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Summary

A time series of a water temperature index estimated from biological data alone
was calculated from the semi-regular AusCPR transects of copepod species
composition in the East Australian Current. This time series can potentially
help detect changes in the EAC or monitor ecosystem responses to year-to-
year variation and long-term trends in the physical and chemical environment,
associated with EAC changes, ENSO and climate change.
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Rationale

The East Australian Current (EAC) is the major boundary
current in Australia and transports warm water poleward
along the east coast of Australia (K. Ridgway, Coleman, Bailey,
& Sutton, 2008). In recent decades the EAC has extended
further south, increasing the rate of warming in the Tasman
Sea (K. R. Ridgway, 2007). The EAC has marked seasonality
— its strength peaks in summer (February) and is weakest
in winter (K. R. Ridgway & Godfrey, 1997). By transporting
organisms from tropical to temperate Australia, the EAC is a
major driver of the distribution of marine communities along
the east coast of Australia (Poloczanska et al., 2007).

As zooplankton have short generation times and are not
exploited, they are sensitive indicators of temperature
and different water masses, especially copepods, the
most abundant multicellular animals (Hays, Robinson, &
Richardson, 2005). One might expect variation in copepod
communities down the east coast of Australia, with warmer-
water communities in the north and cooler-water ones in
the south. More subtly, warmer-water communities could
penetrate further south when the EAC is strongest. And we
might also expect a signature of the interannual variation in the
EAC - which has peaks and troughs about four years apart
(K. Ridgway et al., 2008) — might be reflected in changes in
the copepod community.

Here we explore whether long-term (2010-2018) changes
in the copepod community along the east coast of Australia
could be used as an index of the seasonal and inter-annual
strength of the EAC. The Integrated Marine Observing System
(IMOS) Australian Continuous Plankton Recorder (AusCPR)
survey dataset is ideal for this because ships regularly
traverse this route towing CPRs. If we can develop an index
of the relative strength of the EAC along the CPR route down
the east coast, then this could provide a large-scale metric
independent of physical measurements and not estimated at
a single cross-section across the current.

Methods

Copepod data were collected between Brisbane and the
border between New South Wales and Victoria, a distance
of ~1600 km (Figure 1). The AusCPR dataset comprised
766 samples (transect segments) from 56 trips from 2010
to 2018 and included 180 copepod species (https://portal.
aodn.org.au/; see the dataset “IMOS - AusCPR: Zooplankton
Abundance”). SST data were obtained from the IMOS Regional
Australian Multi-Sensor SST Analysis dataset (Beggs et al.,
2011); https://portal.aodn.org.au/; see the dataset “IMOS -
SRS - SST - L4 - RAMSSA - Australia”).

We calculated a time series of an index of copepod species
composition that was purposefully correlated with sea
surface temperature (SST). We first conducted a multivariate
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redundancy analysis (RDA) of copepod species on SST,
which ensures the multivariate index is maximally correlated
with SST. We then used these sample scores from the
multivariate RDA analysis as the univariate response in a
generalised additive model, with latitude, day of year, and year
as predictors (See Appendix for more details). Predictions
from this model allowed us to produce a time series that
reflects the copepod composition along the east coast of
Australia. This time series included the seasonal, interannual
and residual variation, but with the latitude effect removed.
The anomalies and climatology can be plotted and interpreted
analogously to, for example, the regional SST anomaly.

We have devised the EAC Copepod Composition Index to
reflect changes in copepod communities down the east
coast of Australia and thus to hopefully reproduce the relative
strength of the EAC. If the index works, then the EAC should
be stronger and the index more positive when warmer-
water copepod communities are distributed further south.
By contrast, the EAC should be weaker and the index more
negative when warmer-water communities are confined to the
north, and cooler-water communities dominate further south.
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Figure 1. Locations of the CPR samples used in the analysis (nominal
locations of transect segments).

Results and interpretation

As expected, the EAC Copepod Composition Index anomaly
is positively related to the general trends in the SST anomaly
along the east coast from 2010-2018 (R=0.60, p<0.0001,
n=39), showing that the index reflects changes in SST. The
EAC Copepod Composition Index was driven by real changes
in copepod communities: higher values of the Index equated
to more warmer-water species such as Canthocalanus
pauper, Temora turbinata and Centropages furcatus; and
lower values equated to more cooler-water species such as
Oncaea venusta, Acartia danae and Oncaea media (Figure 2).
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Figure 2. The temperature preferences of key species contributing to higher
values of the EAC Copepod Composition Index (warm-water anomalies)
included Canthocalanus pauper, Temora turbinata and Centropages furcatus;
and those contributing to lower values of the EAC Copepod Composition
Index (cool-water anomalies) included Oncaea venusta, Acartia danae and
Oncaea media.

The EAC Copepod Composition Index appears to reflect three
characteristics of the EAC (Figure 3). The first is the Index has a
strong seasonal cycle (the dotted line in Figure 3is the climatology),
with a peak in March and a trough in August, consistent with
the known seasonality of the EAC (K. R. Ridgway & Godfrey,
1997) . The second characteristic is that deviations of the Index
from the climatology are not random, but persist for extended
periods (Figure 3). The anomalies indicate species compositions
associated with cooler water from 2010-2012 (potentially weaker
EAC flow), warmer water from 2014-2016 (potentially stronger
EAC flow) and moderate water temperature from 2017-2018
(average EAC flow). From 1993-2006, K. Ridgway et al. (2008)
found that the major interannual variation in strength of the EAC
(peak-to-trough) was four years, similar to the three-year period
we observed in the EAC Copepod Composition Index. Last,
the Index is also weakly related to ENSO, with a stronger index
under El Nifo conditions (R=-0.38, p=0.02, n=39), similar to other
studies that have shown similar weak relationship between EAC
flow and ENSO (Holbrook, Chan, & Venegas, 2005).
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Implications for people and
ecosystems

It is difficult to measure the EAC strength along its whole
extent, with most physical oceanographic methods estimating
the flow over a cross section at a particular point. There are
also breaks in the time series measurements. Developing an
index based on biology could provide an independent along-
EAC estimate of its strength, and potentially help to fill gaps in
physical time series. Further, the EAC Copepod Composition
Index tells us how the copepod community along the east
coast is changing, providing a potentially valuable index
for monitoring impacts of climate change. This could be
especially valuable considering that the EAC is projected to
continue increasing in strength in the future (Cai, Shi, Cowan,
Bi, & Ribbe, 2005).

Regular transects by IMOS CPRs enable us to monitor
changes in the offshore marine ecosystem that may be
associated with year-to-year variation and long-term trends in
the physical and chemical environment. These are potentially
associated with changes in the EAC, ENSO and climate
change. The next step is to further test the EAC Copepod
Composition Index using model output (e.g., Bluelink) or
measurements from the EAC array or proxy sources (€.9.,
XBT, CTD and satellite altimetry, Ridgway et al. (2008).
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Figure 3. The time series of the EAC Species Composition Index Copepod species composition index. Positive values indicate species compositions
associated with warmer water. The graph includes the climatology and anomalies of the index.
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Appendix — Extended
Methods

In the calculation of the EAC Copepod Composition Index, we
used a distance-based RDA (db-RDA), which transforms the
community matrix with a transformation (here the Hellinger
transformation) that both works well with species data and
retains the Euclidean properties that enable the standard RDA
method to be applied. Use of the Hellinger transformation
implies that the analysis considered species composition only
(i.e. percentage of sample animals in each species) and not
absolute abundance. The outcome of this approach is that the
value of the RDA score for a sample is the weighted average
of the (transformed) percent contribution of each species to
the sample total, with the species weights calculated (by the
RDA) to ensure the score is correlated with SST.

As for SST, copepod species composition is correlated with
latitude and season (Figure 4). To calculate our final index
and anomalies from the RDA score, we removed the latitude
component and calculated a climatology. We termed the
final index the EAC Copepod Composition Index. Because
the CPR deployment times are seasonal but often irregular
because of shipping schedules, these steps could not be
performed using simple calculations based on monthly
averages. Instead, we used the following generalised additive
model (GAM):

y=a+f(s)+f)+ft)+e

where y is the RDA score, s is day of year, | is latitude, t
is time (for trend across years), a is the intercept, e is the
residual error and £, f, and f, are GAM spline functions (with f,
being cyclic). This model conveniently decomposed the RDA
scores into components that we could combine by simple
arithmetic to create the EAC Copepod Composition Index
and climatology (Figure 5). We calculated the EAC Copepod
Composition Index by subtracting the latitude component of
the fitted values (i.e. y' =y — f(])).
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Figure 4. The correlation between copepod species composition
(summarised with principal component analysis) and SST, latitude and
season (as envfit vectors). The season components are winter-summer and
autumn-spring.

The climatology was calculated as the sum of the day-of-year
and intercept components of the GAM predicted values (i.e.
y,=a+fs)). (Note that these calculations rely on fact that the
GAM spline functions are constrained to sum to zero over the
range of the data.) There is a clear climatology, with a stronger
EAC copepod composition index during summer and weaker
during winter (Figure 5). The latitudinal effect is nearly linear,
but is steeper at more southern latitudes, implying the index
is more sensitive to changes there than further north. The
interannual time series shows there is longer-term persistent
variation (Figure 5).

For plotting and further interpretation, the EAC Copepod
Composition Index was aggregated to a monthly average.
We then plot this output as the EAC Copepod Composition
Index (Figure 3), and visualise it by including the climatology
and anomalies from these.
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Figure 5. Spline curves for the GAM model terms. The season term (doy = day of year) is cyclic, so the curve connects smoothly between 31 December and 1

January.
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