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Coastal seascape variability in
the intensifying East Australian
Current Southern Extension
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and Environmental Sciences, University of New South Wales (UNSW) Sydney, Sydney, NSW, Australia,
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Coastal pelagic ecosystems are highly variable in space and time, with

environmental conditions and the distribution of biomass being driven by

complex processes operating at multiple scales. The emergent properties of

these processes and their interactive effects result in complex and dynamic

environmental mosaics referred to as “seascapes”. Mechanisms that link large-

scale oceanographic processes and ecological variability in coastal

environments remain poorly understood, despite their importance for

predicting how ecosystems will respond to climate change. Here we

assessed seascape variability along the path of the rapidly intensifying East

Australian Current (EAC) Southern Extension in southeast Australia, a hotspot of

ocean warming and ecosystem tropicalisation. Using satellite and in situ

measures of temperature, salinity and current velocity coupled with

contemporaneous measurements of pelagic biomass distribution from nine

boat-based active acoustic surveys in five consecutive years, we investigated

relationships between the physical environment and the distribution of pelagic

biomass (zooplankton and fish) at multiple timescales. Survey periods were

characterised by high variability in oceanographic conditions, with variation in

coastal conditions influenced by meso-to-large scale processes occurring

offshore, including the position and strength of eddies. Intra-annual variability

was often of a similar or greater magnitude to inter-annual variability,

suggesting highly dynamic conditions with important variation occurring at

scales of days to weeks. Two seascape categories were identified being

characterised by (A) warmer, less saline water and (B) cooler, more saline

water, with the former indicating greater influence of the EAC on coastal

processes. Warmer waters were also associated with fewer, deeper and less

dense biological aggregations. As the EAC continues to warm and penetrate

further south, it is likely that this will have substantial effects on biological

activity in coastal pelagic ecosystems, including a potential reduction in the

accessibility of prey aggregations to surface-feeding predators and to fisheries.

These results highlight the import role of offshore oceanographic processes in
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driving coastal seascape variability and biological activity in a region

undergoing rapid oceanic warming and ecological change.
KEYWORDS

seascape, East Australian Current Extension, climate change, coastal processes,
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Introduction

Marine environments are characterised by their ephemeral

and heterogeneous nature driven by a combination of physical,

chemical and biological processes at multiple spatial and

temporal scales (Kavanaugh et al., 2014; Pittman, 2017). The

emergent properties of these processes and their interactive

effects result in complex and dynamic environmental mosaics

referred to as “seascapes” (Kavanaugh et al., 2016). Seascape

ecology provides a useful conceptual framework to understand

variability in biological and physical processes in a dynamic and

advective ocean (Kavanaugh et al., 2016), and to identify the

interactions and correlations between these processes at different

spatial and temporal scales (Marquet et al., 1993; Dickey, 2003).

Quantifying the relationships between these processes and their

scale-dependent variability is key to understanding how

seascapes may respond to the numerous stressors associated

with global change (Pittman, 2017).

Variability in biophysical factors and their relationships are

structured hierarchically. Physical ocean structures follow a

power-law cascade as energy is dissipated from gyre

circulation to fine-scale turbulence (Stommel, 1963). These

ocean structures can be classed as geostrophically dynamic,

operating at large scales and being driven by the earth’s

rotational energy (e.g. gyres, western boundary currents and

mesoscale eddies), or ageostrophic, operating at finer scales and

reflecting all other forms of motion and instabilities (e.g.

turbulent motion and submesoscale frontal dynamics) (Lévy

et al., 2012). The environmental and biological composition of

seascapes at a given point in time is therefore the product of

variability in both geostrophic and ageostrophic factors over

multiple spatiotemporal scales. For example, planktic species

and their forage fish predators tend to be hierarchically

distributed in space and time with dense aggregations of

individuals clustered and nested within patches of lower

density (Fauchald, 1999; Carroll et al., 2017). These ecological

patterns can be influenced over long time periods by basin level/

decadal scale systems that influence ecosystem productivity such

as the El Niño - Southern Oscillation (ENSO) (Hallegraeff,

2010), but also over short time periods and fine spatial scales

through cross-shelf processes (Baird et al., 2011).
02
Consideration of both geostrophic and ageostrophic

dynamics is important when studying highly variable

seascapes such as western boundary current systems. Western

boundary currents are strong, dynamic currents that form along

the western margins of the world’s major ocean basins (Hogg

and Johns, 1995; Imawaki et al., 2013). Primarily generated by

wind-driven anticyclonic subtropical gyres, these geostrophic

currents are a major driver of poleward heat and climate

regulation through the transport of warm subtropical waters

from low to high latitudes (Yu and Weller, 2007). Over the last

several decades, western boundary currents have extended

further poleward (Yang et al., 2020; Zhang et al., 2020; Li

et al., 2021; Li et al., 2022a; Li et al., 2022b) or broadened

(Beal and Elipot, 2016) due to an increase in global oceanic

kinetic energy (Hu et al., 2020). These changes are driving major

environmental and ecological shifts in coastal ecosystems

(Suthers et al., 2011; Phillips et al., 2020). These shifts can

occur over the short term (days to weeks) through eddy

dynamics (Roughan et al., 2017), hydrographic fronts

(Schaeffer et al., 2017), interactions with local factors such as

bathymetry (Oke and Middleton, 2000; Schaeffer et al., 2014)

and coastal processes (Roughan et al., 2022), as well as at

seasonal (Archer et al., 2017), interannual and multi-decadal

time scales (Ridgway, 2007; Phillips et al., 2020). As a

consequence, shifts in environmental variability are non-

uniform by latitude (Malan et al., 2021) with differences in

local ageostrophic factors making it difficult to predict the

ecological impacts for individual coastal systems.

The East Australian Current (EAC) is a poleward-flowing

western boundary current that transports subtropical water from

the Coral Sea along Australia’s east coast (Boland and Church,

1981; Godfrey and Golding, 1981; Hamon, 1965; Ridgway and

Godfrey, 1994). The current separates from the coast between 31

and 33°S to form the eastward-flowing EAC eastern extension

and a poleward propagating eddy field called the EAC southern

extension (Cetina-Heredia et al., 2014; Oke et al., 2019). The

southern extension has intensified and shifted southward over

the last eight decades with strong lines of evidence

demonstrating the current is penetrating further poleward

(Ridgway, 2007; Johnson et al., 2011; Li et al., 2021; Li et al.,

2022a; Li et al., 2022b). Temperature increases are non-uniform
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along the latitudinal extent of the EAC with regions poleward of

32°S warming more than twice as fast as those equatorial of 32°S

(Malan et al., 2021) as the southern outflow of the EAC southern

extension becomes more turbulent and eddying (Li et al., 2021;

Malan et al., 2021). This intensification has resulted in the EAC

extension producing rates of ocean warming that are 3–4 times

the global average, making southeast Australia one of the fastest-

warming regions in the southern hemisphere (Wu et al., 2012; Li

et al., 2022b).

The impacts of the intensification of the EAC southern

extension on coastal systems are already evident and include

prolonged marine heatwaves (Oliver et al., 2017; Schaeffer et al.,

2017; Huang et al., 2021), modification of nutrient loading

regimes (Harris et al., 1987; Harris et al., 1991) migration of

typically subtropical species poleward (Edyvane, 2003; Pittock,

2003; Thresher et al., 2003; Vergés et al., 2014; Niella et al., 2021)

and shifts in species assemblages, the distributions of pelagic fish

and planktic species, and trophic interactions (Carroll et al.,

2016; Carroll et al., 2017; Hobday et al., 2011; Johnson

et al., 2011; Kelly et al., 2016; Larsson et al., 2018; Thompson

et al., 2009) that are projected to continue in coming decades

(Cetina-Heredia et al., 2015). While many ecological patterns

have been investigated in the context of EAC variability via

correlations with temperature and current velocity, there has

been little work investigating how EAC variability (or western

boundary current variability more broadly) influences seascape

characterist ics over multiple spatiotemporal scales

simultaneously, including how relationships between

geostrophic and ageostrophic processes link offshore and

coastal dynamics, and impact biological activity.

Studies linking coastal biological activity to offshore

processes often use indirect proxies of biological activity such

as chlorophyll a concentration or sea-surface temperature

(Gremillet et al., 2008; Block et al., 2011), however, inferring

spatial and temporal variability in upper trophic-level biology

from such data can produce variable results (Suryan et al., 2012).

Boat-based acoustic surveys enable direct sampling of the

distribution of schooling species (e.g. pelagic fishes and krill)

at spatiotemporal resolutions relevant to coastal ecosystems

(Bertrand, 2003; Koslow, 2009). Acoustic sampling has

advantages over other sampling methods such as trawl

surveys, as it provides information on the vertical distribution

of prey (Cox et al., 2013; Receveur et al., 2020) and provides

simultaneous qualitative and quantitative data on multiple

components of an ecosystem (Bertrand, 2003).

Using ocean temperature and current velocity time-series

data from Australia’s Integrated Marine Observing System

(IMOS) moorings, CTD profiles and measurements of acoustic

density distribution (using active acoustics) from nine boat-

based surveys conducted in five consecutive years (2015 to

2019), we investigate here the relationship between physical

oceanography, the distribution of pelagic species and their inter-

survey variability in one of the fastest-warming coastal regions in
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the southern hemisphere (Malan et al., 2021). Our aim is to

better resolve interactions between the EAC, coastal shelf waters,

and biological activity, a crucial step toward making robust

predictions of climate change impacts on coastal ecosystems.
Methods

Our study was conducted in Batemans Marine Park in

Southeastern New South Wales Australia (36.3°S 150.2°E)

which supports a highly variable coastal shelf ecosystem

directly in the path of the East Australian Current (EAC)

southern extension (Figure 1). The study area was

approximately 16 km (onshore-offshore) x 27 km (along the

coast) in size (approximately 430 km2). To explore effects of

EAC variability on coastal processes, we coupled oceanographic

observations from satellites and fixed moorings with finer-scale

observations made from boat-based surveys during the austral

spring over five consecutive years (2015 - 2019). This is the time

period that coincides with an increase in southward EAC flow in

this region, and phenological changes in biological productivity

from phytoplankton blooms (Everett et al., 2014) and triggers

the breeding season for seabirds and marine mammals (Quiring

et al., 2021)
Offshore oceanographic processes

To assess oceanographic processes such as the location of

eddies that might influence coastal processes during each survey

period, gridded (0.02° x 0.02°) products of satellite-derived sea

surface temperature (AVHRR L3S SST - daily resolution –

product identifier: 8bd3fe33-fd98-4307-ad23-424ad9a2907b)

and gridded sea level anomaly (GSLA – product identifier:

3162c844-d45c-491c-b326-6ae37e4079f9) data were used to

produce maps of the meso scale oceanographic context during

survey periods. Sea surface temperature (SST) anomaly was

calculated by subtracting the SST Atlas of Australian Regional

Sea Daily climatology fit from the gridded sea-surface

temperature data (product identifier: 79c8eea2-4e86-4553-

8237-4728e27abe10). Satellite data and the daily climatology

fits were obtained through the IMOS Australia Ocean Data

Network (AODN) portal (https://portal.aodn.org.au).
Coastal current velocity

Meridional (north/south)2010. 00815.xocity time series at a

5-minute temporal resolution was obtained from two IMOS

moorings located immediately north of Batemans Marine Park

in 70 and 120 m of water, named BMP070 and BMP120

respectively (Figure 1B). doi: 10.1016/j.dsr2re temperature and

velocity at 5 minute intervals every 8m through the water
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column since 2015 and 2011 respectively. For more information

see Roughan et al. (2015). Daily velocity means were extracted at

each mooring over 10 days to coincide with the timing of each

boat-based survey (see below). Mooring data was obtained

through the AODN portal (https://portal.aodn.org.au)
Boat-based surveys

Coastal temperature and salinity

Boat-based surveys were undertaken during daylight hours

from a 6 m rigid-hulled inflatable vessel, R/V Pelagica,

travelling at 4-6 knots along 7-9 cross-shelf transects spaced
Frontiers in Marine Science 04
3.5 km apart and ranging in length from 7 to 14 km (Figure 1).

Along each transect, sampling stations were positioned

2.75 km apart (33 stations in total) at which a depth profile

of temperature and salinity was collected using a calibrated

CastAway Conductivity Temperature Depth (CTD) logger

(SonTek, San Diego, USA). In 2015, seven transects were

sampled (T1-T7) and an additional two transects were added

to the northern survey area (T8, T9) in 2016 - 2019, making a

total survey extent of 31.5 km north to south along the

continental shelf (Table 1). Transect T9 was not sampled

during survey 2018 S2 due to adverse weather conditions.

The relationships between CTD temperature and salinity

were assessed using generalised linear models.
TABLE 1 Metadata and timing for each of the boat-based surveys.

Survey ID Start Date End Date Time Period (days) Days Sampled CTD profiles Transects Sampled

2015 S1 Oct-01 Oct-08 8 5 44 T1-T7

2016 S1 Sep-16 Sep-28 13 8 72 T1-T9

2016 S2 Oct-22 Nov-02 12 5 58 T1-T9

2017 S1 Aug-15 Aug-26 12 6 55 T1-T9

2017 S2 Oct-03 Oct-13 11 5 55 T1-T9

2018 S1 Aug-23 Sep-04 13 5 47 T1-T9

2018 S2 Sep-28 Oct-01 4 3 30 T1-T8

2019 S1 Sep-24 Sep-26 3 3 33 T1-T9

2019 S2 Oct-01 Oct-02 2 2 33 T1-T9
Two extra transects were added to the north of the original study area in 2016. The time taken to complete each survey was variable between surveys due to adverse weather conditions
affecting the amount of time the team could spend on the water.
A B

FIGURE 1

(A) A simplified schematic adapted from Phillips et al. (2020) of the East Australian Current (EAC) showing the primary mesoscale features (main
flow and eddy fields) and the study location (green star) and; (B) A map of the study location in the Batemans Marine Park showing the positions
of the acoustic transects (black dotted lines), the CTD profiling stations (grey points) and the position of the two moorings (BMP070 and
BMP120) (green crosses). Both panels are overlaid over a 10 day composite of sea surface temperature (IMOS MODIS SST) beginning October
10th, 2015.
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Acoustic biomass distribution
An EK80 (Simrad, Horten, Norway) scientific echosounder

operating a 70 kHz transducer in continuous wave mode (3-dB

beamwidth 18°, transmit power 280 W, pulse duration 1.024 ms,

2 Hz pulse repetition rate) was used to measure water column

acoustic backscattering intensity, which is approximately

proportional to biomass density and can be used to map

distribution of zooplankton and fish (Maclennan, 2002). The

transducer was mounted on a pole connected to the vessel via a

retractable arm (transducer depth = 0.75 m). Echosounder

calibrations were performed each survey year according to the

procedure of Demer et al. (2015).
Acoustic processing

Acoustic data were processed using Echoview v11 (Echoview,

Hobart, Australia) to extract acoustic density information. Seabed

returns and surface noise were removed from the acoustic data

prior to aggregation detection. Aggregations were isolated from

the acoustic record by applying the SHAPES edge detection

algorithm (Barange, 1994; Coetzee, 2000) implemented in the

‘Schools Detection’ module of Echoview (Echoview Software Pty

Ltd, Hobart, Australia) to a 3 x 3 identity matrix convolution

of the acoustic data. Theminimum detection threshold was -65 dB

re 1 m-1, and school detection algorithm parameters were as given

in Carroll et al. (2017) (Table S2). Mean volume backscattering

strength, (Sv; see Maclennan (2002) for definition) was calculated

using a -80 dB re 1 m-1 minimum data threshold.

Although comprehensive trawl surveys were not conducted

in association with acoustic measurements to obtain estimates of

species composition, aggregations were presumed to be

primarily a mix of krill (euphausiids) and forage fish based on

direct observations and hook-and-line fishing samples (L.

Phillips unpubl. data.). Assessing broad patterns of biological

activity associated with seascape dynamics was the primary goal

of this study, however future detailed studies might assess

variation in biological responses at the taxonomic level.
Physical-biological interactions

To assess differences in biological and environmental

interactions between surveys, three summary metrics were
Frontiers in Marine Science 05
calculated from the acoustic aggregation data (Table 2)

along transects for the area 1.875 km (half the distance

between stations) west and east of each CTD station. Metrics

included mean aggregation depth (mean depth of aggregation

centre), aggregation coverage (% of sampled area occupied by

acoustic aggregations) and aggregation internal density (mean Sv
within aggregation boundaries). Functional relationships

between temperature and the aggregation were assessed using

generalised linear models.
Seascape classifications

CTDand acoustic aggregation data were separated into different

seascape classifications by applying K-means clustering (Hartigan

and Wong, 1979) following dimensionality reduction using a

principal component analysis (Mardia et al., 1979). The principal

component analysis was applied to the variables CTD mean

temperature, CTD mean salinity, mean aggregation depth,

aggregation coverage and mean aggregation internal density. Data

was zeroed, centred and scaled to have unit variance. K-means

clustering was then applied to the rotated principal components

with the optimal number of clusters estimated using average

silhouette width. The suitability of the principal component

analysis for determining seascape classifications was then validated

by performing a principal component analysis on a training set

consisting 80% of the dataset (304 casts) and predicting the principle

components on a testing set of the remaining 20% of the dataset (82

casts). Multinomial logistic regression models (Wood et al., 2016)

were then constructed from the training set principle components to

classify the seascape clusters and the individual surveys. The

multinomial logistic regression models were then assessed on the

testing set to determine the classification success. The functional

relationships between temperature and the aggregation

characteristics for each of the seascape cluster categories were

assessed using generalised linear models.
Results

Offshore oceanographic processes

During each of the nine boat-based surveys over five Austral

springs, the regional circulationwas dominated by the presence of a
TABLE 2 Summary of metrics calculated from the acoustic aggregation data measured along transects.

Metric Unit Description

Mean aggregation depth Metres Mean aggregation depth

Aggregation coverage Percentage Proportion of area (1.875 km east and west of CTD station to the seafloor) containing aggregations (sum of the
aggregations’ size in m2).

Mean aggregation internal
density

Sv mean Mean internal acoustic density of aggregations
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mesoscale, anticyclonic (warm-core) eddy (Figure 2).However, the

latitude anddistance fromthe coastof these eddies differed between

surveys resulting in different oceanographic characteristics within

the study area during each survey period.During2015 survey 1 (S1)

a large anticyclonic eddy was present closer to the coast and

approximately 1° further south than during all other surveys

(eddy centred at 36.75° S in 2015 S1 vs approximately 35-36° S

during other surveys). This eddy placement allowed for a

continuous southward flow of warm water along the coast that

caused the East Australian Current (EAC) southern extension to

remain over the shelf prohibiting north-flowing incursions of cool,

upwelled water that occurred in other periods resulting in

anomalously warm water along the coast (Figure 2A).

In 2016 S1 and 2016 S2 large anticyclonic eddies were also

present but centred at more northern latitudes northward of 36° S

resulting in a reduced flow of the EAC southern extension into the

coastal study area (Figures 2B, C). The large anticyclonic eddies in

2017S1and2017S2were similar insize and latitude to2016buthad

less influence on the study area due to the presence of smaller,more

southerly cyclonic cold-core eddies blocking the mesoscale flow

along the coast. Themain EAC flowwas therefore pushed offshore

and the study area experienced northward flow of cooler waters

along the coast. This also occurred in 2018 S1 with the anticyclonic

eddy and therefore the flow of the EAC southern extension being

further offshore (Figure 2F). However, during survey 2018 S2

approximately one month later (Figure 2G), the eddy

configuration changed and a cyclonic eddy formed at latitudes

sufficiently southward to create a mesoscale flow that advected

someEACwater northwestward onto the shelf interactingwith the

cooler shelfwaters thatwere observed in theprevious surveyperiod.

Surveys 2019 S1 and 2019 S2 were conducted only one week

apart so exhibited similar regional circulation. For both surveys

in 2019, the primary mesoscale flow in the study area was

southward (Figures 2H, I). Unlike other years with a strong

southward current, the anticyclonic eddy causing this flow in the

study area did not form a clear continuous current with the

larger anticyclonic eddy in the northeast resulting in the main

EAC flow being further offshore.
Coastal current velocity

Measurements of meridional (north/south) current velocity

obtained from the moorings were relatively consistent at the

70 m isobath (BMP070) but varied considerably both within and

between surveys at the 120 m isobath (BMP120) (Figure 3). For

surveys 2015 S1 and 2019 S2, southward velocity was

anomalously strong at 120 m with mean velocities of -0.37 ±

0.13 and -0.32 ± 0.21 ms-1 respectively (negative values indicate

southward flow). Meridional velocity at 120 m was highly

variable for 2019 S1 with a mean of -0.18 ± 0.33 ms-1. There
Frontiers in Marine Science 06
was no strong directional current flow at 120 m during surveys

2017 S1 (0.00 ± 0.24 ms-1) or 2017 S2 (0.02 ± 0.16 ms-1). A

reduction in strength of southward velocity was observed in

2018 at 120 m with current speeds reduced by approximately

half between surveys 2018 S1 (-0.19 ± 0.25 ms-1) and 2018 S2

(-0.10 ± 0.12 ms-1). No velocity was recorded for surveys in 2016

due to instrument failure.
Coastal temperature and salinity

There were notable differences in temperature and salinity as

measured by boat-based CTD profiles between surveys. Water

temperature in 2015 S1 was warmer than all other surveys with a

mean temperature of 17.96 ± 0.92°C which was 1.8°C higher

than the mean across all surveys (Figure 3). The coolest surveys

were 2018 S1 and 2018 S2 with temperatures of 15.32 ± 0.40°C

and 15.29 ± 0.72°C respectively, approximately 0.86°C cooler

than average. 2019 S1 was also cool but also highly variable with

water temperatures of 15.77 ± 1.19°C. Salinity during survey

2015 S1 was the lowest recorded with a mean of 34.84 ± 0.06

PSU. 2016 S1 and 2016 S2 also had low salinity relative to other

surveys with means of 34.94 ± 0.10 and 34.98 ± 0.04 PSU

respectively. All other surveys exhibited higher saline

concentrations ranging from 35.36 ± 0.10 PSU (2019 S1) to

35.63 ± 0.04 PSU (2017 S2). Surveys with higher saline

concentrations were typically cooler (2017 S1 to 2019 S2) but

the inverse was not always true (2016 S2) (Figure 3).

In most surveys there was an inshore-offshore temperature

gradient within the study area (Figure 4) which was also

observed in the CTD data when temperature was compared

with distance from the coast (GLMs: p < 0.05), with the

exception of 2016 S2, and 2018 S1 and S2 (GLMs: p > 0.05).

Between surveys, there was a negative relationship between

temperature and salinity (slope = -1.14, sd = 0.15, p < 0.001).

However, on intra-survey time scales (days to weeks), there was

a positive correlation between temperature and salinity for all

surveys (Figure 5).
Seascape classifications

The K-means clustering of the CTD/aggregation data’s five

principal components separated the data into two seascape

categories (cluster A and B) that were cleanly divided between

surveys (Figure 6). Cluster A consisted of data from surveys 2015

S1, 2016 S1 and 2016 S2 with a single outlier in 2016 S2 being

classified grouped with cluster B. All other CTD casts and

aggregation characteristic surveys (2017, 2018 and 2019) were

classified as cluster B. cluster A was characterised by warmer and
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FIGURE 2

10-day composite of daily sea-surface temperature anomaly (colour) and altimetry-derived surface geostrophic velocities (vectors) for each of
the survey periods (A–I). The survey area is shown as a black rectangle. The displayed date is the first day of the 10-day composite.
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A

B

C

FIGURE 3

(A) Box plots of the daily mean meridional (north/south) current velocity measured over each of the survey periods from the moorings BMP070
(70 m isobath) and BMP120 (120 m isobath). Due to an equipment failure, no data was recorded for surveys 2016 S1 and 2016 S2. (B) Boxplots
of mean temperature and (C) salinity for each of the CTD casts during each survey. As multiple surveys were conducted in a given calendar
year, surveys have been coloured by year to highlight interannual patterns.
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less saline water and had lower aggregation coverage and higher

internal aggregate density in comparison to cluster B. Validation

of the PCA/K-means clustering analyses using multinomial

logistic regression applied to the testing dataset resulted in all

data being classified into the correct cluster and 70.51% the data

into the correct survey.
Frontiers in Marine Science 09
Physical-biological interactions

The relationships between water temperature from the CTD

casts and acoustic aggregation characteristics were compared

between the two seascape categories using generalised linear

models (Figure 7). Overall the relationship between temperature
A

B

C

FIGURE 4

Spatial distribution of acoustically derived biological aggregation metrics calculated for the area surrounding transect stations overlaid over sea
surface temperature (IMOS MODIS SST) for surveys 2015 S1, 2018 S1 and 2018 S2 with point size representing (A) the mean depth of
aggregations, (B) the percentage area around the station containing biological aggregations and (C) the mean aggregation density. An
equivalent figure for all surveys is included in the supplementary material.
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and mean aggregation depth was positive (slope = 1.15, sd = 0.06,

p =0.005)withnoobservable difference in relationshipbetween the

two seascape categories (slope = 1.03, sd = 0.07, p = 0.665). The

relationship between temperature and aggregation coverage was

negative (slope = -0.12, sd = 0.04, p = 0.005) and the relationship

was stronger within seascape cluster A than for cluster B (slope =

0.13, sd = 0.06, p = 0.038). There was also a negative relationship

between temperature and mean internal aggregation density

(slope = -1.93, sd = 0.41, p < 0.001) and with the relationship

being stronger for cluster A (slope = 1.33, sd = 0.60, p = 0.026).
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Discussion

Marine systems can be highly dynamic and complex, with

emergent properties arising from the interactions of processes at

multiple spatiotemporal scales. Here we use the conceptual

framework of seascape ecology to combine multiple datasets of

different spatial and temporal scales and so investigate variability

in a rapidly changing coastal ecosystem in southeastern Australia

(Suthers et al., 2011; Malan et al., 2021). Over the course of nine

surveys in the austral spring across 5 years, we identified multiple
FIGURE 5

Mean temperature (°C) and mean salinity (PSU) scatter plots from all of the CTD casts coloured by survey with the generalised linear model
regression lines shown. The black dashed line shows the generalised linear model regression line for the entire dataset.
FIGURE 6

Results of the K-means clustering applied to the principal component analysis of the CTD and acoustic aggregation data plotted against the 1st
and 2nd principal components. Clusters are differentiated as circles and triangles and colured by survey ID. The dashed lines represent the 95%
normal-probability contour of each cluster.
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oceanographic processes operating across diverse spatiotemporal

scales within the East Australian Current (EAC) southern

extension (Figure 8). Two seascape categories with distinct

differences observed in environmental and biological factors

were identified from the principal component and K-means

clustering analyses. Seascape A (2015/16) was characterised by

warmer and less saline EAC water and had lower aggregation

coverage and lower internal aggregate density. Seascape B (2017 -

2019) which was characterised by cooler and more saline water

from the Bass Strait and/or Tasman Sea and had higher

aggregation coverage and higher internal aggregate density.

Further, we identified how the relationships between ecological,

environmental and oceanographic variability can have different

characteristics depending on the scale of observation.

There were differences in offshore oceanographic processes

between each of the surveys including differences in the position

of large eddies and mesoscale current strength and direction.

During each survey, the broad oceanographic context was

consistently dominated by the presence of a large anticyclonic

eddy formed from warm, EAC water that varied in size, intensity

and position. The position and intensity of this eddy appeared to

have a considerable influence on the coastal study area, shaping

the volume of EAC water transported onto the shelf, and

modifying the mesoscale current flows that determined which

water types were transported into the area. For example, in 2015

S1 the position of the meso-scale eddy was located the furthest

south (centred at 36.75° S) when compared to the other surveys

thereby creating a continuous flow that allowed warm EAC

water from more equatorward latitudes to dominate the study

area. This was also evident from the IMOS mooring which

recorded significant southward flow at the 120 m isobath.

Surveys 2016 S1 and 2016 S2were also characterised by a

particularly large anticyclonic eddy, but these eddies were

located at more equatorward latitudes (centred at 34.5 and
Frontiers in Marine Science 11
35.25° S respectively) resulting in less pronounced southward

flow. Surveys 2019 S1 and 2019 S2 also had setups that resulted

in primarily southward flow but to a lesser degree than

other years.

By contrast, survey 2018 S1 was characterised by a much less

intense anticyclonic eddy which was also located further

offshore. As a consequence, there was much less influence

from warm equatorial EAC water and geostrophic flow from

satellite altimetry was primarily northward with cooler waters

originating from the southbeing transported northward along

the coast into the study area. This cooler southern watermass

could have originated in the Bass Strait (Luick et al., 1994) or to

the southeast, brought into the coast by cyclonic eddies.

However, although the meridional velocity recorded at the

IMOS moorings were highly variable, they were primarily

southward during this same period, highlighting a mismatch

between large scale and finescale processes in the study area.

During survey 2018 S2 which was conducted approximately one

month later, the position and intensity of these eddies changed

considerably with the emergence of a smaller cyclonic eddy

arising at ≈ 36° S. The presence of this eddy created a pathway

for warm EAC water located off the shelf to be advected onto the

shelf and into the study area from the south. Surveys 2017 S1 and

2017 S2 were also characterised by cyclonic eddies resulting in

equatorward flow which was a lso detected at the

IMOS moorings.

The differences in mesoscale circulation resulted in different

environmental conditions between surveys within the study

area. Temperature and salinity profiles from CTD sampling

along transects revealed two primary environmental regimes

with surveys typically being either warm with relatively lower

salinity or cool with higher salinity. These categorisations were

supported by the seascape classifications with each being

represented by seascape A and B respectively. The study area
A B C

FIGURE 7

Scatter plots of CTD mean temperature (°C) plotted against the acoustic aggregation characteristics metrics being (A) mean aggregation depth
(mean depth of aggregation centre), (B) aggregation coverage (% of sampled area occupied by acoustic aggregations), and (C) aggregation
internal density (mean Sv within aggregation boundaries). The slope of the generalised linear models are shown with colour representing the
two seascape classifications.
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is frequently subjected to influxes of cool, salty water that is

transported up the coast either from the Bass Strait (Luick et al.,

1994), or through cyclonic eddies bringing Tasman Sea water to

the coast. This current acts in opposition to the EAC, and in the

absence of eddy placement that blocks the northward flow of this

current, can provide coastal ecosystems with a supply of

relatively cool, productive water. Furthermore, the surveys

which exhibited higher salinity and cooler water (seascape B)

were years with reduced southward geostrophic flow.

Conversely, the years that had lower salinity and generally

warmer temperatures (seascape A) were years where

southward geostrophic flow was particularly strong due to the

positioning of meso-scale eddies. Consequently the seascape

variability observed on inter-survey time frames (months to

years) may be due to the varying influence of northern (EAC) or

southern (Tasman Sea/Bass Strait) watermasses driven by the

positioning of the mesoscale eddies which can enhance or block

the flow of cooler water northward along the coast.

The relationship between temperature and salinity as

measured by the CTD profiles was dependent on timescale. On

inter-survey timeframes (months to years) there was a negative

relationship between temperature and salinity, however on intra-

survey timescales (days to weeks) this relationship was positive.

The change in this relationship at different temporal scales

suggests that different oceanographic processes are driving this

environmental variability. For example, the negative relationship

between temperature and salinity at inter-survey temporal scales is

likely due to the previously mentioned interplay of EAC and

Tasman Sea (or Bass Strait) waters creating warm-fresh or cool-

salty conditions over each survey period. However, the positive

relationships between temperature and salinity at shorter

temporal scales is indicative of the presence of distinctive water
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types of relatively fresh cool water and more saline warmer water

at finer scales within the study area.

Within the EAC southern extension, ocean heat content and

marine heatwave events are largely driven by mesoscale eddies

(Elzahaby et al., 2021; Li et al., 2022a). As the frequency and

intensity of marine heatwaves are projected to increase (Oliver

et al., 2019), the environmental characteristics of seascape A

(EAC dominated) (2015 S1, 2016 S1 and 2016 S2) are likely to be

increasingly common in the future. During the Austral spring of

2015 the coastal shelf region of NSW experienced a marine

heatwave event (Huang et al., 2021) which was the precursor to

the 2015/16 Tasman Sea heat wave (Oliver et al., 2017). This

event is likely the cause of the unprecedented water temperatures

observed in our study area during survey 2015 S1 which was up

to 4 degrees warmer than SSTAARS climatology.

There were differences in the distribution, structure and

abundance of biological aggregations between the two seascape

categories corresponding to differences in mesoscale circulation

and environmental characteristics within the study area.

Warmer temperatures typically resulted in more sparse

aggregation coverage which were also deeper and had lower

internal density. As warmer years were associated with increased

EAC influence, this suggests that in our study area the projected

increase in EAC advections onto the shelf (Bull et al., 2020) may

produce conditions that are less suitable for the formation of

biological aggregations. These patterns between anomalously

high ocean temperatures and the abundance of pelagic fishes

have been observed in other western boundary current systems.

For example, in the Sea of Japan which is influenced by the

highly variable Kuroshio Current sardine catches have been

observed to be lowest during periods of higher water

temperatures (Yasuda et al., 1999).
FIGURE 8

Adaptation of a Stommel diagram showing the spatiotemporal scales of variability relevant for Western Boundary currents such as the East
Australian Current system (blue) and the observational platforms used in this study (red).
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There were differences in functional relationships between

environment and acoustic aggregation characteristics between

the two seascape categories. In particular the negative

relationship between temperature and aggregation internal

density was stronger for seascape A (EAC dominated) than

seascape B (Bass Strait/Tasman Sea). This pattern was also

present in the relationship between temperature and

aggregation coverage but to a much lesser extent. This suggests

that the behaviour of the biological aggregates may be influenced

differently by the two seascape environments and may be

indicative of a thermal preference for biological aggregates that

occurs under the warmer and less saline environmental

conditions of seascape A. This difference may be explained by

the timing of key biological events such as the major

phytoplankton bloom that occurs each spring at these latitudes

south of the EAC separation zone. This bloom event is driven by

a seasonal encroachment of the EAC into the region which

causes an increase in water temperature, greater dissolved nitrate

and silicate, and a shallowing of the mixed-layer depth (Everett

et al., 2014). Although our surveys were conducted during the

Austral spring when this bloom is known to occur (Hallegraeff

and Jeffery, 1993) the continued intensification of the EAC

southern extension has modified the seasonal cycle of EAC

influence in the region with the spring EAC encroachment

occurring up to a month earlier (Phillips et al., 2020) and this

can change the timing of these significant biological events.

Consequently, it is possible our surveys occurred during

different biological stages of this bloom period which may
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explain the different functional response observed between the

two seascape categories.

In marine systems environmental conditions can change

substantially over very short time periods (Barreau et al., 2021).

This was particularly evident in 2018 when the sudden advection

of EAC water onto the shelf caused a stark change in

oceanographic conditions within the span of one month. This

sudden advection of warm water from the offshore anticyclonic

eddy resulted in a cold water coastal upwelling event visible in

the CTD cross-sections (Figure 9). EAC advections onto the

shelf can result in a long-shelf currents that drive Ekman

transport in the bottom boundary layer causing local

upwelling events (Roughan and Middleton, 2002; Roughan

and Middleton, 2004) and can result in localised nutrient

enrichment (Oke and Middleton, 2001). This change in

environmental conditions was accompanied by increased

offshore aggregation density and with aggregations inshore

moving to shallower depths. This suggests that these

conditions may be favourable to swarming and schooling

species such as plankton and pelagic fishes resulting in more

shallow biological aggregations in inshore regions.

As eddy kinetic energy continues to increase in the EAC

southern extension (Li et al., 2021; Li et al., 2022a; Li et al.,

2022b) mesoscale eddies that advect warm EAC water onto the

shelf are expected to become more common, larger and more

intense (Li et al., 2021). Consequently, the extreme oceanic

conditions observed during survey 2015 S1 may be broadly

representative of conditions that will become more common for
A

B

FIGURE 9

Comparisons of interpolated CTD cross sections of transect 2 showing water temperature (colour), the CTD profile depths (white dotted lines)
and the sea floor as determined from acoustic sampling (grey area) for (A) survey 2018 S1 and (B) 2018 S2. Interpolation of temperature from
CTD casts was performed using radial basis function interpolation.
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this region resulting in warmer and less biological productive

environmental conditions observed in EAC dominated Seascape

category A. While over shorter time frames the encroachment of

EAC water onto the shelf can sometimes result in productive

cold water upwellings that produce increased biological activity

(Roughan and Middleton, 2002; Roughan and Middleton, 2004)

at depth, the complete dominance of the region by EAC water in

2015 was associated with a reduction in the coverage of

biological aggregations that were both deeper and had lower

internal density. The more southward position of the dominant

anticyclonic eddy in 2015 created a blocking action which

resulted in the complete absence of the cooler northward flow.

This suggests that this northward flow of cooler, salty water may

become rarer or completely absent in the future as the period of

EAC regional dominance continues to encroach further into the

Austral winter (Phillips et al., 2020).

The relationship between warmer water and sparser, less

dense and deeper aggregations may have significant implications

for foraging predators such as seabirds. Montague Island, located

in the study area, is home to numerous seabird breeding colonies

including little penguins (Eudyptula minor), greater crested terns

(Thalasseus bergii) and silver gulls (Chroicocephalus

novaehollandiae). Previous studies in the region have shown

that foraging outcomes are influenced by the distribution and

structure of the prey field with sparser and deeper aggregations

reducing predators’ ability to locate suitable prey (Carroll et al.,

2017; Phillips et al., 2022 in review). The presence of higher sea

surface temperatures driven by the increased poleward

penetration of the EAC southern extension have been

associated with reduced foraging success in little penguins

(Carroll et al., 2016) and changes to the diet composition of

greater crested terns (Quiring et al., 2021). Furthermore, the

ongoing intensification of the EAC southern extension may

continue to place additional pressures on ecological systems.

Consequently, it appears likely that the continued dominance of

the EAC in southern NSW waters and reduced northward flow

will have substantial effects on biological activity in coastal

pelagic ecosystems in southeast Australia, including a potential

reduction in the accessibility of prey aggregations to surface-

feeding predators and fisheries.

The rapid change in environmental conditions observed in

2018 and the associated changes to biological distribution and

structure at a sub-seasonal timescale, highlights the highly

variable nature of coastal systems in the EAC southern

extension. This is primarily driven by the sporadic nature of

the southward propagating eddies of the region with

anticyclonic mesoscale eddies advecting EAC water from

further offshore onto the coastal shelf (Li et al., 2022a). This

sub-seasonal scale of variability is important to understand as

both a normal component of EAC extension dynamics, as well

as an additional stressor in the context of an intensifying EAC

southern extension. As the EAC southern extension continues
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to penetrate further southward, advections of warm water onto

the shelf are likely to become more common (Li et al., 2021;

Malan et al., 2021). This is likely to result in increased ocean

heat content in the region (Li et al., 2021; Li et al., 2022a) and

an increase in the probability of marine heat waves (Elzahaby

et al., 2021; Oliver et al., 2021) suggesting that the

environmental and biological conditions experienced for the

EAC dominated seascape A may become the norm in

this region.

That these oceanographic processes were associated with

notable changes in both environmental and biological

characteristics has significant implications for the ecological

processes within our study area and more broadly. For

example, rapid changes in environmental conditions and

biological activity may coincide with crucial life history events

of breeding predators, such as little penguins (Eudyptula minor)

and crested terns (Thalasseus bergii), which time their breeding

behaviour to coincide with the period of greatest prey availability

(Gales and Green, 1990; Carroll et al., 2016; Quiring et al., 2021).

The migration phenology of ecologically and commercially

important coastal pelagic fish species may also be impacted by

rapid changes in EAC shelf incursions (Brodie et al., 2015;

Champion et al., 2021) and the southward shift of the EAC

will further facilitate the range expansion of tropical species into

temperate regions (Vergés et al., 2014).
Conclusions

In this study, we assessed seascape variability within

Batemans Bay Marine Park in southeast Australia – a highly

variable coastal shelf ecosystem in the path of the rapidly

intensifying East Australian Current (EAC) Southern

Extension. We used satellite and in situ measures of

temperature, salinity and current velocity coupled with

contemporaneous measurements of pelagic biomass

distribution from boat-based active acoustic surveys to

investigate relationships between the physical environment

and the distribution of pelagic biomass (zooplankton and fish)

at multiple timescales. We identified two seascape categories

characterised by warmer, less saline water and cooler, more

saline water, with the former indicating greater influence of the

EAC on coastal processes. Warmer waters were also associated

with fewer, deeper and less dense biological aggregations. As the

EAC southern extension continues to penetrate further

southward (Li et al., 2021) the environmental and biological

conditions experienced during the EAC dominated seascape

may become increasingly commonplace for the region.

While there is much uncertainty in how changes in western

boundary current dynamics will impact coastal ecosystems,

understanding relationships between coastal and offshore

processes and biological responses in the ecosystem will help
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resolve the key mechanisms and outcomes of change at multiple

spatiotemporal scales. Our study demonstrates the important

role of offshore oceanographic processes in determining coastal

seascape variability and the impacts on biological activity within

a region experiencing rapid oceanic warming and

ecological change.
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