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Abstract
Entrainment of growth patterns of multiple species to single climatic drivers can lower
ecosystem resilience and increase the risk of species extinction during stressful climatic
events. However, predictions of the effects of climate change on the productivity and
dynamics of marine fishes are hampered by a lack of historical data on growth patterns. We
use otolith biochronologies to show that the strength of a boundary current, modulated by the
El Niño-Southern Oscillation, accounted for almost half of the shared variance in annual
growth patterns of five of six species of tropical and temperate marine fishes across 23° of
latitude (3000 km) in Western Australia. Stronger flow during La Niña years drove increased
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growth of five species, whereas weaker flow during El Niño years reduced growth. Our work
is the first to link the growth patterns of multiple fishes with a single oceanographic/climate
phenomenon at large spatial scales and across multiple climate zones, habitat types, trophic
levels and depth ranges. Extreme La Niña and El Niño events are predicted to occur more
frequently in the future and these are likely to have implications for these vulnerable
ecosystems, such as a limited capacity of the marine taxa to recover from stressful climatic
events.

Introduction
Changes to the world’s climate driven by the release of carbon dioxide and other greenhouse
gases into the atmosphere due to human activities are having serious and increasing
consequences for marine ecosystems. These range from changes in individual physiology and
survival to effects on population dynamics, habitats and ocean productivity (Lehodey et al.,
2006, Munday et al., 2008, Hoegh-Guldberg & Bruno, 2010, Cheung et al., 2012). For
marine fishes, research on climate change has largely focused on the implications of a
warming ocean for thermal limits and distributions of species (Harley et al., 2006, Pörtner &
Peck, 2010). Many of these studies have identified “hotspots” of change in marine
environments where pronounced temperature anomalies are now occurring and these serve as
a focal point for the prediction of impacts likely to occur in other regions (Cheung et al.,
2012, Poloczanska et al., 2013). However, alterations to the distributional limits of fishes are
only part of the potential effects of climate change; this process is also likely to modify
current flows (Bakun et al., 2015), patterns of productivity (García-Reyes et al., 2015) and
population dynamics (Fordham et al., 2013) of species in coastal and oceanic ecosystems.
Because warming affects both regional (10-1000s km) and large scale (1000s km) climate
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phenomena, changes could occur simultaneously and dramatically at multiple spatial scales,
rather than just in hotspots or progressively at the fringes of species distributions. Evidence
for this possibility is shown by the links between population dynamics (growth patterns in
particular) of many species to climatic features such as El Niño-Southern Oscillation (ENSO)
events and the flows of regional boundary currents (Chavez et al., 2003, Black et al., 2008,
Helser et al., 2012, Black et al., 2014, Ong et al., 2016).
Studies have shown that such entrainment of growth patterns of species to single climate
phenomena can increase the risk of species extinction through the reduction of “portfolio
effects” both within species, e.g. butterfly communities (McLaughlin et al., 2002) and also
among species, e.g. salmon (Schindler et al., 2010, Kilduff et al., 2015). These effects are
defined as a diversity of responses to climate drivers, allowing some individuals or species to
survive through extreme events so that populations can recover to stabilise ecosystem
processes. The degree to which species are entrained to individual climate signals thus
provides a measure of likely ecosystem vulnerability to climate change.
The construction and analysis of biochronologies from otoliths or other calcified structures
provides a powerful technique to assess the extent to which growth patterns of marine fishes
are linked at large spatial scales and to determine the likely impact of climate change on the
drivers of these patterns (Morrongiello et al., 2012). Growth integrates the effects of both
physical and biological processes that can alter with climate change, allowing insight into
their effects on key parameters (such as size-at-age) that determine the productivity and
yields of species targeted by fisheries. Recently, this approach has been used to show how
increasing sea surface temperature (SST) can affect the growth of temperate marine fishes
(Gillanders et al., 2012, Coulson et al., 2014, Rountrey et al., 2014) and how the drivers of
growth patterns can even be linked across divergent taxa (trees, corals, fish and bivalves) in
the same environment (Black, 2009, Ong et al., 2016).
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Here, we use an otolith biochronology approach to identify key climate drivers of growth of
marine fishes from a variety of habitats and trophic guilds (Supplementary Table S1) across
23° of latitude encompassing tropical, subtropical transition, and warm and cool temperate
zones (Fig. 1). We then examine the vulnerability to and likely scale of impact of the
predicted effects of climate change on the growth patterns of these species. The marine
environments of the continental shelf of Australia provide a suitable model to examine broad
scale impacts of climate change on the growth of fishes, because the flow of both the
Holloway Current and the Leeuwin Current are strongly correlated to and influenced by
ENSO (D’Adamo et al., 2009, Feng et al., 2009). The Leeuwin Current is the dominating
boundary current off the coast of Western Australia and flows poleward, suppressing
productivity and creating an oligotrophic marine environment (Feng et al., 2009). This
contrasts with the highly productive eastern boundary currents that flow to the Equator in
other parts of the world (Canary, California, Humbolt and Benguela currents), all of which
contribute significantly to global catches of marine fishes (Fréon et al., 2009). The Leeuwin
Current extends more than 2000 km transporting warm, nutrient-poor water southward along
the continental shelf from the tropics to cool temperate coasts. It is ecologically important for
the recruitment, growth and survivorship of many species in the region (Caputi et al., 1996,
Caputi, 2008) and extends the distribution of some tropical taxa southward (Maxwell &
Cresswell, 1981). Although the Leeuwin Current typically suppresses productivity, it is also
associated with mesoscale eddies that can increase primary productivity over short periods of
time (Koslow et al., 2008). The Holloway Current is a south-westward flowing current that
was described in 2009 (D’Adamo et al., 2009). It has been suggested to be a strong
contributor to the Leeuwin Current (Holloway & Nye, 1985) with seasonal flows occurring
from February to July (D’Adamo et al., 2009) that are stronger in La Niña years (Wilson,
2013).
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Earlier studies of otolith chronologies of fishes along the coast of Western Australia have
shown that growth of some shallow-water, temperate species respond positively to SST
(Coulson et al., 2014, Rountrey et al., 2014). In contrast, the growth of tropical fishes is
positively correlated with ENSO variability (Ong et al., 2015, Ong et al., 2016), whereas the
growth of a deep-water fish off the coast of the southwest is positively correlated with the
strength of the Leeuwin Current (Nguyen et al., 2015). Given that these observed drivers are
inter-related, the growth patterns of fishes might be similar across relatively large spatial
scales, from tropical to temperate zones off Western Australia. Thus, the effects of climate
change could manifest simultaneously and synoptically across environments where fishes
share connected drivers of growth. We predict that strength of the Leeuwin Current, which is
strongly correlated to ENSO fluctuations and determines regional environmental variables
such as temperature, will be an important driver of the growth in adults of six species
throughout the coastal marine waters of Western Australia. We examine the implications of
this link for growth and productivity of fish populations under scenarios of future climate
change.

Materials and methods
The otoliths of fishes grow in proportion to body size and thus provide a proxy for measures
of somatic growth (Rowell et al., 2008, Neuheimer et al., 2011, Stocks et al., 2011, Black et
al., 2013). Existing increment data from the otoliths of five coastal fishes (Lutjanus
argentimaculatus, Lutjanus bohar, Lethrinus nebulosus, Achoerodus gouldii and Polyprion
oxygeneios) in Western Australia were obtained from earlier studies and a new chronology
for Scorpis aequipinnis was constructed (Supplementary Table S2). These six species, which
all have relatively long lifespans, were sampled in different climatic zones (Fig. 1) and depth
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ranges (Supplementary Table S1). Scorpis aequipinnis were sampled between 2008 and 2011
using both spear fishing methods (up to 20m depth) and commercial catches (up to 50m
depth) and otoliths were sectioned transversely through the primordium, see Coulson et al.
(2012) for more details. Image analysis methods are described in the Supporting Information.
Raw otolith increment widths for all individuals from each species were obtained and
detrended using the method of Black et al. (2013), where increment widths were first aligned
by age and the mean increment width for each age calculated. Each series was then divided
by the mean to obtain detrended values. The quality of the detrended increment series (for
fish of the same species) was then assessed using the mean of pair-wise series correlations
( ̅ ), an estimate of fractional common variance, and the expressed population signal (EPS), a
measure of how well the chronology represented the theoretical population chronology
(Wigley et al., 1984). To ensure that the chronologies contained only synchronous growth
signals, bootstrapped 95% confidence intervals for ̅ (with 15 year intervals) were estimated
following the methods of Rountrey et al. (2014). These were calculated using a modified
version of the package “dpIR”(Bunn, 2008) in R software (R Core Team, 2015). Only
periods with ̅ > 0 and EPS > 0.50 were used to construct the growth chronology. If the
detrended increment series for any species did not contain periods with ̅ > 0 and EPS > 0.50,
the detrending methods used in the original publications were adopted to retain the aspects of
the growth chronology that contributed to shared variance among sampled individuals. The
growth series for L. argentimaculatus, L. bohar, L. nebulosus and S. aequipinnis were
detrended following Black et al. (2013), as described earlier. Achoerodous gouldii was
detrended using the double-detrending technique in the original publication (Rountrey et al.,
2014), where each series was detrended first with a modified negative exponential function
followed by a spline with rigidity set to 67% of the series length. Polyprion oxygeneois was
detrended using a spline rigidity with a 50% frequency cut-off of nine years, following the
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original publication (Nguyen et al., 2015). The double-detrending and spline methods may
have been more successful in emphasizing signal and removing noise for A. gouldii and P.
oxygeneois, respectively, due to higher levels of individual variation in year-adjusted mean
increment width and/or more medium frequency variance caused by local factors rather than
regional drivers. However, explicit testing of detrending methods was beyond the scope of
this study. The final growth chronologies for each species were constructed from the average
of all detrended increment series for all individuals within each species. The time span of
overlap of chronologies for all six species covered 16 years, from 1988 to 2003.
Each of the six chronologies, one per species, were standardized (mean = 0, variance = 1) and
analysed using principal components analysis (PCA), to reduce the number of response
variables. The scores from the principal components that accounted for majority of the
variance were subsequently included as response variables (in the form of time-series data,
similar to the original chronologies) in separate linear regression models based on
information-theoretic methods. These models enabled us to assess the influence of the
Leeuwin Current (measured by the Fremantle sea level) and climate indices including the
multivariate El Niño-Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO) and
Dipole Mode Index (DMI; see Supporting Information for justification and details on datasets
obtained) on the growth chronologies. Collinearity between environmental variables (|r| >
0.5, p < 0.01) was evaluated to ensure that collinear variables were not included in the same
model. Due to collinearity among the environmental variables and the low number of
observations (n = 16 years), only one variable was used in the construction of each model,
resulting in the evaluation of five models (one for each of the four environmental variables
and an intercept-only model) for each response variable. The R package “MuMIn” (Barton,
2015) was used for model selection using the second-order Akaike information criterion
(AICC) based on Kullback-Leibler information loss and accounting for small sample sizes
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(Burnham & Anderson, 2004). Differences in AICC values (ΔAICC), model probabilities
(Akaike weights) and relative variable importance (using the sum of Akaike weights over all
models) were used to assess the models. Adjusted R2 values, F-statistics and p-values were
reported for the top-ranked models. All top-ranked models identified in the model selection
process were validated to ensure that assumptions of homogeneity, normality and temporal
autocorrelation were not violated. Linear dependence was assumed for the environmental
variables because the use of smoothers for the variables did not improve the fit of the models.
All statistical analyses were completed in R software (R Core Team, 2015).
After the model selection process, spatial correlation maps of the first principal component
with quarterly ocean heat content and ocean mean temperatures (see Supporting Information
for further details) were constructed to illustrate the spatial relationships, in addition to the
temporal resolution that the linear models (described above) provides. Ocean heat content
was selected because it has been identified as a predictor of the strength of the Leeuwin
Current (Hendon & Wang, 2010) and has strong correlations with Fremantle sea level
(Supplementary Figure S1). Ocean mean temperatures up to 700 m depth were selected to
encompass the depth ranges of all study species and because it also shows strong correlations
with Fremantle sea level (Supplementary Figure S1). Individual correlations of each
chronology with the environmental variables were also carried out to confirm the importance
of the various environmental variables on each species and to corroborate the results of the
PCA and the linear regression models.
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Results
Similarities in the otolith chronologies
We show that among the individuals for each of the six species of fish, there were
synchronous signals of growth at certain periods of the chronologies (Supplementary Table
S3). The period of overlap for all species was 1988–2003, a 16-year period. Similarities
between the six otolith chronologies (one for each species) were then assessed using a
principal components analysis. The first two principal component (PC) scores accounted for
65% of the total variance in the data set. Of these, the first accounted for 41% of the variance,
and the second, 24%. The remaining principal components were not included in further
analyses. Growth of three of the species (Lutjanus argentimaculatus, Achoerodus gouldii and
Polyprion oxygeneios) had negative loadings on PC1 (Table 1) and displayed similarities in
temporal patterns of growth (Fig. 2a). Chronologies of two of the remaining species (Scorpis
aequipinnis and Lethrinus nebulosus) also had negative loadings on PC1, whereas Lutjanus
bohar had a positive loading (Table 1). Chronologies for L. bohar and S. aequipinnis had the
most negative loadings on PC2 (Table 1) and displayed similar temporal patterns in growth
(Fig. 2b). Inverse values of PC1 (PC1inv) and PC2 (PC2inv) scores were used in further
analyses.

Influence of boundary current on fishes
Collinearity among the four environmental variables are shown in Supplementary Table S4.
The model selection process involving PC1inv found that the first-ranked model (i.e. lowest
AICC) was one that related PC1inv with Fremantle sea level, and it was estimated to be
approximately six times more likely (Akaike weight = 0.82) than the second-ranked model
(Akaike weight = 0.13, ΔAICC = 3.64; Table 2). The first-ranked model showed a positive
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relationship between PC1inv and Fremantle sea level, and it explained 48% of the variance in
PC1inv (adjusted R2 = 0.48, F-statistic = 14.81, p-value = 0.002).
The strong, positive relationship between the Leeuwin Current and the western Pacific warm
pool (via the Indonesian through-flow) were evident in the spatial correlation maps of PC1inv
with ocean heat content from January to March (Fig. 3a; see Supplementary Fig. S2 for
spatial correlation maps of the other months). The spatial correlation map of PC1inv and ocean
temperatures from January to March (Fig. 3b; see Supplementary Fig. S3 for the other
months) showed that higher temperatures were correlated with wider otolith increments for
five of the six study species, represented by negative loadings on PC1inv. This result was
consistent with the results for ocean heat content, which also showed positive correlations
with growth when higher amounts of heat were stored in these waters. Both the PCA results
and the spatial correlation maps showed the influence of the Leeuwin Current, itself
modulated by ENSO, on five of the six study species (as indicated by the PC1 loadings). In
addition to the influence of the Leeuwin Current on the shared variance of the five species
using PC1inv, individual correlations of each chronology (all six study species) are shown in
Table 3. The importance of the Leeuwin Current (as measured by Fremantle sea level) was
re-affirmed on at least three of the species (L. argentimaculatus, S. aequipinnis and A.
gouldii), with again five species having similar positive signs. Significant correlations were
also seen between measures of ENSO (MEI and PDO) and some of the species, while the
DMI was significantly correlated to one species (Table 3).
Influence of Pacific Decadal Oscillation on fishes
The first-ranked model for PC2inv identified a possible relationship between growth and the
PDO (Table 2). It was only approximately twice as likely (Akaike weight = 0.55) as the
second-ranked, intercept-only model (Akaike weight = 0.24, ΔAICC = 1.65) and was not
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considered to be a substantial improvement, as the ΔAICC was less than 2 (Burnham &
Anderson, 2004). The relative variable importance of the PDO was 0.56, which was much
greater than other variables (0.06–0.07). The linear model showed that the negative
relationship between PC2inv and the PDO was marginally significant (F-statistic = 4.81, pvalue = 0.05) and explained 20% of the variation in PC2inv (adjusted R2 = 0.20), which
largely reflected the growth chronologies of L. bohar and S. aequipinnis (Table 1).

Discussion
The strength of the Leeuwin Current, linked to inter-annual variations of ENSO (Feng et al.,
2009), was a key driver of the growth of adult fishes across more than 3000 km of coastline
in the eastern Indian Ocean. These fishes were collected from a shelf that encompassed
tropical, subtropical, warm temperate and cool temperate environments over ~23° of latitude
and from both shallow coastal waters and deeper continental slopes. Fremantle sea level (a
proxy for strength of the Leeuwin Current) and composite growth of five of the six species
were positively correlated, indicating that in years of high flow (La Niña phases of ENSO),
growth rates of adult fishes tended to increase, whereas in years of low flow (El Niño phases
of ENSO), growth declined. Overall, current strength accounted for almost half of the
variability in the composite growth chronologies, which represented the shared variance
among the sampled individuals.
Our work is the first to provide evidence of a link between the growth patterns of adult fishes,
flow of a boundary current and ENSO at spatial scales that include multiple climate zones,
habitat types and depth ranges. Earlier studies have found strong relationships between
growth and ENSO indices for single species in north-western Australia (Ong et al., 2015,
Ong et al., 2016). Other studies using growth chronologies in the Southern Hemisphere have
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focussed on relationships between growth of single species of fishes and temperature
(Thresher et al., 2007, Morrongiello & Thresher, 2015, Izzo et al., 2016). However, our
results show that links between growth and ENSO indices can occur for multiple species
along both tropical and temperate coasts and across the shelf in waters influenced by the
Leeuwin Current, an area encompassing a third of the entire coastline of the Australian
continent. Other studies on synchronous patterns among marine populations commonly use
metrics of recruitment (Megrey et al., 2009), abundance (Defriez et al., 2016) or biomass
(Vasseur & Gaedke, 2007), which tend to be population-level estimates that may or may not
be fishery-dependent. In contrast, our research uses individual-level growth data to infer
growth variation and the subsequent effects of climate on somatic growth rates. Hence, our
study provides a different yet valuable approach to the historic effects of climate on
population dynamics and its consequences.
There are several possible mechanisms that could account for the positive relationship
between growth (as measured by the PC1inv index) and the strength of the Leeuwin Current.
Firstly, an increase in current flow results in a greater input of warmer and lower salinity
waters from the western Pacific to the Western Australian coast (Meyers et al., 2007). As fish
are poikilotherms, these warmer waters may increase metabolic rates and aid growth
(Rountrey et al., 2014), provided individuals do not exceed thermal limits and sufficient food
is available to support energy demands. Secondly, stronger flows of the Leeuwin Current
may create intense mesoscale eddies that draw nutrient-rich water from depth into the photic
zone, increasing primary production (Koslow et al., 2008) that then flows up the food chain
to fishes at higher trophic levels (Nguyen et al., 2015). Finally, a stronger Leeuwin Current is
also associated with higher rainfall over north-western Australia due to the influences of La
Niña over SST, winds and convection north of the continent (Wang et al., 2003). The input of
terrestrial nutrient via runoff at these times might be an important factor for the growth of fish
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that live in or near large embayments or estuaries such as L. nebulosus (Ong et al., 2016) or
young L. argentimaculatus (Ong et al., 2015).
The Pacific Decadal Oscillation (PDO) was identified as a driver of adult growth of L. bohar,
S. aequipinnis and, to a lesser extent, P. oxygeneios. Although it might seem incongruous that
the physical oceanography of the northern Pacific could influence growth of fishes in the
eastern Indian Ocean, this teleconnection (linked, large-scale variability at long timescales;
e.g. Lehodey et al., 2006, Kilduff et al., 2015, Newman et al., 2016) is not without precedent.
The PDO describes a combination of oceanographic processes that span both the tropics and
the extratropics and is strongly linked to the oceanography of the tropical western Pacific
(Chen & Wallace, 2015, Newman et al., 2016). It is also regarded as a reddened/delayed
response to ENSO where the ENSO signal re-emerges in the PDO in the subsequent year
(Newman et al., 2003, Shakun & Shaman, 2009). Hence, correlations with the PDO might
have occurred via two mechanisms. Firstly, growth variations in the three species could be
linked to the lagged ENSO signal. Alternatively, the growth patterns were responding to lowfrequency (i.e. decadal) variations of SST anomalies in the tropical Pacific (Chen & Wallace,
2015). In support of the second explanation, multi-decadal variations of the PDO in the
tropical Pacific have been found to influence low-frequency variability of the Fremantle sea
level, a proxy for the strength of the Leeuwin Current (Feng et al., 2003), and this process has
also been recorded in the growth patterns of corals along the Western Australian coast (Zinke
et al., 2014).
We acknowledge that although our study has focused on the effects of climate, other external
factors such as the effects of fishing pressure can also induce synchronous changes in
population dynamics (Frank et al., 2016). However, in our study system, the exploitation of
fish populations are of relatively minor commercial importance compared to invertebrate
species such as prawns, abalone and lobster (Fletcher et al., 2017). Furthermore, the species
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we have chosen in this study tend not to be the main targets of the commercial fisheries in
their respective regions. Even though A. gouldii and L. nebulosus have the highest
commercial catches compared to the other species (maximum 60 tonnes in a year), their
catches are still a small fraction (< 3%) of the total commercial catches in their respective
regions (Fletcher et al., 2017). Hence, commercial exploitation is less likely to be a major
driver of fluctuations in the population dynamics of fishes along this coastline. We also
acknowledge that because of our attempts to compare multiple time series of growth data, the
number of years of overlap among the biochronologies is not large (16 years), however, this
is an inevitable consequence of using datasets that were not originally constructed for our
purpose.
The importance of ENSO and the Leeuwin Current to the settlement and recruitment of
marine invertebrates and fishes along parts of the coastline of Western Australia is wellrecognised (Caputi et al., 1996). The strength of the current also influences the presence and
persistence of corals and their symbionts at high latitudes (Collins et al., 1993, Silverstein et
al., 2011) and the abundance of very large planktivores, such as whale sharks (Sleeman et al.,
2010). Our study shows that the growth of adult fishes is also driven by these large-scale
atmospheric and oceanographic phenomena, irrespective of the thermal range of a species
(tropical or temperate), the depth of habitat or trophic role it occupies. This result has
important implications for the potential scale and ubiquity of climate change impacts along
the Western Australia coast. Climate forecasts suggest that El Niño and La Niña events are
likely to become more frequent and intense (Cai et al., 2014, Cai et al., 2015). Strong El Niño
events slow the flow of the Leeuwin Current (Feng et al., 2009) and our study shows that
such conditions may lead to concurrent declines in the growth of many fishes along the entire
coastline of Western Australia. This has the potential to alter key life history traits, e.g. size at
age (Rountrey et al., 2014), with subsequent impacts on population demography. Although
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moderate La Niña conditions are likely to positively affect growth rates, as demonstrated by
our study, extreme events can produce anomalous water temperatures that may surpass the
thermal limits of fishes. For example, the marine heat wave that occurred in the summer of
2011 on the coastline of Western Australia was driven by an unusually strong Leeuwin
Current, itself a result of a strong La Niña event (Feng et al., 2013). The marine heat wave
caused major fish kills along the coast (Pearce et al., 2011), reductions in abundances of
commercially important invertebrates such as the abalone Haliotis roei and scallops Amusium
balloti (Caputi et al., 2016), reductions in habitat-forming seaweeds (Wernberg et al., 2013)
and coral bleaching (Depczynski et al., 2013). Thus, extreme phases of both El Niño and La
Niña are likely to negatively impact fish populations in a synoptic manner along the entire
coastline of Western Australia, across a variety of distribution ranges, thermal limits, depth
ranges and trophic levels.
The recent marine heat waves highlight the way in which the ENSO signal can introduce
extreme variability in physical environments inhabited by marine fishes. The degree of
entrainment to the ENSO signal and the consistency of relationships among a diverse range
of fishes show that there is likely to be only a limited variety of responses to stressful climate
incidents by these faunas across large areas of the Western Australian coastline. This implies
that these ecosystems may be extremely vulnerable to and have limited capacity to recover
from the threat of extreme La Niña and El Niño events.

Acknowledgements
This work was funded by the Australian National Network in Marine Science.

This article is protected by copyright. All rights reserved.

Accepted Article

Conflict of interests
The authors declare no conflict of interests.

References
Bakun, A., Black, B. A., Bograd, S. J., García-Reyes, M., Miller, A. J., Rykaczewski, R. R., Sydeman,
W. J. (2015) Anticipated Effects of Climate Change on Coastal Upwelling Ecosystems.
Current Climate Change Reports, 1, 85-93.
Barton, K. (2015) Multi-model inference. R package R package version 1.13.4. Available at:
http://CRAN.R-project.org/package=MuMIn (accessed 17 April 2015).
Black, B. A. (2009) Climate-driven synchrony across tree, bivalve, and rockfish growth-increment
chronologies of the northeast Pacific. Marine Ecology Progress Series, 378, 37-46.
Black, B. A., Boehlert, G. W., Yoklavich, M. M. (2008) Establishing climate-growth relationships for
yelloweye rockfish (Sebastes ruberrimus) in the northeast Pacific using a
dendrochronological approach. Fisheries Oceanography, 17, 368-379.
Black, B. A., Matta, M. E., Helser, T. E., Wilderbuer, T. K. (2013) Otolith biochronologies as
multidecadal indicators of body size anomalies in yellowfin sole (Limanda aspera). Fisheries
Oceanography, 22, 523-532.
Black, B. A., Sydeman, W. J., Frank, D. C. et al. (2014) Six centuries of variability and extremes in a
coupled marine-terrestrial ecosystem. Science, 345, 1498-1502.
Bunn, A. G. (2008) A dendrochronology program library in R (dplR). Dendrochronologia, 26, 115124.
Burnham, K. P., Anderson, D. R. (2004) Multimodel inference: understanding AIC and BIC in model
selection. Sociological Methods & Research, 33, 261-304.
Cai, W., Borlace, S., Lengaigne, M. et al. (2014) Increasing frequency of extreme El Niño events due
to greenhouse warming. Nature Climate Change, 4, 111-116.
Cai, W., Wang, G., Santoso, A. et al. (2015) Increasing frequency of extreme La Niña events under
greenhouse warming. Nature Climate Change, 5, 132-137.
Caputi, N. (2008) Impact of the Leeuwin Current on the spatial distribution of the puerulus settlement
of the western rock lobster (Panulirus cygnus) and implications for the fishery of Western
Australia. Fisheries Oceanography, 17, 147-152.
Caputi, N., Fletcher, W. J., Pearce, A., Chubb, C. F. (1996) Effect of the Leeuwin Current on the
recruitment of fish and invertebrates along the Western Australian coast. Marine and
Freshwater Research, 47, 147-155.
Caputi, N., Kangas, M., Denham, A., Feng, M., Pearce, A., Hetzel, Y., Chandrapavan, A. (2016)
Management adaptation of invertebrate fisheries to an extreme marine heat wave event at a
global warming hot spot. Ecology and Evolution, 6, 3583-3593.
Chavez, F. P., Ryan, J., Lluch-Cota, S. E., Ñiquen C., M. (2003) From Anchovies to Sardines and
Back: Multidecadal Change in the Pacific Ocean. Science, 299, 217-221.
Chen, X., Wallace, J. M. (2015) ENSO-Like Variability: 1900–2013. Journal of Climate, 28, 96239641.
Cheung, W. W. L., Sarmiento, J. L., Dunne, J. et al. (2012) Shrinking of fishes exacerbates impacts of
global ocean changes on marine ecosystems. Nature Climate Change, 3, 254-258.
Collins, L. B., Zhu, Z. R., Wyrwoll, K. H. et al. (1993) Late Quaternary evolution of coral reefs on a
cool-water carbonate margin: the Abrolhos Carbonate Platforms, southwest Australia. Marine
Geology, 110, 203-212.
Coulson, P. G., Black, B. A., Potter, I. C., Hall, N. G. (2014) Sclerochronological studies reveal that
patterns of otolith growth of adults of two co-occurring species of Platycephalidae are

This article is protected by copyright. All rights reserved.

Accepted Article

synchronised by water temperature variations. Marine Biology, 161, 383-393.
Coulson, P. G., Potter, I. C., Hall, N. G. (2012) The biological characteristics of Scorpis aequipinnis
(Kyphosidae), including relevant comparisons with those of other species and particularly of a
heavily exploited congener. Fisheries Research, 125–126, 272-282.
D’Adamo, N., Fandry, C., Buchan, S., Domingues, C. (2009) Northern sources of the Leeuwin current
and the “Holloway Current” on the North West Shelf. Journal of the Royal Society of
Western Australia, 92, 53-66.
Defriez, E. J., Sheppard, L. W., Reid, P. C., Reuman, D. C. (2016) Climate change-related regime
shifts have altered spatial synchrony of plankton dynamics in the North Sea. Global Change
Biology, 22, 2069-2080.
Depczynski, M., Gilmour, J. P., Ridgway, T. et al. (2013) Bleaching, coral mortality and subsequent
survivorship on a West Australian fringing reef. Coral Reefs, 32, 233-238.
Feng, M., Mcphaden, M. J., Xie, S. P., Hafner, J. (2013) La Niña forces unprecedented Leeuwin
Current warming in 2011. Scientific Reports, 3, 1277.
Feng, M., Meyers, G., Pearce, A., Wijffels, S. (2003) Annual and interannual variations of the
Leeuwin Current at 32°S. Journal of Geophysical Research: Oceans, 108, 3355.
Feng, M., Waite, A. M., Thompson, P. A. (2009) Climate variability and ocean production in the
Leeuwin Current system off the west coast of Western Australia. Journal of the Royal Society
of Western Australia, 92, 67-81.
Fletcher, W., Mumme, M., Webster, F. (2017) Status reports of the Fisheries and Aquatic Resources
of Western Australia 2015/2016: The state of the Fisheries. pp Page, Western Australia,
Department of Fisheries.
Fordham, D. A., Mellin, C., Russell, B. D. et al. (2013) Population dynamics can be more important
than physiological limits for determining range shifts under climate change. Global Change
Biology, 19, 3224-3237.
Frank, K. T., Petrie, B., Leggett, W. C., Boyce, D. G. (2016) Large scale, synchronous variability of
marine fish populations driven by commercial exploitation. Proceedings of the National
Academy of Sciences, 113, 8248-8253.
Fréon, P., Arístegui, J., Bertrand, A. et al. (2009) Functional group biodiversity in Eastern Boundary
Upwelling Ecosystems questions the wasp-waist trophic structure. Progress in Oceanography,
83, 97-106.
García-Reyes, M., Sydeman, W. J., Schoeman, D. S., Rykaczewski, R. R., Black, B. A., Smit, A. J.,
Bograd, S. J. (2015) Under Pressure: Climate Change, Upwelling, and Eastern Boundary
Upwelling Ecosystems. Frontiers in Marine Science, 2, Article 109.
Gillanders, B. M., Black, B. A., Meekan, M. G., Morrison, M. A. (2012) Climatic effects on the
growth of a temperate reef fish from the Southern Hemisphere: a biochronological approach.
Marine Biology, 159, 1327-1333.
Harley, C. D. G., Randall Hughes, A., Hultgren, K. M. et al. (2006) The impacts of climate change in
coastal marine systems. Ecology Letters, 9, 228-241.
Helser, T. E., Lai, H.-L., Black, B. A. (2012) Bayesian hierarchical modeling of Pacific geoduck
growth increment data and climate indices. Ecological Modelling, 247, 210-220.
Hendon, H. H., Wang, G. (2010) Seasonal prediction of the Leeuwin Current using the POAMA
dynamical seasonal forecast model. Climate Dynamics, 34, 1129-1137.
Hoegh-Guldberg, O., Bruno, J. F. (2010) The impact of climate change on the world's marine
ecosystems. Science, 328, 1523-1528.
Holloway, P., Nye, H. (1985) Leeuwin current and wind distributions on the southern part of the
Australian North West Shelf between January 1982 and July 1983. Marine and Freshwater
Research, 36, 123-137.
Izzo, C., Doubleday, Z. A., Grammer, G. L. et al. (2016) Multi-species response to rapid
environmental change in a large estuary system: A biochronological approach. Ecological
Indicators, 69, 739-748.
Kilduff, D. P., Di Lorenzo, E., Botsford, L. W., Teo, S. L. H. (2015) Changing central Pacific El
Niños reduce stability of North American salmon survival rates. Proceedings of the National
Academy of Sciences, 112, 10962-10966.

This article is protected by copyright. All rights reserved.

Accepted Article

Koslow, J. A., Pesant, S., Feng, M. et al. (2008) The effect of the Leeuwin Current on phytoplankton
biomass and production off Southwestern Australia. Journal of Geophysical Research:
Oceans, 113, C07050.
Lehodey, P., Alheit, J., Barange, M. et al. (2006) Climate Variability, Fish, and Fisheries. Journal of
Climate, 19, 5009-5030.
Maxwell, J., Cresswell, G. (1981) Dispersal of tropical marine fauna to the Great Australian Bight by
the Leeuwin Current. Marine and Freshwater Research, 32, 493-500.
Mclaughlin, J. F., Hellmann, J. J., Boggs, C. L., Ehrlich, P. R. (2002) The route to extinction:
population dynamics of a threatened butterfly. Oecologia, 132, 538-548.
Megrey, B. A., Hare, J. A., Stockhausen, W. T. et al. (2009) A cross-ecosystem comparison of spatial
and temporal patterns of covariation in the recruitment of functionally analogous fish stocks.
Progress in Oceanography, 81, 63-92.
Meyers, G., Mcintosh, P., Pigot, L., Pook, M. (2007) The Years of El Niño, La Niña, and Interactions
with the Tropical Indian Ocean. Journal of Climate, 20, 2872-2880.
Morrongiello, J. R., Thresher, R. E. (2015) A statistical framework to explore ontogenetic growth
variation among individuals and populations: a marine fish example. Ecological Monographs,
85, 93-115.
Morrongiello, J. R., Thresher, R. E., Smith, D. C. (2012) Aquatic biochronologies and climate change.
Nature Climate Change, 2, 849-857.
Munday, P. L., Jones, G. P., Pratchett, M. S., Williams, A. J. (2008) Climate change and the future for
coral reef fishes. Fish and Fisheries, 9, 261-285.
Neuheimer, A. B., Thresher, R. E., Lyle, J. M., Semmens, J. M. (2011) Tolerance limit for fish growth
exceeded by warming waters. Nature Climate Change, 1, 110-113.
Newman, M., Alexander, M. A., Ault, T. R. et al. (2016) The Pacific Decadal Oscillation, Revisited.
Journal of Climate, 29, 4399-4427.
Newman, M., Compo, G. P., Alexander, M. A. (2003) ENSO-Forced Variability of the Pacific
Decadal Oscillation. Journal of Climate, 16, 3853-3857.
Nguyen, H. M., Rountrey, A. N., Meeuwig, J. J. et al. (2015) Growth of a deep-water, predatory fish
is influenced by the productivity of a boundary current system. Scientific Reports, 5, 9044.
Ong, J. J. L., Rountrey, A. N., Meeuwig, J. J., Newman, S. J., Zinke, J., Meekan, M. G. (2015)
Contrasting environmental drivers of adult and juvenile growth in a marine fish: implications
for the effects of climate change. Scientific Reports, 5, , 10859.
Ong, J. J. L., Rountrey, A. N., Zinke, J. et al. (2016) Evidence for climate-driven synchrony of marine
and terrestrial ecosystems in northwest Australia. Global Change Biology, 22, 2776-2786.
Pearce, A., Lenanton, R., Jackson, G., Moore, J., Feng, M., Gaughan, D. (2011) The 'marine heat
wave' off Western Australia during the summer of 2010/11. In: Fisheries Research Report
No. 222. pp Page, Western Australia, Department of Fisheries.
Poloczanska, E. S., Brown, C. J., Sydeman, W. J. et al. (2013) Global imprint of climate change on
marine life. Nature Clim. Change, 3, 919-925.
Pörtner, H. O., Peck, M. A. (2010) Climate change effects on fishes and fisheries: towards a causeand-effect understanding. Journal of Fish Biology, 77, 1745-1779.
R Core Team (2015) R: A language and environment for statistical computing. version 3.1.3.
Available at: http://www.R-project.org/ (accessed 1 June 2013).
Rountrey, A. N., Coulson, P. G., Meeuwig, J. J., Meekan, M. G. (2014) Water temperature and fish
growth: otoliths predict growth patterns of a marine fish in a changing climate. Global
Change Biology, 20, 2450-2458.
Rowell, K., Flessa, K. W., Dettman, D. L., Román, M. J., Gerber, L. R., Findley, L. T. (2008)
Diverting the Colorado River leads to a dramatic life history shift in an endangered marine
fish. Biological Conservation, 141, 1138-1148.
Schindler, D. E., Hilborn, R., Chasco, B., Boatright, C. P., Quinn, T. P., Rogers, L. A., Webster, M. S.
(2010) Population diversity and the portfolio effect in an exploited species. Nature, 465, 609612.
Shakun, J. D., Shaman, J. C. L. (2009) Tropical origins of North and South Pacific decadal variability.
Geophysical Research Letters, 36, L19711.

This article is protected by copyright. All rights reserved.

Accepted Article

Silverstein, R. N., Correa, A. M. S., Lajeunesse, T. C., Baker, A. C. (2011) Novel algal symbiont
(Symbiodinium spp.) diversity in reef corals of Western Australia. Marine Ecology Progress
Series, 422, 63-75.
Sleeman, J. C., Meekan, M. G., Fitzpatrick, B. J., Steinberg, C. R., Ancel, R., Bradshaw, C. J. A.
(2010) Oceanographic and atmospheric phenomena influence the abundance of whale sharks
at Ningaloo Reef, Western Australia. Journal of Experimental Marine Biology and Ecology,
382, 77-81.
Stocks, J., Stewart, J., Gray, C. A., West, R. J. (2011) Using otolith increment widths to infer spatial,
temporal and gender variation in the growth of sand whiting Sillago ciliata. Fisheries
Management and Ecology, 18, 121-131.
Thresher, R. E., Koslow, J. A., Morison, A. K., Smith, D. C. (2007) Depth-mediated reversal of the
effects of climate change on long-term growth rates of exploited marine fish. Proceedings of
the National Academy of Sciences, 104, 7461-7465.
Vasseur, D. A., Gaedke, U. (2007) Spectral analysis unmasks synchronous and compensatory
dynamics in plankton communities. Ecology, 88, 2058-2071.
Wang, B., Wu, R., Li, T. (2003) Atmosphere–Warm Ocean Interaction and Its Impacts on Asian–
Australian Monsoon Variation. Journal of Climate, 16, 1195-1211.
Wernberg, T., Smale, D. A., Tuya, F. et al. (2013) An extreme climatic event alters marine ecosystem
structure in a global biodiversity hotspot. Nature Climate Change, 3, 78-82.
Wigley, T. M. L., Briffa, K. R., Jones, P. D. (1984) On the average value of correlated time series,
with applications in dendroclimatology and hydrometeorology. Journal of Climate and
Applied Meteorology, 23, 201-213.
Wilson, B. (2013) The Biogeography of the Australian North West Shelf: Environmental change and
life's response, Perth, Australia, Western Australian Museum.
Zinke, J., Rountrey, A. N., Feng, M. et al. (2014) Corals record long-term Leeuwin current variability
including Ningaloo Niño/Niña since 1975. Nature Communications, 5, 3607.

Tables
Table 1. Loadings of the otolith biochronologies of six marine fishes on the first and second
principal component (PC) scores. Fishes were sampled from coastal Western Australia and
the otolith growth chronologies were from the years 1988 to 2003.
Species
Lutjanus argentimaculatus
Lutjanus bohar
Lethrinus nebulosus
Scorpis aequipinnis
Achoerodus gouldii
Polyprion oxygeneios

PC1
-0.55
+0.17
-0.37
-0.32
-0.49
-0.44
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PC2
-0.09
-0.66
-0.15
-0.60
-0.01
+0.43
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Table 2. List of models with one explanatory variable that went into the model selection
process. Explanatory variables consisted of annual means over the years 1988 to 2003. The
response variables were the first two principal components (PC) scores from six marine
fishes in Western Australia. Model 1 shows the first-ranked model for PC1inv and model 2 is
the first-ranked model with PC2inv. The inverse of PC1 and PC2 were used because the
respective taxa were negatively loaded on both principal components. ENSO = El NiñoSouthern Oscillation, ΔAICC = difference in second order Akaike information criterion.

Model Explanatory variable
1
2
3
4
5

Fremantle Sea level
Pacific Decadal Oscillation
Dipole Mode Index
Multivariate ENSO Index
Intercept only

ΔAICC for
PC1inv
0.00
6.11
11.53
3.64
8.47

ΔAICC for
PC2inv
4.13
0.00
4.16
4.41
1.65

Table 3. Pearson's correlations of the otolith biochronologies of six marine fishes from
coastal Western Australia with environmental variables. Otolith chronologies of each species
included all periods with synchronous growth signals. SL = sea level, MEI = Multivariate El
Niño-Southern Oscillation Index, PDO = Pacific Decadal Oscillation, DMI = Dipole Mode
Index. ** indicates a p-value < 0.01, * indicates a p-value < 0.05.
Species
Lutjanus argentimaculatus
Lutjanus bohar
Lethrinus nebulosus
Scorpis aequipinnis
Achoerodus gouldii
Polyprion oxygeneios

Fremantle SL
+0.46**
-0.04
+0.21
+0.56**
+0.49**
+0.42

MEI
-0.48**
-0.16
-0.01
-0.44*
-0.27
-0.43
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PDO
-0.46**
-0.26
-0.03
-0.63**
-0.06
-0.11

DMI
-0.06
-0.09
+0.14
+0.11
-0.16
-0.51*
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Figure captions
Figure 1. General sampling locations of the six species of adult fishes collected along the
coast of Western Australia. LA (Δ) = Lutjanus argentimaculatus, LB (±) = Lutjanus bohar,
LN () = Lethrinus nebulosus, AG () = Achoerodus gouldii, PO () = Polyprion
oxygeneios, SA (©) = Scorpis aequipinnis. The marine regions and the major current flows
along the coastline are also indicated.
Figure 2. Otolith growth chronologies of six marine fishes from Western Australia with the
respective leading principal component (PC) scores. Chronologies were detrended (see
methods) and standardized (mean=0, variance =1). (a) Lutjanus argentimaculatus, Polyprion
oxygeneios and Achoerodus gouldii chronologies with PC1inv and (b) Scorpis aequipinnis and
Lutjanus bohar chronologies with PC2inv. The inverse of PC1 and PC2 were used because the
respective taxa were negatively loaded on both principal components.
Figure 3. Significant correlations (p < 0.05) between the inverse of the first principal
component (PC1inv) and environmental variables averaged between January and March.
PC1inv was constructed from the detrended and standardized growth chronologies of six
fishes from Western Australia and inverse values were plotted as five of the six species were
negatively loaded on PC1. (a) PC1inv and ocean heat content (0–750 m depth) and (b) PC1inv
and ocean mean temperature (0–700 m depth). Warmer colours indicate positive correlations,
cooler colours indicate negative correlations. All data were from the years 1988 to 2003 and
spatial correlation maps were obtained and modified from KNMI Climate Explorer.
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