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Subtropical systems experience occasional severe floods, dramatically altering the
phytoplankton community structure, in response to changes in salinity, nutrients,
and light. This study examined the effects of a 1:100 year summer flood on the
phytoplankton community in an Australian subtropical bay – Moreton Bay – over
48 weeks, from January to December 2011. Immediately after maximum flood levels
were reached on the rivers flowing into the bay, the lowest salinity, and highest turbidity
values, in more than a decade, were measured in the Bay and the areal extent of the
flood-related parameters was also far greater than previous flood events. Changes in
these parameters together with changes in Colored Dissolved Organic Matter (CDOM)
and sediment concentrations significantly reduced the light availability within the water
column. Despite the reduced light availability, the phytoplankton community responded
rapidly (1–2 weeks) to the nutrients from flood inputs, as measured using pigment
concentrations and cell counts and observed in ocean color satellite imagery. Initially, the
phytoplankton community was totally dominated by micro-phytoplankton, particularly
diatoms; however, in the subsequent weeks (up to 48-weeks post flood) the community
changed to one of nano- and pico-plankton in all areas of the Bay not usually affected
by river flow. This trend is consistent with many other studies that show the ability of
micro-phytoplankton to respond rapidly to increased nutrient availability, stimulating
their growth rates. The results of this study suggest that one-off extreme floods
have immediate, but short-lived effects, on phytoplankton species composition and
biomass as a result of the interacting and dynamic effects of changes in nutrient and
light availability.

Keywords: phytoplankton, subtropical, extreme-flood, coastal, Moreton Bay, phytoplankton pigments,
ocean color
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INTRODUCTION

Coastal embayments are complex water systems influenced
by both the marine waters of off-shore seas and the terrestrial
runoff carried by freshwater flow through rivers and estuaries.
Phytoplankton community composition can exhibit large
heterogeneity throughout a bay with the largest difference being
between those communities near the mouth of rivers entering
the bay and those communities at the seaward edge of the bay.

The location of the bay will also affect the phytoplankton
community dynamics with temperate systems receiving highest
river flow during winter, showing greater fluctuation in
temperature and typically having maximum biomass in spring
(Eyre, 2000; Ansotegui et al., 2003; Cook et al., 2010; Schaeffer
et al., 2012). In contrast, tropical and subtropical systems, often
have strongest river flow in summer (commonly referred to as
the wet season), are not generally limited by temperature and can
have maximum biomass at different times of the year dependent
on the occurrence of episodic runoff events (Eyre, 2000; Glibert
et al., 2006; Burford et al., 2012a).

Under low flow conditions the water system can have
extremely stable phytoplankton populations at different points
throughout the system; each phytoplankton community will have
adapted to the specific physical and chemical characteristics of
their site within the bay. When the system is disturbed by an
extremely large flow or flood event, different populations are
also disturbed and the phytoplankton community composition
can become more homogeneous throughout the bay (Angeler
et al., 2000; Dagg et al., 2004). Recovery to the phytoplankton
communities that existed pre-flood event will often take much
longer than the flood takes to subside (Davies and Eyre, 1998;
Moss, 1998; Eyre, 2000; Weyhenmeyer et al., 2004; Muylaert and
Vyverman, 2006; Guizien et al., 2007).

Flood events bring increased terrestrial runoff, which usually
includes increased nutrient, particulate, Colored Dissolved
Organic Matter (CDOM) and other contaminant loads, into the
estuary and bay systems (Devlin et al., 2012; D’Sa et al., 2018)
and in extreme situations, a flood event can cause permanent
change to the ecosystem (Alpine and Cloern, 1992; Devlin
et al., 2012). Phytoplankton need both nutrients and light for
growth, so a sudden increase in nutrient concentration can favor
some phytoplankton species causing a bloom to rapidly form.
However, increased particulate loads or CDOM concentrations
can reduce light availability. Essentially, the effects of the high
nutrient load and the high particulate load can offset each other
and the system biomass can stay much the same as the pre-
flood values or can even be reduced (O’Donohue and Dennison,
1997). It is not uncommon for high particulate loads or CDOM
concentrations to reduce light availability to such an extent that
systems maintain low phytoplankton biomass, even in nutrient-
rich conditions (Cloern, 1987). Under low flow conditions, the
highest biomass is generally near the mouth of the river that
flows into the bay; a site where the phytoplankton can take
advantage of the enhanced nutrient loads flowing from the river
(Alpine and Cloern, 1992; Dennison and Abal, 1999). Both
the concentration of nutrients and the particulate/CDOM load
in the water column decrease with increasing distance from

the river mouth (O’Donohue and Dennison, 1997; Dagg et al.,
2004; Gaston et al., 2006; Glibert et al., 2006; Schroeder et al.,
2012; Dorado et al., 2015). During a flood event, the highest
biomass can often be around the seaward edge of the flood
plume where the particulate loads have descended to lower in
the water column or the CDOM concentration has been diluted,
therefore increasing light availability to surface waters and
allowing phytoplankton populations to respond to the increase in
nutrients that have disassociated from the particulate material to
become bioavailable (Smith and Demaster, 1996; Lohrenz et al.,
1999; Saeck et al., 2013a; O’Mara et al., 2019).

Residence time is also a factor in determining the level of
biomass at a site; when river flow is low, the residence time of the
nutrients is longer allowing the phytoplankton to take advantage
of a food source. During a flood event the residence time is
too short and the disturbance to the phytoplankton population
too great for the phytoplankton to take advantage of the higher
nutrient concentrations (Cloern, 1996; Chan and Hamilton, 2001;
Ansotegui et al., 2003; Rissik et al., 2009; Saeck et al., 2013a;
Glibert et al., 2014).

Many of the past studies related to flood events have
been in temperate bays; the 2011 flood in Moreton Bay
(Figure 1) provided an opportunity to investigate the response
of phytoplankton in a subtropical bay. Two primary research
questions initiated this study. The first being what are the impacts
of a large flood event on the phytoplankton community in a
subtropical bay and the second was related to resilience of the
phytoplankton community – does the pre-flood phytoplankton
community return after the flood event and if so how long does
it take to re-establish. Predictions of an increased frequency of
extreme flood events due to climate change in the SE Queensland
region (Döll and Müller Schmied, 2012; van Vliet et al., 2013)
make the understanding of the biological response to such
events critical to the future management of subtropical coastal
estuaries and bays.

MATERIALS AND METHODS

Study Site
Moreton Bay (27◦15’S 153◦15′E) is a shallow subtropical coastal
embayment on the south-east Queensland coast (Figure 1).
It covers an area of 1523 km2 and has an average depth of
6.8 m although areas of the bay north of the Brisbane River are
approximately 30 m deep. It receives discharge from two major
rivers (Brisbane and Logan) and several smaller ones (Dennison
and Abal, 1999). The Brisbane River catchment (13,556 km2)
together with that of the Logan River (3650 km2) and other
small rivers (1823 km2) drains rural, agricultural, urban, and port
areas. The seaward side of the bay is bordered by two large sand
islands (Moreton and Stradbroke) that restrict the exchange of
marine waters from the western Coral Sea with Moreton Bay. The
main water exchange with the Coral Sea is via the 16-km wide
North Passage. With an average evaporation of 1961 mm and
an average annual rainfall of 1177 mm (Eyre and McKee, 2002;
Wulff et al., 2011) within the Moreton Bay area, full strength
salinity is generally retained throughout the bay for most of the

Frontiers in Marine Science | www.frontiersin.org 2 March 2021 | Volume 8 | Article 580516

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-580516 February 27, 2021 Time: 15:51 # 3

Clementson et al. Effect of Extreme Flood on Subtropical Ecosystem

FIGURE 1 | Map of station locations in Moreton Bay. Inset indicates location of Moreton Bay in Australia. Circled numbers indicate core stations sampled every trip
and non-circled numbers are stations sampled occasionally. The star indicates the location of the IMOS National Reference Site mooring.

year (Dennison and Abal, 1999; Quigg et al., 2010). Moreton
Bay has a tidal range of 1.5–2 m with the central and northern
sections of the bay flushed more than the southern and western
sections. The average residence time in the bay is about 45 days
(McEwan et al., 1998; Dennison and Abal, 1999), however the
north east region near the North Passage is about 3–5 days. In
this region, some proportion of the surface water flushed from
Moreton Bay is often reintroduced as a deeper water intrusion on
the following flood tides.

During periods of high discharge volume (>∼2 × 106 ML),
the Brisbane River can flow fresh to the bay (Davies and Eyre,
1998; Eyre et al., 1998). In addition, the Wivenhoe Dam, situated
on the Brisbane River, 73 km from Moreton Bay (area 109 km2

and storage capacity of 3.132 million ML) can, during flood
events release water from its storage capacity, extending the
duration of the high volume of water flowing down the Brisbane
River (Burford et al., 2012b; O’Brien et al., 2016). Between 2 and
6 weeks post flood, there was a major release of freshwater from
Wivenhoe Dam from 21 February 2011, which led to salinity

measurements at station 1, near the mouth of the Brisbane River,
to be almost as low as those recorded 1-week post flood (Table 1).

Major floods are classified as those where extensive low-lying
areas next to the water course are inundated with water, causing
evacuations of humans and animals and potential isolation of
towns or cities. For the Brisbane River, which has a maximum
baseline height of 1 m, a major flood is recorded when the river
height exceeds 3.5 m. Since records began in 1841, there have
been <10 occurrences of major flood events where the waters
of the Brisbane River were measured to be higher than 4 m
at the city gauge; the gauge closest to Moreton Bay. The last
of these events occurred in January 2011, when the Brisbane
River peaked at 4.46 m at 3 am on 13 January 2011 and was
described, by flood forecasting models, as a “once in 100-year
event.” As a result, enormous volumes of freshwater flowed from
the Brisbane and other rivers into Moreton Bay, carrying with
it, thousands of tonnes of sediment (Brown and Chanson, 2012;
Steven et al., 2014; O’Brien et al., 2016), particulate and dissolved
nutrients, CDOM and contaminants. This study is the first to
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TABLE 1 | Values of environmental parameters from surface water samples
collected from three stations within Moreton Bay, I, 2, 6, 19, and
48-weeks post flood.

Trip 1 Trip 2 Trip 3 Trip 4 Trip 5

Station 19–21
January

26–28
January

25–27
February

25–28
May

18–21
December

Temp (◦C) 1 27.20 28.08 26.55 19.16 24.08

4 27.49 27.25 26.05 20.18 24.15

10 26.06 26.72 26.87 20.43 24.07

Salinity 1 5.50 21.13 6.85 32.45 34.18

(PSU) 4 23.55 25.24 29.40 34.26 35.38

10 30.35 28.63 30.41 34.54 35.52

Secchi 1 0.25 1.2 0.87 1.7 1.5

depth (m) 4 2.0 2.3 1.3 4.0 2.6

10 2.2 2.0 3.3 7.9 5.6

TSM 1 24.40 7.80 9.95 7.38 3.42

(mg L−1) 4 3.52 1.85 5.21 1.13 1.64

10 2.45 1.83 2.30 0.43 0.94

Chl-a 1 3.26 9.42 6.5 3.32 6.10

(mg m−3) 4 6.93 0.99 3.74 0.77 1.39

10 2.39 1.11 0.89 0.43 0.53

aCDOM (440) 1 2.47 1.38 0.85 0.22 0.50

(m−1) 4 1.12 1.12 0.37 0.15 0.09

10 0.52 0.49 0.35 0.06 0.04

PPC 1 0.497 0.953 0.565 0.376 0.646

(mg m−3) 4 0.824 0.151 0.452 0.138 0.350

10 0.207 0.133 0.137 0.140 0.149

PSC 1 1.130 4.025 2.897 1.392 2.494

(mg m−3) 4 3.329 0.259 2.178 0.317 0.304

10 0.896 0.242 0.409 0.132 0.110

% micro 1 76.3 91.7 93.5 77.8 81.1

4 92.5 74.3 91.9 47.2 52.1

10 90.4 75.6 82.5 26.8 43.5

% nano 1 8.4 3.6 1.9 6.2 2.7

4 2.3 7.5 2.7 21.2 2.3

10 3.4 7.6 5.2 22.1 1.7

% pico 1 15.3 4.72 4.6 16.0 16.2

4 5.2 18.2 5.4 31.6 45.6

10 6.2 16.8 12.4 51.1 54.9

Note some values are the average of two results. See Oubelkheir et al. (2014)
for individual values. Water column depths of stations were: stn 1–5 m; stn 4–
19 m; stn 10–17 m.

provide a comprehensive study of the phytoplankton assemblage,
using several complimentary techniques – microscopic analysis
of phytoplankton abundance and species identification together
with pigment concentration and composition and remote sensing
satellite imagery – to track the effects of the flood event in
Moreton Bay over a 12-month period.

Sampling Strategy
Immediately after maximum flood levels were reached and prior
to the sampling program being established, satellite remote-
sensed images showed a large flood plume flowing from the
mouth of the Brisbane River, north along the western shore of

Moreton Bay. To represent effects of the flood waters throughout
Moreton Bay, sampling sites were chosen within the flood plume
and at varying distances from the flood plume (Figure 1) and
were sampled 1 (19–21 January), 2 (26–28 January), 6 (25–27
February), 19 (25–28 May), and 48 (18–21 December) weeks post
flood. During the sampling at 6 weeks post flood, an additional
three stations were sampled in south-east Moreton Bay, and
during the 48-weeks post flood sampling a further three stations
were sampled, close to the mouths of the Caboolture and Pine
Rivers and in the south of Moreton Bay (Figure 1). At each site,
samples were collected from the surface water for the analysis
of phytoplankton pigments, phytoplankton cell counts (except
1 week post flood), Total Suspended Matter (TSM), and Colored
Dissolved Organic Matter (CDOM). Samples for the analysis
of nutrients and other bio-optical parameters, along with CTD
profiles were also collected at each site (Oubelkheir et al., 2014).

Phytoplankton Pigments
A known volume of sample water was filtered through
a glass-fiber filter (47 mm Whatman GF/F), which was
then stored in liquid nitrogen until analysis. Samples were
extracted over 15–18 h in an acetone solution before analysis
by HPLC using a C8 column and binary gradient system
with an elevated column temperature following the protocol
described in Clementson (2013). Pigments were identified
by retention time and absorption spectrum from a photo-
diode array (PDA) detector and concentrations of pigments
were determined from commercial and international standards
(Sigma, United States; DHI, Denmark).

Pigment analysis is used to estimate algal community
composition and concentration. Pigments which relate
specifically to an algal class are termed marker or diagnostic
pigments (Jeffrey and Vesk, 1997; Jeffrey and Wright, 2006).
Some of these diagnostic pigments are found exclusively in
one algal class (e.g., prasinoxanthin in prasinophytes), while
others are the principal pigments of one class, but are also
found in other classes (e.g., fucoxanthin in diatoms and some
haptophytes; 19′-butanoyloxyfucoxanthin in chrysophytes and
some haptophytes). The presence or absence of these diagnostic
pigments can provide a simple guide to the composition of
a phytoplankton community, including identifying classes of
small flagellates that cannot be determined by light microscopy
techniques. In this study, the description of the phytoplankton
community composition is based on the pigments/algal groups
listed in Table 2.

Carotenoid accessory pigments can be described as either
photosynthetic (PSC), those that transfer energy to reaction
centers during photosynthesis or photoprotective (PPC), those
that prevent damage to the chloroplast from high light
conditions. In this study the concentration of PPC was the
sum of violaxanthin, diadinoxanthin, alloxanthin, diatoxanthin,
zeaxanthin, lutein, and carotenes, while the concentration of
PSC was the sum of peridinin, 19′-butanoyloxyfucoxanthin,
fucoxanthin, and 19′-hexanoyloxyfucoxanthin.

Diagnostic pigments can be used to determine the size
class distribution of the phytoplankton community, based on
established methods (Vidussi et al., 2001; Uitz et al., 2006). Size
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TABLE 2 | Biomarker pigments and the algal groups they represent
(Egeland et al., 2011).

Pigment name Abbreviation Algal group

Peridinin Peri Dinoflagellates

19′-Butanoyloxyfucoxanthin But-fuco Chrysophytes

Fucoxanthin Fuco Diatoms

19′-Hexanoyloxyfucoxanthin Hex-fuco Haptophytes

Prasinoxanthin Pras Prasinophytes

Alloxanthin Allo Cryptophytes

Zeaxanthin Zea Cyanophytes

Lutein Lut Chlorophytes

Chlorophyll b Chl-b Green algal groups

Divinyl chlorophyll a DV chl-a Prochlorophytes

classes are micro (>20 µm), nano (2–20 µm), and picoplankton
(< 2 µm).

Phytoplankton Identification and
Abundance
Collected at the same time as the pigment samples during
sampling trips 2–48 weeks post flood, phytoplankton samples
were analyzed to determine cell abundance and identification
of species. A surface water sample was collected in a 200 ml
plastic bottle preserved using Lugol’s solution and stored at 4◦C
before concentrating using a sedimentation technique (Hötzel
and Croome, 1999) to a final volume of 10 ml. Phytoplankton
identification and enumeration (Tomas, 1997; Hallegraeff et al.,
2010) to the lowest possible taxon was undertaken using a
Leica DMLS standard compound microscope equipped with
phase contrast (maximum magnification ×400). Phytoplankton
abundance was estimated by counting up to 100 cells of the
most dominant taxa using the Lund cell method (Hötzel and
Croome, 1999). For some taxa, species-level identification was
not possible using routine light microscopy and, in these
instances, individuals were identified to genus level (e.g.,
Chaetoceros spp., Pseudo-nitzschia spp., and Thalassiosira spp.).
Trichodesmium erythraeum filaments were converted to cell
counts using a conversion factor (30 cells filament−1) that was
obtained by averaging cell counts of 40 filaments (standard
deviation, 6.4 cells filament−1). Cell biovolume was calculated
on the geometric shapes and associated equations assigned for
microalgae (Hillebrand et al., 1999).

Colored Dissolved Organic Matter
A known volume of sample water was filtered through a
0.22 µm filter (Millipore Durapore), and the filtrate was stored
in clean dry glass bottles and kept cool and dark until analysis,
generally within 24–72 h after collection. After equilibrating to
room temperature, the CDOM absorbance of each filtrate was
measured from 250 to 800 nm in a 10 cm pathlength quartz cell
using a Cintra 404 UV/VIS spectrophotometer, with fresh Milli-
QTM water (Millipore) as a reference. The CDOM absorption
coefficient (aCDOM(l), m−1) was calculated using the equation
aCDOM = 2.3(A(λ)/l) where A(λ) is the absorbance (normalized
to zero at 680 nm) and l is the cell path length in meters. Finally, to

smooth the scan, an exponential function was fitted to the CDOM
spectra over the wavelength range 350–680 nm.

Total Suspended Matter
A known volume of sample water was filtered through a pre-
weighed glass-fiber filter (47 mm Whatman GF/F) that had been
previously muffled at 450◦C. The filter was then rinsed with ∼
50 ml of distilled water to remove any salt from the filter and dried
to constant weight at 65◦C to determine the TSM.

Remote Sensing
Remotely sensed CDOM absorption based on MODIS satellite
imagery was used to map the spatial extent of flood waters
into Moreton Bay. MODIS derived CDOM has been shown to
be an effective surrogate for salinity (Schroeder et al., 2012)
and in the case of the 2011 Moreton Bay floods, Oubelkheir
et al. (2014) showed that in situ CDOM and salinity were
highly inversely correlated, therefore allowing CDOM to be
used or interpreted as a surrogate for salinity. This technique
uses a physics-based ocean color inversion algorithm to derive
CDOM absorption from MODIS satellite observations, which
is then subsequently converted into salinity using an empirical
relationship derived from linear regression of in situ CDOM and
salinity measurements. The physics-based inversion algorithm
outlined in Schroeder et al. (2012) was used to map the spatial
extent of CDOM absorption in Moreton Bay during or close to
the field observation periods (Figure 2).

MERIS Level 2 Full Resolution Full Swath product that were
largely cloud-free over Moreton Bay were downloaded from ESA
MERCI (https://merisfrs-merci-ds.eo.esa.int/merci/) and Chl-a
(algal 2 product for Case II waters based on a neural network
algorithm) were obtained. Errors in Chl-a obtained in other
estuarine-shelf waters using the neural network algorithm were
similarly corrected using an adaptive algorithm (Liu et al., 2021).
In situ HPLC obtained during trip 3 (24–27 Feburary 2011, 18
stations), trip 4 (26–27 May 2011, 14 stations), and trip 5 (17–
20 December 2011, 14 stations) were used to calibrate MERIS
algal 2 Chla products acquired on 26 February, 24 May, and
20 December. Maximum time interval between in situ data
and satellite data was 2 days. A comparison of Chl-a values
extracted from the algal 2 product with in situ HPLC Chl-a
were highly overestimated (up to three times) in Moreton Bay
(Figure 3B). Therefore, based on the relationship between field-
measured and the algal 2 estimated Chl-a (y = 0.26 × x + 0.27,
R2
= 0.63, Figure 3B), the algal 2 product was further calibrated

to obtain more accurate MERIS-derived Chl-a for Moreton
Bay by subtracting the intersect and dividing by the slope.
Subsequently, a long time-series of calibrated MERIS-Chl-a were
generated for the period before and after the extreme flood event
(October 2010–December 2011; Figure 3A). Mean Chl-a values
(averaged for field sampling sites; Figure 3C) were then extracted
for Moreton Bay.

Based on the MERIS calibrated Chl-a and estimated
phytoplankton absorption coefficients (aphy), a total of 22
phytoplankton pigments were retrieved by decomposing aphy
using a non-negative least square (NNLS) algorithm (D’Sa
et al., 2019; Liu et al., 2019). The NNLS-retrieved Chl-a,
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FIGURE 2 | Sequence of remotely sensed images of CDOM absorption at 443 nm from MODIS observations covering Moreton Bay on 22 January, 25 February, 25
May, and 17 December 2011.

though slightly overestimated, was spatially highly correlated
(R2
= 0.96), with the calibrated MERIS-Chl a (Figure 4A). Five

important biomarker pigments including fucoxanthin (fuco),
peridinin (peri), zeaxanthin (zea), alloxanthin (allo), and Chl-b
retrieved from the NNLS algorithm agreed reasonably well with
corresponding HPLC pigments (Figures 4A–F) and had p-values
of <0.001. The overall overestimations of biomarker pigments
could be attributed to uncertainties in the calibrated MERIS-Chl
a and to the time differences (up to 2 days) between satellite and
field data. Post flood spatiotemporal maps of biomarker pigments
associated with specific phytoplankton groups were obtained
over Moreton Bay.

Statistical Analyses
Variation in indicator pigment composition was summarized
using principal components analysis (PCA). Data were available
for 12 sites and 5 sampling trips. Pigment data were standardized
by total chlorophyll a and square root transformed. To assess
potential drivers of the community patterns, environment

variables and size classes (estimated from pigments) were plotted
as arrows on PCA plots using the envfit function of the R
vegan package (Oksanen et al., 2019). With this method, the
direction of an arrow for a variable is the direction that maximizes
the correlation between the variable values of the samples
and the (projected) locations of the samples along the arrow.
Lengths of the arrows are proportional to the correlations. The
envfit explanatory variables were checked for skewness and
transformed as appropriate (arcsine for size class percentages; log
for TSM and CDOM).

PCA was also used to summarize variation in phytoplankton
species composition among sites and times. Data were available
for 18 sites and for trips 2–5. Sites were sampled on 1–4 of these
trips, but the majority were sampled on all four trips. For PCA,
the phytoplankton community matrix was transformed with
the fourth root and Hellinger transformations (Legendre and
Legendre, 1998; Legendre and Gallagher, 2001). The fourth root
transformation was applied to reduce asymmetry in abundance
distributions and to focus the analysis on species assemblage
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FIGURE 3 | (A1−18) MERIS-derived Chl-a shown for the period of 25 November 2010 to 20 December 2011. (B) Relationship between MERIS neural network Chl-a
(algal 2 product for Case 2 waters) and in situ HPLC-Chl-a used for obtaining the corrected MERIS Chl-a (n = 46, p < 0.001). (C) Mean of Chl-a corresponding to
locations of field sampling stations for ∼50 cloud-free MERIS images.

rather than on abundant species (abundance varied over nearly
three orders of magnitude).

Long Term Data Analyses
The Queensland Department of Environment (Ecosystem Health
Monitoring Program – EHMP) have sampled several parameters
from several sites within Moreton Bay on a regular basis
since 1990. Monthly data for temperature, salinity, nitrogen
concentration, and turbidity from 2002 to 2013 inclusively
are presented in Supplementary Figure 1. Brisbane River
flow data (Bureau of Meteorology) is presented as a time

series (Supplementary Figure 2). Satellite retrieved estimates of
CDOM absorption at 443 nm from a central location in Moreton
Bay have been collected from 2002 to 2012 and presented as a
time series as shown in Supplementary Figure 3.

RESULTS

Bio-optical Parameters
The first clear image of Moreton Bay was obtained on 15
January 2011, just 2 days after the flood peaked (see Figure 3,
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FIGURE 4 | Comparisons of MERIS-derived versus HPLC measured pigment concentrations from the 6, 19, and 48 week post-flood sampling trips in Moreton Bay:
(A) Chl-a, (B) fucoxanthin (fuco), (C) peridinin (peri), (D) zeaxanthin (zea), (E) Chl-b, and (F) alloxanthin (allo). For all plots n = 46 and p < 0.001. Refer to Table 2 for
taxonomic groups represented by these pigments.

Oubelkheir et al., 2014); the high spatial resolution Landsat-
8 true color image showed the initial extent of the CDOM
freshwater plume affecting the surface waters over a large
proportion of the bay. The image shows the flow of freshwater,
primarily from the Brisbane River, entering Moreton Bay and
then flowing north, leaving the bay through the North Passage.
Within a week, the MODIS image from 22 January 2011 showed
that the freshwater plume was still affecting surface waters of the
bay, but the very high aCDOM(440) values had receded toward the
coast (Figure 2A). After a further 4 weeks, the image from 26
February 2011 showed highest CDOM absorption to be present
around the mouths of the rivers flowing into Moreton Bay
(Figure 2B). Three months later, the image from 25 May 2011
indicated CDOM absorption had reduced further with highest
aCDOM(440) values isolated to an area around the mouth of
the Brisbane River (Figure 2C). The image 11 months post
flood (17 December 2011) indicated that surface waters over
almost the entire bay were low in CDOM absorption; exceptions
were two small areas along the coast that still showed elevated
aCDOM(440) values (Figure 2D). In situ samples collected for
CDOM analysis validate the extent of the plume as seen in
satellite images (Table 1).

Results from 1-week post flood samples showed the January
2011 flood event had little effect on surface water temperatures of
Moreton Bay (26–28◦C). The extremely high values of all other

parameters were likely to be only be a fraction of what would have
been present in the bay immediately post flood.

The 2011 Flood Event
The flow of the Brisbane River has a moderate seasonal
cycle, with stronger flows during the spring/summer period
(September–March) and weaker flows during winter (June–
August). Although there are periodic large rainfall events, the
January 2011 flood event stands out as the most significant period
in the time series (Supplementary Figure 2). During December
2010 and early January 2011, total rainfall in excess of 1000 mm
was recorded in the Brisbane River catchment and in the 3 days
prior to Brisbane River peaking on 13 January, the catchment had
received rainfall in excess of 286 mm. At a gauging station on the
Brisbane River, 131.1 km upstream of the river mouth, the mean
daily stream flow was >625,000 ML d−1 (Saeck et al., 2013b).
This volume of water was nearly four times more than flowed
from the Brisbane River in the one in 20-year flood in 1996.

Other parameters show seasonal variation with a strong
seasonality in temperature, and weaker seasonality in
environmental conditions associated with sporadic event-driven
floods during the spring, summer, and autumn (Supplementary
Figure 1). Continuous temperature and salinity data have been
recorded since 2009 at a site outside the eastern edge of Moreton
Bay, 38 km from the Brisbane River mouth (Figure 1, IMOS
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FIGURE 5 | Maps of temperature, salinity, TSM, Chl-a concentration, and CDOM absorption coefficient surface properties across Moreton Bay 1-, 2-, 5-, 19-, and
48-weeks post flood: Maps were produced with inverse distance weighted averaging using the R gstat package, ignoring coastline topography (Pebesma, 2004).

national reference station); the temperature-salinity sensor
(WET Labs WQM), situated at 20 m in the water column,
clearly recorded that the effects of the January 2011 flood
extended this far east around 10 days after the flood peaked
(Supplementary Figure 4).

Strong spatial gradients in several environmental parameters
were observed following the flood and became much weaker
during other sampling trips (Figure 5). Across bay gradients for
environmental parameters measured at three stations (1 – near
mouth of the Brisbane River, 4 – mid-bay, and 10 – seaward edge
of the bay near Moreton Island) and for each sampling trip are
listed in Table 1. As seen in other studies (Clementson et al.,
2004;Schroeder et al., 2012), CDOM and salinity demonstrate
a conservative relationship with the highest aCDOM(440) value
being recorded at station 1, the site of lowest salinity (Table 1
and Figure 8 in Oubelkheir et al., 2014). One-week post flood,
Chl-a concentration (as an indicator of phytoplankton biomass)

was highest mid-bay and results clearly indicated a transitional
effect of the flood plume from west to east across the bay (Figure 5
and Table 1).

Two weeks post flood, salinity had increased at most stations,
but was still relatively fresh close to the mouth of the Brisbane
River and the area of high TSM and CDOM was now restricted
close to the river mouths, while Chl-a concentration had
decreased at all stations (Figure 5 and Table 1). The effect of
the release of freshwater from Wivenhoe Dam from 21 February
2011 was localized to stations close to the western shore of the
bay (Figure 5), indicating that although the volume released was
significant the flow was not strong enough for the freshwater
to impact the surface waters of stations mid-bay and on the
eastern side (Table 1 and Figure 5). Interestingly, the freshwater
released from Wivenhoe Dam did not have the same content
of CDOM as the flood waters 6 weeks previously as indicated
by the aCDOM(440) value at station 1, 6 weeks post flood, being
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approximately a third of the value recorded during sampling trip
1 week post flood at the same station.

Results from trip 4 (19-weeks post flood) are confounded
by the trip being sampled during the late autumn/early winter
compared to the other trips sampled during summer. Winter
conditions in Moreton Bay would expect to have low river
discharge, cooler water temperatures, and lower phytoplankton
biomass. Results from 19 weeks post flood show the highest
salinities throughout the bay since the flood event together with
water temperatures of ≈20◦C throughout the bay (Figure 5 and
Table 1) which are slightly lower than the long-term mean values
for both parameters during May (Supplementary Figure 1). In
addition, Secchi depth had deepened and aCDOM(440) values had
reduced significantly at all stations (Table 1 and Supplementary
Figure 1). Nearly 1 year past the peak flood period, temperature
and salinity values across the bay were consistent with those
observed for December over the long term (Table 1 and
Supplementary Figure 1) and were the highest recorded post
flood. The TSM value at the mouth of the Brisbane River (site
1) was the lowest post flood and aCDOM(440) values across the
bay were the lowest observed, during field trips, post flood.
After a period of warmer weather between field trips 19 and
48 weeks post flood, phytoplankton biomass, as indicated by
Chl-a concentration, had increased at all sites (Figure 5 and
Table 1).

Mean Chl-a values generated from MERIS images from
October 2010 to December 2011 provided an overview of
phytoplankton biomass at a greater temporal scale and showed a
steady increase by December 2010 (Figures 3A,C) corresponding
to increased rainfall and river discharge through December 2010.

A few relatively clear January 2011 images indicated peak
mean Chl-a on 13 January 2011 (≈10.2 mg m−3; Figures 3A,C)
corresponding to the peak Brisbane River discharge, and was
higher than the mean in situ Chl-a obtained a week later (19–21
January 2011; ≈8.5 mg m−3) coinciding with the sampling
trip, 1 week post flood. Moderate Chl-a values (≈6.5 mg m−3;
Figure 3A6) in the Brisbane River plume waters (RGB imagery on
13 January 2011; not shown) appeared light limited due to high
concentrations of TSM and CDOM (Figures 2, 3). Mean Chl-a
decreased to ≈5.9 mg m−3 on 24 January (Figure 3A7), 3 days
after the first field trip, with higher Chl-a values (≈9.8 mg m−3)
observed at the Brisbane River mouth that subsequently
decreased to lower values (≈2.2 mg m−3; Figure 3C) throughout
the Bay until late February (Figures 3A8–10). However, a smaller
Chl-a peak (≈4.5 mg m−3; Figure 3C) with highest levels at the
Brisbane River mouth (≈9.2 mg m−3; Figure 3A11) and lower
values around station 10 (≈1.0–1.5 mg m−3; Figure 3A11) was
observed on 26 February 2011 that appeared to be stimulated by
the release of freshwater from Wivenhoe Dam on 21 February
2011. Mean Chl-a returned to background levels (1.2 mg m−3;
Figure 3C) in April 2011 and remained at those levels through
May into December.

Phytoplankton Pigments
Pigment analysis from stations 1 (outside the mouth of the
Brisbane River), 4 (mid-bay), and 10 (seaward edge of bay)
in Moreton Bay showed similar pigment composition for trips

1–6 weeks post flood, with diatoms (as indicated by the presence
of fucoxanthin) the dominant algal group at all three sites
(Figure 6A). However, by 19 weeks post flood in May 2011, the
composition had started to change, with a greater biomass of
prasinophytes (prasinoxanthin), chlorophytes (lutein and Chl-b),
cryptophytes (alloxanthin), and haptophytes (hex-fuco) present
at each site than had been previously seen since the flood period.
There was a west to east gradient across the bay, with least
difference at station 1 and greatest difference in composition
at station 10. The presence of divinyl Chl-a (DV Chl-a) at
stations 4 and 10 at 6 weeks post flood, indicated the presence
of Prochlorococcus spp. from an intrusion of more tropical water,
from the north into Moreton Bay. By December 2011, nearly a
year post flood, the proportion of diatoms, as indicated in the
pigment composition, had significantly decreased compared to
1-week post flood. Again, there was a strong west to east gradient
across the bay with species of green algae (prasinoxanthin, lutein,
and chlorophyll-b) and probably Synechococcus sp. (zeaxanthin)
more dominant at stations 4 and 10 than station 1.

The NNLS-estimated phytoplankton biomarker pigments
from MERIS agreed with the analysis of in situ pigment samples,
adding a greater understanding of the spatial distribution.
Corresponding to the peak discharge on 13 January and the
highest mean satellite Chl-a observed over the Bay (Figure 3C),
fucoxanthin was the dominant pigment with relatively high
concentrations (>4 mg m−3; Figure 7A1) compared to the
other four biomarker pigments (Peri, zeax, allo, and Chl-b). The
distribution of fucoxanthin was highly and positively correlated
with Chl-a, indicating the dominance of diatoms in response to
the flood event. Chl-b (green algae) and allo (cryptophytes) were
relatively low compared to fucoxanthin (Figures 7C1,E1) and
zeaxanthin (cyanobacteria) showed extremely low concentrations
across the bay (≈0.02 mg m−3; Figure 7D1). By 24 January,
10 days following the peak discharge, all biomarker pigments
declined across Moreton Bay except for zeaxanthin. The
pigments fucoxanthin (Figure 7A2), Chl-b (Figure 7C2), and
alloxanthin (Figure 7E2) showed similar distributions with
Chl-a, with maxima observed adjacent to the Brisbane River
mouth. In contrast, peridinin (Figure 7B2) and zeaxanthin
(Figure 7D2) displayed complementary patterns and were much
lower near the Brisbane River mouth but highest in the north
west of the bay close to the Caboolture River. On February
26, 5 days after freshwater outflows from Wivenhoe Dam, a
second but smaller scale phytoplankton bloom was observed
near the Brisbane River mouth (Figure 3A11). Pigment maps
confirmed higher fucoxanthin (≈3.4 mg m−3) and hence
diatom dominance at this site (Figure 7A3). Peridinin showed
a similar distribution to fucoxanthin with a slight increase
near the Brisbane River mouth (≈0.06 mg m−3; Figure 7B3),
while Chl-b (≈0.16 mg m−3; Figure 7C3) and alloxanthin
(≈0.05 mg m−3; Figure 7E3) decreased across the bay and
zeaxanthin (Figure 7D3) showed minimum values around the
Brisbane River mouth. Pigment maps for May 2011 showed lower
levels of fucoxanthin (Figure 7A4), and peridinin (Figure 7B4)
throughout Moreton Bay and in contrast, Chl-b (Figure 7C4)
and zeaxanthin (Figure 7D4) increased over all the bay. Nearly
1-year post flood, the pigment maps showed a large increase
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FIGURE 6 | Phytoplankton composition in the surface waters of Moreton Bay during the five sampling trips post flood as indicated by: (A) pigment composition,
(B) Phytoplankton cell counts, and (C) Phytoplankton cell counts adjusted for biovolume.
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FIGURE 7 | MERIS-derived maps of diagnostic pigment concentrations for Moreton Bay. Simulated (A1–A5) fucoxanthin, (B1–B5) peridinin, (C1–C5) Chl-b, (D1–D5)
zeaxanthin, and (E1–E5) alloxanthin. Vertical panels 1–5 represent maps for 13 January (1-week post flood), 24 January (2-weeks PF), 26 February (5-weeks PF), 24
May (19-weeks PF), and 20 December 2011 (48-weeks PF), respectively and horizontal panels (A–E) represent the different pigments; note the different
concentration scale for each pigment.

in zeaxanthin (>0.1 mg m−3) across Moreton Bay while other
pigments decreased (Figures 7A5–E5), suggesting the dominance
of cyanobacteria species at this time.

Variation in the ratios of photoprotective carotenoids (PPC)
to photosynthetic carotenoids (PSC) are strongly correlated to
temperature and irradiance (Eisner and Cowles, 2005) and tend
to increase in warmer, more nutrient deplete waters. Post flood
1, 2 and 6 weeks, the concentration of PSC was greater than

PPC at all sites across the bay (Table 1). By 19-weeks post
flood, during winter conditions, the PSC concentration was still
greater than PPC at sites on the western edge and mid-bay,
while at sites on the eastern edge the concentration of PSC
and PPC were similar (Table 1). Nearly 1-year post flood, PPC
concentration was greater than PSC at all sites except those
close to the mouths of rivers (Table 1). PSC consist of pigments
associated with diatoms, dinoflagellates, and haptophytes, while
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FIGURE 8 | Principal components analysis of indicator pigments by trip. PCA
sample scores are plotted as trip numbers. Species scores are plotted as
pigment codes. The arrows indicate environment variables. Refer to Table 2
for full names of the pigments and the taxonomic group they indicate.

PPC consist of pigments associated with cryptophytes, green
algae, and cyanobacteria.

Phytoplankton Cell Counts and
Identification
The species were separated into 4 groups – large diatoms
(>10 µm), small diatoms (<10 µm), dinoflagellates, and
flagellates (Figures 6B,C). Light microscopy techniques, as used
in this study, are limited to identifying phytoplankton species
whose size is greater than about 8–10 µm. However, the
microscopy and pigment data complement each other to deliver
a total picture of the phytoplankton community composition
to class level. Cell count data showed that during trips 2 and
3, small diatoms were the most abundant group throughout
the bay (Figure 6B) and when the counts were adjusted for
biovolume, a combination of large and small diatoms dominated
the community composition at all sites (Figure 6C). By trip 4,
in May 2011, the community at all sites across the Bay were
dominated by large diatoms, while at site 10, on the eastern edge
of the Bay, although large diatoms dominated, flagellates showed
a stronger presence than at sites on the western edge or mid-bay
(Figure 6C). Trip 5, nearly one-year post flood, flagellates were
present at all sites across the Bay (Figure 6C).

Principle Component Analysis
The PCA of indicator pigments showed that, the first two axes
explained 61% and 16% of the variance in the community matrix
respectively (Figure 8). The first axis was correlated with time
since flooding and the second axis correlated with season (winter
to summer). On the first axis, trip 3 (19 weeks PF) samples tended
to be located to the left of trip 2 (6 weeks PF) samples probably as

a result of the post-flood Wivenhoe Dam release which occurred
just prior to trip 3 and pushed some water properties back toward
those of trip 1 (Figure 5).

On the first axis, the only pigment showing a positive
association with flooding was fucoxanthin (fuco), while
pigments positively associated with non-flooding included
zeaxanthin (Zea) and Chl-b (Figures 8 and 9). On
the second axis, the pigments associated with winter
were 19′-hexanoyloxyfucoxanthin (Hex-fuco) and 19′-
butanoyloxyfucoxanthin (But-fuco), while zeaxanthin was
the only pigment associated with the summer direction of that
axis (Figures 8 and 9). Because the PCA axes were related
to trip, the relationships between the PCA sample scores and
environment variables were consistent with the relationships
between environment variables and trip.

Species composition observed during sampling trips 2 and
6 weeks post flood was associated with higher values of all
environment variables except salinity, which was lower during
trips 2 and 3 (Figure 10). In the phytoplankton PCA, the
first two PCA axes explained 17% and 9% of the variance
in the community matrix respectively; the first axis separated
the two earlier trips 2 and 3, from the later trips 4 (6 weeks
PF) and 5 (48 weeks PF), while the second axis separated
trips 2 and 3 from one another (Figure 10). Diatoms were
the phytoplankton group that was most associated with both
trips 2 and 3; trip 2 included the smaller diatoms, Chaetoceros
spp., while those associated with trip 3 included the larger
Chaetoceros spp., Asterionellopsis glacialis, and Skeletonema spp.
(all sizes) (Figures 10 and 11). Those associated with trips 4 and
5 were dinoflagellates Gymnodinium spp., Gyrodinium spp., and
a silicoflagellate Octactis octonaria.

Because the PCA axes were related to trip, the relationships
between the PCA sample scores and environment variables
(Figure 10) were consistent with the relationships between the
environment variables and trip. Species composition in the earlier
trips was associated with higher CDOM, TSM, temperature,
and microphytoplankton (plankton > 20 µm) (Figure 10).
That of the later trips was associated with higher salinity and
picophytoplankton (plankton < 2 µm). The association of
TSM with trip 3 is consistent with the post-flood release from
Wivenhoe Dam, which began just before that field trip.

DISCUSSION

Phytoplankton community composition in Moreton Bay was
first recorded in 1954 (Wood, 1954), but there were few further
studies until the 1990’s. Routine monitoring of chlorophyll-a
(Chl-a) concentration and other biogeochemical parameters has
taken place routinely throughout different sections of the bay
(Department of Environment), while a one in 20 year flood in
May 1996 initiated a series of studies. In some of these studies
only concentrations of Chl-a were measured as an indicator of
total phytoplankton biomass (Moss, 1998; Uwins et al., 1998),
whilst other studies utilized microscopic analyses to measure
phytoplankton abundance (Heil et al., 1998a,b). Further studies
have reported estimates of primary production for Moreton Bay
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FIGURE 9 | Boxplots showing variation in selected pigments by trip; (A) Fucoxanthin, (B) Zeaxanthin, (C) Chlorophyll b and (D) 19’-hexanoyloxyfucoxanthin.

(O’Donohue and Dennison, 1997; O’Donohue et al., 2000; Glibert
et al., 2006; Quigg et al., 2010; Saeck, 2012) and suspended
sediment loadings during flood events (Davies and Eyre, 1998;
Eyre et al., 1998; Brown and Chanson, 2012).

Based on a combination of remote sensing, algal pigment
analysis, cell counts, and the ratios of PPC:PSC, this study
found that the January 2011 flood event resulted in broad
scale and rapid changes in the phytoplankton community in
Moreton Bay. In the first few weeks after the event, the
phytoplankton community was dominated by microplankton,
principally diatoms. Immediately after the flood, smaller
species of Chaetoceros spp. dominated, but later larger diatom
species dominated (Chaetoceros spp., Asterionellopsis glacialis,
and Skeletonema spp.). Globally, diatoms commonly dominate

in coastal waters after large flood events (Schaeffer et al.,
2012; Chakraborty and Lohrenz, 2015; Dorado et al., 2015).
A previous study in Moreton Bay during a much smaller
flood event, in May 1996, also showed diatoms – Rhizosolenia
setigera, Pseudonitzschia sp., and Skeletonema costatum –
dominating the phytoplankton composition (Heil et al., 1998a,b).
Other studies in tropical Australia have shown that the
diatoms, Chaetoceros spp., Skeletonema sp., Navicula sp., and
Thalassionema nitzschioides can also dominate in coastal waters
during floods (Howley et al., 2018).

After 19-weeks post flood, the phytoplankton community
continued to be dominated by diatoms near the river mouth,
but nanoplankton had become more dominant further from
the mouth, i.e., prasinophytes, haptophytes, cryptophytes,
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FIGURE 10 | Principal components analysis of phytoplankton species by trip.
PCA sample scores are plotted as trip numbers. Species scores are plotted
as species names. The arrows indicate environment variables.

and chlorophytes. The picoplankton fraction, dominated by
cyanobacteria, also increased from an average value of 4% of
the community composition at eastern and mid-bay sites 1 week
post flood, to an average of 44%, 48 weeks post flood, indicating
that under non-flood conditions, picoplankton is an important
component of the phytoplankton community composition at
most sites in Moreton Bay. Results from this study confirm
the suggestion by Quigg et al. (2010) that cyanobacteria is
a significant component of the phytoplankton community in
Moreton Bay. PPC:PSC ratios were low at eastern and mid-bay
sites 1-week post flood, indicating the flood plume affected the
whole bay, and then generally increased at all sites, except those
near the mouths of rivers, throughout the duration of the study.

Flood events can deliver increased dissolved inorganic
nutrient concentrations to estuaries and bays which
phytoplankton are capable of rapidly using. However,
accompanying high values of TSM and CDOM absorption
reduce light penetration, which may reduce phytoplankton
growth rates. On the leading edge of the plume, and with
distance from the river mouth, particulate loads will descend to
deeper in the water column, and CDOM concentration will be
diluted, allowing light penetration to increase and phytoplankton
in these regions to take advantage of the increased nutrient
concentrations. It has previously been suggested that the location
where this takes place in any system is at mid-salinities where the
TSM concentration falls below 10 mg L−1 (Dagg et al., 2004). In
this study, 1-week post flood, the highest values of phytoplankton
biomass (as indicated by Chl-a concentration) were at mid-bay
sites where salinity was about 26 PSU, and the TSM concentration
was <10 mg L−1. Only the sites near the mouth of the Brisbane
River had TSM concentrations > 10 mg L−1.

Changes in phytoplankton composition and the concentration
of environmental parameters can be affected by the exchange of

water in the bay with more oceanic water from the north. Models
have shown this to be a complex matter in Moreton Bay (McEwan
et al., 1998). The residence time of water in Moreton Bay, under
non-flood conditions, ranges from 43 to 75 days with an average
of 42 days (Saeck et al., 2019). The longer residence times are
generally restricted to the southern region of the bay, south of
the Brisbane River which was less affected by the flood plume
than other regions of the bay. The region in the north-east of the
bay, close to North Passage, has the shortest residence time of
3–5 days (Saeck et al., 2019). Despite this normally short flushing
time, effects of the flood were recorded 10 days after maximum
flood levels were reached, at a temperature/salinity sensor located
in the Coral Sea off the north-east coast of North Stradbroke
Island, some 38 km from the Brisbane River (Figure 1). Three
extensive sampling trips completed in the 42 days post flood
(average residence time) indicated that north/south and east/west
gradients in both phytoplankton composition and environmental
parameters existed and changed with time.

The flood generated a bottom-trapped type flood plume from
the Brisbane River that flowed north along the western coastline,
covered >500 km2 of Moreton Bay, was 15–25 m thick reaching
the bottom in shallow waters, and took 3–4 weeks to disappear
(Yu et al., 2014). The plume size was most strongly influenced by
the Brisbane River discharge (R2

= 0.87) which had a peak flow
of 620, 520 ML d−1. To put the scale of this event in perspective,
the one in 20 year flood in May 1996 had a peak flow discharge
of the Brisbane River of 169,797 ML d−1 (Saeck, 2012). The
suspended sediment associated with this discharge was described
as silt (Brown and Chanson, 2012) and based on suspended
sediment concentrations, the quantity discharged to Moreton Bay
was estimated to be of the order of 1 million tonnes (Steven et al.,
2014). The Brisbane River catchment, during an average year,
exports approximately 178,000 tonnes (Eyre et al., 1998). Recent
studies have highlighted that suspended sediments are more
important than previously thought as an immediate source of
ammonium to stimulate phytoplankton growth (Franklin et al.,
2018; Garzon-Garcia et al., 2018; O’Mara et al., 2019) and long
term, silt deposition from flood events is filling the deeper basin
of the Bay which will increase benthic-pelagic coupling (Coates-
Marnane et al., 2016; Lockington et al., 2017).

Other studies have reported on flood events or time series
of river discharge (Peierls et al., 2003; Muylaert and Vyverman,
2006; Chakraborty and Lohrenz, 2015; Dorado et al., 2015; Liu
et al., 2019), but with the exception of the Amazon River no other
study has reported on discharges into an estuary/bay system of
the magnitude recorded for Moreton Bay in 2011. In Moreton
Bay itself, the flood of 1996 was the previously most studied event
and yet the values of all measured parameters after the flood
were found to fall within the long term range of measurements
observed during non-flood conditions (Moss, 1998) indicating
the impact of the flood event on the phytoplankton community
to be minimal. Since the 1996 flood, upgrades were made to the
sewerage treatment plant (STP) near the mouth of the Brisbane
River, reducing the annual nitrogen output from the STP to
Moreton Bay by 70%. Flood discharges are now an important
source of nutrients for a phytoplankton bloom to establish in the
Bay (Saeck et al., 2013b).
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FIGURE 11 | Boxplots showing variation in selected phytoplankton species by trip. The graphs are ordered according to PCA species scores: PCA1 positive (A–C),
negative (D–F); PCA2 positive (G), negative (H, I). For example, A. glacialis was more abundant on trips 2 and 3, whose samples were mostly positive on PCA1.

Most similar to this study was that conducted in a subtropical
estuary in the northern hemisphere – Galveston Bay in the
Gulf of Mexico (Dorado et al., 2015). In this study discharge
events were monitored for 22 months (February 2008 to
December 2009) and significant events were considered to be
any discharge >283 m3 s−1; in comparison, the Moreton Bay
2011 flood event had a discharge of 7182 m3 s−1. Despite the
vast difference in the discharge magnitude, the observations
in phytoplankton community composition were very similar;
diatoms dominated at sites affected by high river discharge,
while cyanobacteria dominated during periods of low discharge.
Similar observations were reported for the northern Gulf of
Mexico (Chakraborty and Lohrenz, 2015) and also for mesocosm

experiments aimed at simulating the water conditions after a
discharge (Paczkowska et al., 2020). The similarity between these
studies and this study suggests that subtropical embayments are
generally pico-dominated communities which can be disturbed
by high discharge-events, but can recover; the recovery time is
dependent on the discharge volume relative to the volume of the
bay. The question for the future is, can these systems continue to
recover if the frequency of discharge increases. Models predict
an increase in high river flow in south-east Queensland for
2071–2100 relative to 1971–2000 (van Vliet et al., 2013).

The January 2011 flood event, described as a “once in one-
hundred-year event,” would have had an immediate and dramatic
effect on the phytoplankton community composition of Moreton
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Bay, causing extensive change to the ecosystem structure over a
very short time scale. All parameters analyzed, both analytically
and statistically, indicate that immediately after the flood event,
the turbid and highly colored freshwater flowing into Moreton
Bay provided an environment where microplankton – diatoms
and dinoflagellates – flourished. Exactly when the effects of
the flood event subsided is confounded by two events; the
release of additional fresh water from the Wivenhoe Dam
approximately 5-weeks post the initial flood peak and the
change of seasons from summer into autumn/early winter which
occurred between 6 and 19 weeks post flood. However, size
class analysis clearly illustrates the transition of a microplankton
dominated community, throughout the bay, immediately post
flood to a community, throughout most of the bay, where
picoplankton was dominant or at least an important component,
during non-flood conditions. Without pre-flood time series of
phytoplankton species in the bay, it is not possible to definitively
determine whether the phytoplankton community composition
in Moreton Bay was able to recover from the extreme flood event.
However, monthly monitoring of other parameters in Moreton
Bay (Supplementary Figure 1) and satellite retrieval of CDOM
estimates for the 10 years preceding the flood (Supplementary
Figure 3) did show recovery to pre-flood values. Other studies
which have been based on routine phytoplankton monitoring
(Chakraborty and Lohrenz, 2015; Dorado et al., 2015), have
shown that subtropical embayments are generally dominated
by picoplankton during periods of low river discharge and by
microplankton during high river discharge.

If we assume the phytoplankton community within Moreton
Bay behaves similarly to the communities in other subtropical
bays, then it would seem that the phytoplankton in Moreton
Bay exhibited resilience in being able to adapt and then recover
from a 1 in 100-year flood event. However, if changing climate
conditions cause severe floods to become more frequent, as
is projected, it is unclear as to whether the Moreton Bay
phytoplankton community could continue to be as resilient in
the future. The length of this study has generated a detailed
dataset that provides baseline data for both non-flood and flood
conditions in Moreton Bay, which will be extremely useful
for water quality management and assessing phytoplankton
community change during future flood events. Implications
for higher trophic levels and the water/atmospheric flux of
carbon may arise, if the frequency of future flood events results
in phytoplankton community composition changes from pico-
dominated to nano- or micro-dominated over longer time scales.

To deal with the potential increased frequency in flood
events and associated potential trophic changes, water quality
management of Moreton Bay should include routine monitoring
of phytoplankton at several sites within the bay. In addition,
or at the least alternatively, water samples should be collected
for the analysis of pigment composition and concentration,
which will provide an indication of phytoplankton community
composition to group level. A time series of this data will provide
a baseline from which the level of recovery or resilience of
the phytoplankton community can be assessed after a flood or
other extreme weather event. This study is based on a single
flood event, and as such our findings are suggestive rather than

conclusive. Future work involving analysis of data from multiple
flood events will provide more certainty about the primary
drivers and consequences to the phytoplankton community of
major flood events.
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