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Abstract Phytoplankton blooms on Australia’s southern shelves are revisited using satellite-derived
monthly data of chlorophyll a concentrations for the period 2003–2015. It is known that the region hosts a
seasonal coastal upwelling system that develops in austral summer (January–March) with chlorophyll a
concentrations of >2mg/m3. While this summer upwelling is spatially limited to a few hot spots, here we
show that widespread phytoplankton blooms of moderate (~1mg/m3) chlorophyll a concentrations develop
during autumn and early winter on most of Australia’s extensive southern shelves—from the vast shelves of
the Great Australian Bight (GAB) in the west to Bass Strait in the east. This surprising finding disproves the
widespread belief that shelf waters of the GAB are generally oligotrophic and may explain the relatively high
abundance of both forage fish (sardines) and upper trophic-level predators (e.g., tuna and whales) in
the region.

1. Introduction

Satellite data of chlorophyll a concentrations, commonly known as ocean color, are often used to study the
response of marine food webs to physical processes such as upwelling events [Kämpf and Chapman, 2016].
Ocean color data also assist in the estimation of net primary production, i.e., the total rate of organic carbon
production by autotrophs minus the autotrophs’ own rate of respiration, which is an important component of
the global carbon cycle. When studying ocean color maps, however, the focus can easily be distracted and
misguided by regions of peak chlorophyll values, such as found in the vicinity of upwelling centers. As a con-
sequence, other important regions of lower but possibly still significant phytoplankton concentrations may
be overlooked. This study gives an example of such “hidden” phytoplankton blooms.

This study focuses on Australia’s southern shelves (Figure 1) comprising the Great Australian Bight (GAB),
South Australia’s inverse estuaries: Spencer Gulf and Gulf St. Vincent, Bass Strait, and several islands, the lar-
gest being Tasmania and Kangaroo Island. Compared to other continental shelves, Australia’s southern
shelves are unusually shallow with extensive areas <100m in depth, noting that Bass Strait has depths of
60–80m [e.g., Tomczak, 1988]. The width of the shelf varies considerably. It is relatively narrow (<20 km)
off Albany in the western GAB, along the Bonney Coast, and around Tasmania (except Bass Strait indeed)
but significantly widens to >100 km in the central GAB and southeast of Kangaroo Island. The coast of the
GAB extends a horizontal distance of >1500 km.

Early studies of phytoplankton abundance and primary production in the GAB byMotoda et al. [1978] focused
on the area west of the so-called “Head of Bight” (see Figure 2a). Based on field data from December 1965
these authors reported a low phytoplankton standing crop of 12.1mg chl a/m2 and a low primary productiv-
ity of ~0.44 g C/m2/d and attributed this “unexpectedly low productivity” to the absence of nutrient enrich-
ment processes. Similarly, surveys farther south in the central GAB by Young et al. [2001] provided no
evidence of noticeable nutrient sources that could fertilize algae blooms. In the absence of other information,
these early reports have been adopted as indicator of low primary production and oligotrophic conditions for
the entire GAB [e.g., Kloser et al., 1998; Young et al., 2001]. The discovery of a seasonal coastal upwelling in the
eastern GAB off the southern tip of the Eyre Peninsula [Kämpf et al., 2004;Ward et al., 2006; Kämpf, 2010] (see
Figure 2a) has revised some but not all of this misconception about allegedly low productivity of the GAB.

Every year during austral summer (January–March), upwelling events in the eastern GAB lead to the creation
a relatively high zooplankton biomass [e.g.,Ward et al., 2006; Van Ruth and Ward, 2009]. During the upwelling
season, sardine (Sardinops sagax) spawns in this region as evidenced by observations of high densities of sar-
dine eggs and larvae [Ward et al., 2006]. Around the same time in summer-autumn, juvenile southern bluefin
tuna (Thunnus maccoyii) come from Indonesian waters and use the GAB as feeding ground [Hearn, 1986].
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Hence, there seems to be a cause-and-effect relationship between upwelling and tuna abundance [e.g.,Ward
et al., 2006]. However, adult sardine (a keystone forage fish species of the region) can probably not survive
from a few short-lived upwelling events alone and require other, so-far unknown dietary sources of
plankton during the off-upwelling season. Moreover, the analysis of stomach contents of juvenile southern
bluefin tuna from the western GAB in summer indicates that the tuna’s diet is highly variable and not
solely dependent on sardine availability [Itoh et al., 2011]. Hence, previous scientific work may have
overstated the role that seasonal upwelling events play in trophic food web interactions in the GAB.

While the well-known Bonney upwelling (see Figure 2a) is the most prominent upwelling feature of the
region [Lewis, 1981; Schahinger, 1987; Kämpf et al., 2004], it should be highlighted that its upwelling shadow
is devoid of noticeable ecological features, unlike upwelling shadows in other upwelling systems which often
serve as breeding and feeding grounds for various fish species and marine mammals [see Kämpf and
Chapman, 2016]. In contrast and for unknown reasons, both whales and dolphins tend to accumulate
upstream rather than downstream the Bonney upwelling center [Gill et al., 2011]. Another puzzling feature
given the alleged low productivity of the GAB is the mass breeding accumulation of southern right whales
(Eubalaena australis) mainly around the Head of Bight from mid-May to October [Mackey and Goldsworthy,
2015]. While themain reason of this accumulation is obviously breeding and not feeding, it is still unlikely that
whales would select oligotrophic waters as suitable breeding habitats. Perhaps, the GAB is not as oligotrophic
as previously thought?

2. Methodology

This work is based on monthly composites of ocean color satellite data (Moderate Resolution Imaging
Spectroradiometer (MODIS)-Aqua) of surface chlorophyll a (chl a) concentrations at a spatial resolution of
~4 km. Data cover the period from 1 January 2003 to 31 December 2015, i.e., spanning a period of 13 years.
Cloud biases are relatively few given that clouds in the region are transient features. While coastal ocean color
signals can be biased by interference with river-derived colored dissolved organic matter or suspended sedi-
ment [see Kämpf, 2015], analysis of fluorescence line height data being devoid of such biases confirms the
observed chl a seasonality (not shown). In addition, we also analyzed the evolution of mixed-layer depth

Figure 1. The geography of Australia’s southern shelves. Isobath depths are in meters. Shaded regions are shallower than 100m. The insert shows the climatologic
interannual cycle of mixed-layer depth (m) for the continental shelf of the central Great Australian Bight and farther offshore in the South Australian Basin, taken from
de Boyer Montégut et al. [2004].
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(MLD) in the region, using climatologic monthly data from de Boyer Montégut et al. [2004], which are
consistent with data shown by Gabric et al. [2010, Figure 9b].

Four regions were selected to explore the timing and magnitude of region-averaged chl a blooms (small
white rectangles in Figure 2b). While the chl a signal in the Bonney upwelling region is region specific, the
signal for the coastal GAB region is representative of most water <100m of the GAB, and that for the refer-
ence station is characteristic of most open-ocean waters of the South Australian Basin outside the shelf break
(see Figure 2b). In addition, we added a Bass Strait region, given that this area is quite shallow (<100m) and
therefore possibly shares some of the chl a characteristics seen on the shallow continental shelf of the GAB.
Monthly MLD data were also extracted for these regions. In addition, we considered two larger areas (black
rectangles in Figure 2b), one surrounding the Bonney upwelling region and the other one covering the whole

Figure 2. Distributions of MODIS-Aqua chlorophyll a concentration (mg/m3) on Australia’s southern shelves for (a) March 2010 and (b) June 2009. Data and image
source: NASA Giovanni. Figure 2a highlights coastal upwelling regions (ellipses), namely: 1, western Great Australian Bight; 2, Lower Eyre Peninsula; 3, Bonney coast;
4, West Tasmanian shelf; and 5, Southern Gippsland coast. Figure 2b shows typical late autumn winter conditions. White rectangles display regions used for time
series shown in Figures 3 and 4. The regions are defined as coastal GAB (133–134°E, 32–33°S), Bonney Coast (139.2–140.2°E, 36.8–37.9°S), Bass Strait (145.5–147°E,
39.5–40.5°S), and a reference station in the South Australian Basin (128.4–131.6°E and 33.5–34.3°S). Black rectangles refer to regions used to calculate the spatial
extent of phytoplankton blooms (see Figure 5). The corresponding coordinates are GAB (118–136°E, 31–35.5°S), and Bonney Coast and adjacent bay (Long Bay)
(137.5–141°E, 35.5°–38.5°S).
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GAB region, to estimate the spatial extent of phytoplankton blooms (based on monthly distributions) within
selected chl a ranges. To this end, we selected an interval (bin size) of Δchl a= 0.4mg/m3, which is about 4
times the observed root-mean-square error of MODIS ocean color data compared to in vivo chl a data [see
Redondo Rodriguez et al., 2015]. This part of the analysis only uses data for 2013–2015, which is sufficient
as a first estimate.

3. Results and Discussion

Each year during summer, a number of well-described coastal upwelling centers develop along Australia’s
southern coastline (Figure 2a). Upwelling centers are found off the Bonney coast [Lewis, 1981; Schahinger,
1987], the southern tip of the Eyre Peninsula [Kämpf et al., 2004], and the west coast Tasmanian shelf
[Kämpf, 2015]. The example from February 2014 seen in Figure 1a also indicates the existence of coastal
upwelling in the western GAB and off the coast of southern Gippsland, Victoria. A closer analysis (not shown)
indicates that the former is a highly irregular feature, whereas the latter forms another, yet unexplored sea-
sonal wind-driven upwelling center, to be explored in greater detail in the future. Note that the eastern edge
of Bass Strait has a number of larger islands. Both tidal mixing [Baines and Fandry, 1983] and island wakes
[Tomczak, 1988] render the local shelf waters in this region relatively productive.

Surprisingly, inspection of typical autumn/early winter conditions reveals the existence of widespread phyto-
plankton blooms across most shelf regions of southern Australia, except for the narrow shelf of the Bonney
Coast (Figure 2b). It should be highlighted that while these hidden winter blooms exist in every year, they are
only made visible here via the choice of an appropriate color palette and value range. In fact, chlorophyll-
levels during these hidden blooms are 0.6–0.8mg/m3 which is around a third of the peak levels that develop
off the Bonney coast during an upwelling event [see Kämpf, 2015].

The Bonney upwelling region stands out in time series of monthly mean chlorophyll a concentrations
(Figure 3a), typically peaking at values of 1–2mg/m3 during February/March each year (Figure 4a). Each of
the peak values observed can be explained by upwelling-favorable synoptic wind events [see Kämpf,
2015]. In some years (i.e., 2006 and 2011–2013) the monthly mean upwelling signature is relatively weak with
chlorophyll a values <0.8mg/m3, while in other years (i.e., 2007–2008 and 2008), upwelling is more pro-
nounced with monthly mean values >1.5mg/m3. It should be noted that this variability is entirely related
to synoptic weather variability, and not to modes of climate variability [see also Kämpf, 2015]. It is interesting
to note the unusual occurrence of pronounced upwelling in November months of the recent years 2013
and 2015.

Other shelf regions off southern Australia display a different behavior in terms of interannual chlorophyll a
variability (Figure 3b). On the shallow shelf of the GAB, for instance, chlorophyll a levels tend to peak during
austral autumn-early winter months (May to July) with average values of ~0.7–0.8mg/m3 (Figure 4b).

Figure 3. Time series for the period January 2003 to December 2015 of monthly averages of MODIS-Aqua chlorophyll a
concentrations (mg/m3; data source: NASA Giovanni) for (a) the Bonney coast and (b) the coastal GAB, Bass Strait, and
the reference station. See Figure 2b for the areas used in this analysis.
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Relatively low chlorophyll a levels<0.4mg/m3 are found during spring and early summer, which agrees with
early data [Motoda et al., 1978]. In Bass Strait (Figure 4c), chlorophyll a displays seasonal maximum levels of
~0.5–0.7mg/m3 over an extended period during both autumn and winter months. Farther offshore in the
South Australian Basin (see Figures 2b and 4d) chlorophyll a attains maximum values during winter, which
is a typical feature of the subtropical latitude band between 30 and 40°S associated with nutrient
replenishment due to mixed-layer deepening [Thomalla et al., 2011].

To estimate the spatial extent of phytoplankton blooms, we grouped the observed chlorophyll a levels into
three ranges of 0.4–0.8, 0.8–1.2, and >1.2mg/m3. In the Bonney upwelling region and its upwelling shadow,
the spatial extent of phytoplankton blooms of the highest range (chlorophyll a concentrations >1.2mg/m3)
increases to around 3000–6000 km2 in due course of upwelling events, while the range of 0.8–1.2mg/m3

occupies another area of approximately the same size (Figure 5a). During late autumn/early winter and in
the absence of upwelling-favorable winds, phytoplankton blooms within chlorophyll a levels of 0.8–
1.2mg/m3 develop over an area of 5000–10,000 km2. Reduced chlorophyll signals (0.4–0.8mg/m3) develop
over an additional area of ~10,000 km2, again mainly during autumn and early winter. Note that the late
autumn/early winter blooms do not appear in the region-averaged chl a signal (see Figures 3a and 4a) where
they are offset by low chl a values in ambient water.

The GAB sees the autumn development of moderate chlorophyll a concentrations in the ranges of 0.4–
0.8mg/m3 and 0.8–1.2mg/m3 in vast areas of ~60,000 km2 and ~20,000 km2 in size (Figure 5b). Peak

Figure 4. Same data as in Figure 3 but using radar plots to highlight the average seasonal cycles (thick lines) of chlorophyll
a concentrations (mg/m3) for (a) the Bonney coast, (b) the coastal GAB, (c) central Bass Strait, and (d) the reference station,
± one standard deviation (thin lines). Thick arrows highlight periods of maximum values. See Figure 2b for the areas used
in this analysis.
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chlorophyll a concentrations >1.2mg/m3 develop in the GAB in both summer and winter stretching over
areas of up to 5000 km2. In summer, this is due to coastal upwelling in the eastern GAB (see Figure 2a).
While autumn sees phytoplankton blooms across all chlorophyll a ranges, the highest chlorophyll a
concentrations >1.2mg/m3 are found in shallower water of the central GAB (see Figure 2b).

Possible nutrient sources fuelling the observed autumn phytoplankton blooms are discussed in the follow-
ing. Apart from the upwelling process, nutrients can be supplied to the water column via atmospheric dust
deposits, river discharges, and benthic nutrient regeneration. Atmospheric dust deposits over the study
region are episodic but tend to occur during austral spring and summer [Gabric et al., 2010]. Moreover, there
is no or only little continental runoff along most of Australia’s southern shelves, except for its eastern region
that receives river discharges from catchments in Tasmania’s and Victoria. Hence, dust inputs and continental
runoff can be excluded from the consideration.

It is clear that the winter blooms in the adjacent open ocean are related to mixed-layer deepening and
entrainment of nutrient-enriched water from deeper layers [Thomalla et al., 2011], which is assisted by strong
winter storms [see Young, 1999]. The gradual deepening of the mixed layer in the entire region is driven by
thermal convection due to surface heat losses. The key here is that, on the shallow continental shelf, this con-
vection operates to stir the entire water column, which is only ~100m deep, by the end of autumn (Figure 1,
see insert). To this end, convective plumes can entrain benthic nutrient sources and potentially plankton
spores [see Backhaus et al., 1999] into the euphotic zone in support of the initiation of phytoplankton blooms.
It should be highlighted that this timing also coincides with the period of the formation of dense shelf bot-
tom water in the central GAB [Petrusevics et al., 2009], which requires full convective erosion of density stra-
tification on the continental shelf. It is interesting to speculate that once the density-driven flow has been
formed—from around July to December each year [Petrusevics et al., 2009]—its vertical density stratification
may reduce benthic nutrient influences, which could explain the low spring/early summer productivity in
some regions of the GAB, as observed by Motoda et al. [1978] and Young et al. [2001].

4. Summary and Conclusions

Findings of this study reveal the previously hidden phytoplankton blooms that are a pronounced autumn
feature developing on most of Australia’s southern shelves. The appearance of these blooms coincides with
progress of “full convection” on the shelf (i.e., convective plumes reaching the seafloor) which is a mechanism

Figure 5. Time series (January 2013 to December 2015) of the spatial extent (km2) of surface water that has monthly-
averaged chlorophyll a concentrations within the certain ranges of 0.4–0.8, 0.8–1.2, and >1.2mg/m3 for (a) the Bonney
Coast and the adjacent bay (Long Bay), and (b) the Great Australian Bight. See Figure 2b for the areas used in this
analysis. The stars in Figure 5b indicate the months of major upwelling events (see Figure 3a).
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that can entrain regenerated benthic nutrients (and plankton spores) into the euphotic zone. This suggests
that the autumn phytoplankton blooms in the region only occur because the continental shelf of
Australia’s southern shelves is unusually shallow.

In terms of chlorophyll a concentrations of up to 1.2mg/m3, the Great Australian Bight (GAB) can hardly be
classified as oligotrophic during autumn. This widespread autumn phytoplankton bloom, which commences
after the upwelling season, clearly has the potential to underpin the relatively high abundance of both forage
fish (sardines) and upper trophic-level predators (e.g., tuna, whales, sharks, and seals) in the region. While pre-
vious studies may have overstated the significance of coastal upwelling events on food web interactions on
Australia’s southern shelves, the upwelling regions still provide important “oases” of nutrient fluxes during
summer at times when the overall phytoplankton concentrations in ambient waters are extremely small.
However, this study is only the first step toward improved understanding of the marine food web dynamics
of the region. Previous studies [e.g., Iverson, 1990] indicate a clear relation between phytoplankton produc-
tion and marine fish production. Given the high fish production of coastal upwelling systems, it is also no sur-
prise that there is a positive correlation between chlorophyll a levels and fishery yields [Friedland et al., 2012].
In how much the observed autumn phytoplankton blooms support higher trophic levels in the GAB is
unknown and required further field studies. Another interesting research question is whether the down-
stream drift of plankton spores from summer upwelling plumes into the central GAB (as described by
Pitcher [1990] for the southern Benguela upwelling system) is an agent seeding the observed autumn
phytoplankton blooms.
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