to the deeper ocean (Kampf et al. 2010).

Li:Ca in the otolith was most strongly correlated (positive) with chlorogiigdivels in the
environment as opposededher the upwelling index (positive correlation) or bottom
temperature (negative correlation). Interestingly, the negative relationship of otolith Li:Ca to
water temperature has also been found in another fully marine fish, European plaice
(Pleuronectesplatessa) (Sturrock et al. 2015). In other biological carbonates, increased
concentrations'of Li:Ca link to changes in dissolved inorganic carbon (DIC) ofteeawa
(foraminiferartests: Vigier et al. 2015) or tofich phytoplankton diets (scallop shells:
Thébault.and Chauvaud 2013). Given this, otolith Li:Ca could be a potential indicator of
productivity within themarine environment. Furthexre recorded increased Li:Ca
concentrations from the hyaline component of the otolith (i.e. summer growth; Batbem
2009) as opposed to the opaque portion. Conversely, Li:Ca concentrations were positively

correlated with opaque zones in plaice otoliths (Sturrock et al. 2015). This supgekisCa
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is tied to environmental influences (e.g. temperature or pripraguctivity) rather than to
specific features of the otolith.

The addition of an age-environment interaction term allowed the response of theafish at
given age torbe‘examined from both the perspective of chemical assimilatiorotolitte

and growth. Younger fish were more sensitive to upwelling and adjusted elemeriatiesim
more rapidly to changing environmental conditions than older fish. For example, as
upwelling strengthened, the rate of Sr:Ca assimilation increased more quigklyriger fish

than older fish,while assimilation of Na:Ca decreased more rapidly. The bessoodel

Ba:Ca, Li:Ca and Mg:Ca did not include the agyeironmental interaction term, indicating

that there was no difference in assimilation rates between youngerdandish. Whilst

overall there'was a positive relationship between growth and upwelling, when explored
across ages, older fish grew proportionally better with increased upwelling. Yoismger f
showed a negligible response. Because physical changes agaihgpgt a rapid rate in an
upwelling system (e.g. drops in temperature/salinity, increased nutrientapaiet

processes of-a-fish will adjust to cope (e.g. Brett and Groves 1979, Brown et al. 2004,
Wootton 2011)..Resulting changes to metabolic processes could potentially cause rapid
adjustment of element assimilation rates, especially in elements under greater physiological
influence (e.g«Na and Sr). Fish within an upwelling environment will experience idrops
metabolic rates as temperature decreasgsjation of ionic homeostasis with changing
salinity, and increased water movement. Growth rates are influenced by changes to metabolic
processes caused by interactions of multiple environmental parametersnigcloainges to

food resources, relative to fish size and age (Brett and Groves 1979, Wootton 2011).

Physiological versus environmental influences

The multivariatanodeling results corroborated our hypotheses regarding physiological
controls onelements in otoliths and present the first instance where correlations between
elements within‘individual otoliths and among fls&fve been determined (Figure 6a). Our
method previded) unbiased estimates thie strength and directionalibf correlatiors, and

2) a cleamethedological and statistical framework for future work. Within an individual
fish, Na:Ca andsr:Cawerehighly correlated with each other, atoda lesser extengrowth

and Mg:Ca, reflecting greater physiological influence (e.g. Thresher et al. 1994|d fzovd
Shuttleworth 2000, Brown and Severin 2009, Sturrock et al. 2015). Ba:Ca andver€a
indeed less controlled by physiological processedikely more rdlective of extrinsic
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665 influences based on the absence of a correlation with growth and weak correlgtions

666 Na:Ca and Sr:Ca. Mg:Ca correlated weakly to moderately with all otolith traits, corroborating
667 that Mg:Ca in the otolith is regulated simultanegus} physiological and environmental

668 factors. These findings support our hypotheses regarding otolith traits within an individua
669 (Figure )= 1)*Na:Ca and Sr:Ca were predominantly influenced by an individual's physiology;
670 2) Ba:Ca and Li:Ca were primarigffected by environmental parameters; 3) growth rate and
671 Mg:Ca were moderately influenced by both physiology and the environment; 4) correlations
672 were stronger within groups of either physiologically or environmentally infeeotolith

673 traits, but less@between the two groups; and 5) the strength of correlation varied among the
674 otolith traits, particularly those under environmental control.

675

676 Element:Caand growth were also compared among individuals, and surprisinglyadbiéy B
677 and growth were signifantly correlated (negative). This means fish with overall higher

678 growth rates equated to overall lower Ba:Ca. Given that upwelled water hacBawe

679 concentrations, but upwelling were times of higher average growth, a possible gaplana

680 that fish wheseives spanned periods with stronger upwelling events would havectleva

681 growth andyrreduced Ba; those inhabiting weaker upwelling periods would have the opposite.
682 We hypothesized that otolith traits driven by environmental conditions would cerbeltt

683  within an otolith, reflecting the time dependency of growth and element asgmiland

684 among individual fish that experience a similar gebxernal conditions (Figure) 10ur

685 hypothesis is partially refuted since the only amormdividual correlatio was between

686 Ba:Ca and growth. Therefore, the lack of among-individual correlations in othemégeme

687 suggests that caution is needed when assuming etefitiental signatures are reflective

688 solely of shared environments. These results potentially hawve mmglications for the use

689 of biogeochemical proxies in a range of fish ecology studies.

690

691 Ignoring intrinsic effects in the multivariate mixed model resulted in elevated estimates of
692 among individual element and growth correlations (Figure 6c). Thagiésrase biased

693 because fish of similar ages have similar overall elemental concentrations due to intrinsic
694 processes, rather than any shared environmental conditions. For exantpderatios

695 decrease with increased growth during metamorphosis in Japaglef\nguilla japonica;

696 Arai et al. 1997), and seasonal variations of Sr and Na in otoliths are linked to clmanges i
697 growth rates or reproductive investment rather than shared environmentéboangialish

698 1989, 1991)The qualitatively similar within individual correlations from both models are
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expected because comparisons are made on the same scale (i.e. among measurements made at

the same otolith location).

Conclusions

The applicationof univariate and multivariate mieftectsmodeling totime resolved
element:Ca and growth profiles has provided a novel method to disentangle tteecéffec
physiology and the environment on otolith chemistry and fish growth. If changes to element
concentrations in otoliths driven by physiology are unaccounted for (e.g. age, reproductive
parameters, diet), then elemental data used to reconstruct lifetime movements or as
paleoproxies can be misinterpreted (Thresher 1999, Elsdon et al. 2008, Sturrock et al. 2012).
Our models' accounted for agelated effects budid not include reproductive parameters or
diet as these data were unavailable. However, since both male and female fish were included
in the models, the element:Ca profiles and growth are integrated to reflextploase of all

fish, regardless of seXhe Sr.Ca temporal signal and its association with reproduction
should be‘explored, as this relationship has potential for use as a proxy to reconstruct
reproductiveshistories. This would be especially useful when examining exploited
populations,for.chares in reproductive characteristics through time, i.e. changes mt-age-
maturity, shifts'in spawning season with climate variability. Since both Ba:Cai&a\Were
under limitedphysiological control, these elements are the most likelydedeslifor usas
environmental proxies. Otolith Li:Ca is particularly promising as an indicator of productivity
in the marine environmegiven its positive correlation with chlorophdl Describing the
assimilation mechanism of Li from the environment into the otolith will be an important first
step. In a similar vein, Ba:Ca seems to tradsumed Ba concentrations within the ambient
water mass, If the Bonney upwelle@ter does indeed reflect a renriched Ba source. Of

all the elements examined, Ba was the only thrat was correlated among individuals, which
suggests.that populatidavel fluctuations in ambient Ba are simultaneously recorded by all
individuals=Therefore, fluctuations in Ba:Ca are likely to represent lscald-
environmental:change as opposed to individhzaed differences in assimilation. Further
research directions should include quantifying physiological (e.g. metabolism, repreduc
condition) andwenvironmental influences on element assimilation by focusing on all life
history stages, sinadement assimilation is inherently linked with dupsed growthRelated

to this point is the neddr the collection of targeted empirical data alethiled sensitivity
analyses to assess htamporal andpatial variation irambientelemental concentrations

interacts with agelependent assimilation
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1029 Tables:
1030 Tablel. Description of fixed (intrinsic and extrinsic) and random effects used in the analyses of trace elements and igyeai\ftiochethe

1031 otoliths.of.-ocean perch.

Variable Description Data Range

Intrinsic Eixed effects

) 14-85 mo
Age Age when each monthly increment was formed.
(1.2-7.1 yrs)
o 37-223 mo
age.month.cap Age of the fish in months at date of capture

(3.1- 18.6 yrs)

Random Effects

FishiD Unique identifier for each fish n =38
e A code designatinthe specific month and year of each monthly resolved increment (i.e. 75 = Dec 204 mo (17 yrs)
on
76 = Jan 1997, etc.) (Nov 1995- Oct 2012)

Extrinsic Fixed effects

Monthly NOAA PFEL Global idegree Upwelling Index calculated for tB®nney Coast region o
Bonney Ul South Australia (37%, 139.8E; coast angle: 14% 1981- 2014
Source: http://mww.pfeg.noaa.gov/products/las/docs/global _upwell.html
Corrected monthly Bluelink bottom temperatuf€) derived in Middleton et al. (2012nd extended

BottomTemp ) 1993- 2013
with bottom temperature logger data from Southend, SA
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MODIS Aqua Level 3 Global Monthly Mapped 4 km Chlorophyll a (mid) for the Bonney Coast, Si
Chl-a (37°S, 139E) 2002- 2013
Source: http://thredds,jpl.nasa.gov/las/getUl.do

1032
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1033 Table 2. Best random effect structure fitted with the full fixed effect structukgeof
1034 age.month.cap for each element:Ca and growth.

1035
Model df AlCc AAICc LL
Ba:Ca
FishID 5| -1034.60| 561.11 522.31
Age|FishlD 7| -1470.50] 125.21 742.27
Age|FishID+ Month 8| -1513.44| 82.27 764.75
Age|FishiD +
10| -1595.71 0.00 807.90
Age|Month
Na:Ca
FishID 5| -6180.57| 483.68| 3095.30
Age|FishlD 7| -6419.22| 245.03| 3216.64
Age|FishID + Month 8| -6660.21 4.05| 3338.13
Age|Fishib +
10| -6664.25 0.00| 3342.17
Age|Month
Sr:.Ca
FishID 5| -5681.03| 462.22| 2845.53
Age|FishiD 7| -5997.87| 145.38| 3005.96
Age|FishID +.Month 8| -6116.31] 26.94| 3066.18
Age|FishiD +
10| -6143.25 0.00| 3081.67
Age|Month
Mg:Ca
FishID 5| -2025.91| 323.48| 1017.97
Age|FishlD 7| -2291.68| 57.71| 1152.87
Age|FishID + Month 8| -2321.44| 27.96| 1168.75
Age|FishiD +
10| -2349.39 0.00| 1184.75
Age|Month
Li:Ca
FishID 5 1889.82| 813.49| -939.90
Age|FishlD 7 1225.35| 149.01| -605.65
Age|FishID +Month 8 1135.86| 59.52| -559.90
Age|FishiD +
10 1076.34 0.00| -528.12
Age|Month
Growth
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1099.2
FishID 5 -696.97 4 353.50
Age|FishID 7| -1182.57| 613.64, 598.31
Age|FishID + Month 8| -1568.77| 227.45] 792.41
Age|FishiD +
10| -1796.22 0.00 908.15
Age|Month

1036
1037 Notes: Bestrandom effect structure is highlightedold. Best model rankings were
1038 assessed usimkaike’s information criteriorcorrected for small sample sizes (AICc). LL:

1039 Log Likelihood. Random slope term designated with A|B.
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1040 Table 3. Variance components, parameter estimates and test statistics for the optimal maddlel of eac

1041 element:Ca andgrowth.

1042
Random effect Fixed effect
Statistic | FishIiD | Age|FishID| Month | Age|Month| Residual| Intercept| Age Age.month.cap
Mg:Ca
Variance | 0.026 0.015 0.001 0.004 0.017
SD 0.160 0:122 0.032 0.060 0.131
Corr. 0.300 -0.890
Estimate 3.903 | —0.188
SE 0.027 0.022
t 142.70 | —-8.390
Li:Ca
Variance | 0.077 0.197 0.008 0.026 0.076
SD 0.277 0.443 0.088 0.160 0.275
Corr. 0.200 —-0.810
Estimate 2.212 -0.344 —0.002
SE 0.046 0.075 0.001
t 47.830 | —4.550 —2.650
Ba:Ca
Variance | 0.020 0.033 0.002 0.010 0.024
SD 0.142 0.180 0.048 0.100 0.155
Corr. 0.220 -0.800
Estimate 0.492 —-0.187 0.001
SE 0.024 0.032 0.000
t 20.491 | -5.830 1.684
Na:Ca
Variance | 0.005 0.003 0.001 0.000 0.003
SD 0.074 0.053 0.026 0.008 0.053
Corr. 0.470 —1.000
Estimate 9.338 | —0.189
SE 0.012 0.009
t 754.100| —20.400
Sr:Ca
Variance | 0.002 0.005 0.001 0.001 0.004
SD 0.047 0.068 0.024 0.022 0.060
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1043
1044
1045
1046

Corr. 0.330 —-0.840

Estimate 8.082 0.143 0.000

SE 0.008 0.012 0.000

t 991.400| 12.100 2.300
Growth

Variance | 0:032 0.060 0.008 0.019 0.020

SD 0.178 0.245 0.091 0.138 0.140

Corr. 0:310 0.710

Estimate 2.137 | —0.883

SE 0.030 0.042

t 71.570 | —20.930

Notes: Intraclass correlation coefficients (ICC) of the six otolith traitsMonth are: Mg:Ca, 1.74;
Li:Ca, 3.30; Growth; 8.50; Ba:Ca, 2.05; Na:Ca, 5.08; Sr:Ca, 5.02. Optimal models veereditig

restricted maximum likelihood (REML). Random slope term designated with A|B.
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1047 Table 4. Model selection for environmental variables fittedach optimal model.

Response Environmental Variables Log
Variable df AICc  AAICc Likelihood R’m R’  Estimate *SE  t-statistic
Ba:Ca + Growth 10 -1620.3 4.7 820.2 0.127 0.626
+ Bonney Ul 11 -1625.0 0.0 823.5 0.128 0.626 -0.0002 0.0001  -2.616
+ Bottom Temp 11 -1618.7 6.3 820.4 0.127 0.627
+ Chla 11 -1047.0 5779 534.6 0.123 0.603
+ Age* Bonney Ul 12 -16234 15 823.8 0.128 0.626 0.0001 0.0002 0.710
+ Age * Bottom Temp 12 -1619.4 55 821.8 0.128 0.627
+ Age * Chta 12 -1045.2 579.7 534.7 0.123 0.603
Na:Ca + Growth 9 -6696.2 95.0 3357.1 0.461 0.842
+ Bonney Ul 10 -6778.9 12.3 33995 0469 0.839 -0.0003 0.0000 -10.600
+ Bottom Temp 10 -6720.4 70.8 3370.2 0.464 0.840
+ Chla 10 -4111.2 2680.0 2065.7 0.443 0.839
+ Age * Bonney Ul 11 -6791.2 0.0 3406.7 0.470 0.839 0.0001 0.0000 3.800
+ Age * Bottom Temp 11 -6724.7 66.5 3373.4 0.465 0.840
+ Age * Chta 11 -4113.4 2677.8 2067.8 0.444 0.840
Sr:Ca + Growth 10 -6174.2 75.5 3097.1 0.416 0.724
+ Bonney Ul 11 -6225.4 24.3 3123.7 0438 0.719 0.0002 0.0000 8.600
+ Bottom Temp 11 -6197.8 51.9 3110.0 0.425 0.721
+ Chla 11 -3851.3 23984 1936.7 0.383 0.740
+ Age * Bonney Ul 12 -6249.7 0.0 3136.9 0.440 0.717 -0.0003 0.0000 -5.400
+ Age * Bottom Temp 12 -6199.0 50.6 3111.6 0.426 0.721
+ Age * Chla 12 -3854.6 2395.1 1939.4 0.385 0.739

1048
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1049 Table 4. Extended.

1050

Response Environmental Variables Log
Variable df AICc  AAICc Likelihood R’m R’  Estimate *SE  t-statistic
Mg:Ca + Growth 9 -2376.1 16.9 1197.1 0.145 0.695
+ Bonney Ul 10 -2393.0 0.0 1206.6 0.147 0.695 -0.0002 0.0000  -4.430
+ Bottom Temp 10 -2375.6 17.4 1197.9 0.146 0.695
+ Chla 10 -1531.2 861.9 775.7 0.152 0.672
+ Age* Bonney Ul 11 -2392.2 0.8 1207.2 0.147 0.696 0.0001 0.0001 1.080
+ Age * Bottom Temp 11 -2377.7 15.3 1199.9 0.147 0.696
+ Age * Chla 11 -1541.1 8519 781.7 0.154 0.673
Li:Ca + Growth 10 1056.1 198.5 -518.0 0.184 0.706
+ Bonney Ul 11 1047.3 189.6 -512.6 0.191 0.709
+ Bottom Temp 11 1055.5 1979 -516.7 0.186 0.706
+ Chl-a 11 857.7 0.0 -417.7 0.204 0.693 0.1416 0.0324 4.373
+ Age * Bonney Ul 12 1043.0 1854 -509.4 0.197 0.709
+ Age * Bottom Temp 12 1053.2 1955 -514.5 0.188 0.706
+ Age* Chl-a 12 8594 17 -417.6 0207 0.693 -0.0424 0.0795 -0.534
Growth + Growth 9 -18214 63.2 919.7 0.699 0.924
+ Bonney Ul 10 -1849.2 353 934.7 0.710 0.924 0.0006 0.0001 6.350
+ Bottom Temp 10 -1839.4 45.2 929.7 0.703 0.925
+ Chta 10 -1018.5 866.1 519.3 0.698 0.928
+ Age * Bonney Ul 11 -1884.6 0.0 953.3 0.713 0.925 0.0011 0.0002 6.480
+ Age * Bottom Temp 11 -1837.5 47.1 929.8 0.703 0.925
+ Age * Chla 11 -1020.2 864.3 521.2 0.698 0.928
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1051
1052

1053
1054
1055

Notes. Environmental variables were fitted to each optimal model with maximum likelihood (ML). Beshatqgrlavariable or combinan of

variables is highlighted ibold, andwere assessed usiddkaike’s information criterion corrected for small sample sizes (AlThg second

2 o . .
ranked variable(s) igalicized. Marginal (m) and conditional (c) Rralues were calculated after models were refit with restricted maximum
likelihood (REML). Parameter astates and test statistics are displayed for the top and second ranked meelalstions are designated with

an asterisk«(*).
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1056 Figure Legends

1057 Figure 1. Hypothesizecbrrelations between ag®rrected element:Ca ratios and estimated
1058 growth within otoliths and among individuals. Some otolith traits are correladed vi

1059 physiological or environmental pathways. Solid arrows: within individual correlations;

1060 Dashed arrows:aomg individual correlations.

1061

1062 Figure 2. a) Map of the southeastern coast of South Australia during an upwellinghevent i
1063 January 2014. The strongest area of upwelling occurs off the Bonney Coast region where
1064 ocean perch otoliths were collected (dashed white line). Sea surface temperatures range from
1065 14°C (darkblue)to 2°C (red). b) Ventral lobe of a thisectioned ocean perch otolith with
1066 dual lasertransects (highlighted in blue) from low element concentrat@®rafid high

1067 element concentration (HGEans. Transects run from the otolith’s core to the proximal edge.
1068 This fish was 5+ years old when collected in 2011 (tics on blue lines mark each annual
1069 growth increment). [SST image credit: Data were sourced from the Integrated Marine
1070 Observing SystenlMIOS) - IMOS is a national collaborative research infrastructure,

1071 supported bysAustralian Government]

1072

1073 Figure 3. Predicted monthly variation in otolith trace elements (element:Ca; pmol/mol) and
1074 average growth (Growth; pum) of ocean perch from the Bonney upwelling region. Power
1075 functions shown describe element:Ca assimilation rate (AR; pma!-mohtt’) or growth

1076 rate (GR; pm/month). Note: scale ehyis variesamong paneldata backiransformed to

1077 the original scale to aid interpretation.

1078

1079 Figure 4. Monthly resolved otolith trace elements (ratioed to calcium) and aveoagh g

1080 predicted for ocean perch in the Bonney upwelling region off South Australia. Chronologies
1081 (solid lines).argaroduced from thdonth random effect term (best linear unbiased poteds
1082 ‘BLUPS’), with"positive (negative) values indicating months of above (below) geera

1083 assimilation/growth. The regional upwelling index (dotted line) is plotted orettendary Y
1084 axis for reference.

1085

1086 Figure 5. Predicted effects for each elemenaf@average growth resulting from the best
1087 additive environmental effect model (a-c, gdft panels; dotted lines: + SE) and the best

1088 environmental interaction withge model (df, k-I: right panels). An asterisk in the upper
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1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099

right corner indicates thep ranked model as selected by AICc valuesiCc = 0; shown in

Table 4).Data backransformed to original scale to aid interpretation.

Figure 6:a) Supported correlations within (solid lines) and among (dashed lines) individuals
(point estimate“crediblintervals not spanning zero) from Figure 1 based on the multivariate
model Full correlation matrices are foundTiablesS1 and S2b) Within individual

correlations as ird] but with intrinsic variables removed from the multivariate mdtigi
correltionimatrix:TableS3). ¢) Among individual correlations when intrinsic variables
removed from the multivariate mod@lll correlation matrixTableS4). Correlation

direction denoted by + orand correlation strength by line color. Note correlation strength is

much greaterind) than in &) or (b).
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