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right to publish such content. The report contains independent scientific/technical
advice to inform decision-making. The independent findings and recommendations
of this report are subject to separate and further consideration and decision-making
processes and do not necessarily represent the views of the Australian Government or
Goyder Institute for Water Research partner organisations. The Goyder Institute for
Water Research and its partner organisations do not warrant or make any
representation regarding the use, or results of the use, of the information contained
herein about its correctness, accuracy, reliability, currency or otherwise and expressly
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Executive Summary

The Coorong, a Ramsar-listed coastal lagoon of ecological, cultural and economic
importance, is undergoing change as a result of climate-driven shifts in freshwater
inflows, temperature, sea level and exireme weather events. Phytoplankton are
important bioindicators of these changes due to their rapid turnover rates and are
foundational to the functioning of the Coorong’s food web. This report synthesises 16
years of phytoplankton and environmental data (2007-2023) to examine how
climate-mediated flow variation shapes the Coorong’s microalgal communities,
supporting a predictive framework to understand future environmental trajectories
and phytoplankton responses under climate change. Through an integrated analysis
combining long-term monitoring, statistical modelling, machine learning and
habitat-based ecological characterisation, this study delivers a comprehensive
assessment of how climate variability affects phytoplankton community dynamics and
harmful algal bloom (HAB) risk in the Coorong.

A full range of hydrological conditions were captured in this study, from the Millennium
Drought (extreme dry) to a large River Murray flood (extreme wet). These contrasting
climate periods produced dramatic shifts in barrage flows, water levels, salinity,
temperature and nutrient concentrations, which in turn restructured phytoplankton
abundance, diversity and community composition.

The Coorong’'s environmental conditions significantly differed across flow periods.
During the dry and exireme dry periods, freshwater inputs declined lowering water
levels and increasing salinity to levels exceeding 190 PSU in the South Lagoon. Wet and
extreme wet periods reversed these conditions, producing rapid freshening, increased
hydrological flushing that removed nutrients and salt from the system and increased
water levels, that further diluted salt and nufrients. Phytoplankton communities
demonstrated strong, stafistically significant responses to these changes, with
significantly lower abundances under both extreme wet and dry conditions, but higher
richness under wetter conditions and higher evenness during drought.

Across an ensemble of analytical approaches, including multiple correlation analysis,
ordination, distance-based linear modelling and generalised additive models, salinity
and water level emerged as the dominant drivers of phytoplankton abundance,
diversity and community structure. These variables are tightly coupled and both
controlled by freshwater inflows. Higher water levels and lower salinities promoted
Cyanobacteria and Chlorophyte abundance. Conversely, increasing salinity altered
species composition across all taxonomic groups, with increasing dominance of
Diatoms and Dinoflagellates. Other important secondary drivers of phytoplankton
community dynamics included temperature, distance from the Murray Mouth
(representing hydrodynamic and salinity gradients) and nutrient concentrations
(particularly NOx and PQO,), although their influence was weaker and more variable
across statistical models.
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To characterise responses to hydrological change, phytoplankton communities were
classified into six salinity-derived habitats spanning freshwater (H1) to exireme
hypersalinity (H6). Community composition, abundance and diversity significantly
differed between habitats. Key patterns included:

e Freshwater and low-brackish habitats (H1-H2) had the highest richness but lower
evenness, driven by Cyanobacteria and Chlorophyte dominance, particularly
under wetter periods. However, H2 demonstrated the most equal representation
of all taxonomic groups,

e High-brackish to marine conditions (H3) displayed moderate diversity and high
evenness and were dominated by Diatoms and Dinoflagellates,

e Hypersaline habitats (H4-H5) supported very high picophytoplankton
abundance and Diatom dominance, and

e Extreme hypersaline conditions (H6) had the lowest richness but highest evenness
and were dominated by Diatoms and Dinoflagellates with limited representation
from other groups.

These habitat-based community descriptions provide a strong foundation for
forecasting future ecological states using hydrological model outputs that predict
salinity.

A total of 106 potentially harmful algal bloom forming species (HABs) were identified
across the study period, including 82 toxin-producing species. Most HABs occurred in
low-salinity habitats (H1-H2) in the North Lagoon, especially during the post-drought
wet period in 2012. Although HAB events were generally infrequent and short-lived,
two notable bloom events occurred:

1. A Cyanobacteria bloom from January to June 2012 in the North Lagoon
consisting of multiple species, though dominated by Aphanocapsa sp. and
exceeding medium to high risk thresholds, and

2. A Dinoflagellate bloom during the extreme dry period, where Alexandrium spp.
reached action-level abundances across all sampling sites.

Despite overall low HAB prevalence, the action-level abundances of Alexandrium
species capable of producing toxins warrants ongoing vigilance, particularly under
future climate scenarios that may increase the frequency and intensity of low-flow,
high-salinity conditions or sharp nutrient pulses.

An extreme gradient boost (XGBoost) machine learning model was used to predict
HAB species abundance from environmental variables. The model performed strongly
across much of the dataset, explaining 77% of the variation in HAB abundance, with
a normalised root mean square error of 5.7%. The model’s predictive performance
declined under very high observed HAB abundances (> 1.0 x 108 cells L), suggesting
that extreme bloom events are harder to predict due to their rarity and non-linear
ecological friggers. SHapley Additive exPlanations (SHAP) values were used to quantify
each environmental predictor variable’s contribution to the variation explained by the
model. Salinity was revealed as the most influential predictor, aligning with results from
other analyses, with higher salinity strongly suppressing HAB formation. pH was the
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second most important variable, exerting mostly negative effects on HAB abundance.
NOx and distance from the Murray Mouth were moderate predictors linked to nutrient
supply and spatial-chemical gradients, with NOx exerting a positive influence on HAB
formation, while HAB abundance declined with distance from Murray Mouth. The
XGBoost model was developed as a tool to better understand the broad context of
harmful algal proliferation in the Coorong, but not to be used as a primary method for
risk assessment. However, this model has the potential to be further developed to
predict the abundances of individual species that have defined cell count risk
thresholds and pose a significant threat to the Coorong.

Climate change projections for the Coorong predict continued declines in freshwater
inflows, increased air and water temperatures, higher variability in droughts and floods
and increasing marine influence with sea-level rise. Under future conditions, the
Coorong is expected to experience more frequent and prolonged hypersalinity,
particularly in the South Lagoon, resulting in a decline in low-salinity habitats (H1-H2)
that currently support higher species richness and Cyanobacteria and Chlorophyte
diversity and abundance. Picophytoplankton, Diatoms and Dinoflagellate
abundances are predicted to increase, with decreasing species richness as
hypersaline habitats (H4-Hé) expand. Reducing species richness and the decline of
several taxonomic groups will impact the food web, affecting trophic fransfer
efficiency. Increasing picophytoplankton dominance will increase turbidity, reducing
submerged macrophyte habitat with further consequences for the Coorong’s
biodiversity. Increasing frequency and intensity of drought increases the vulnerability
of the Coorong to toxin-producing Dinoflagellate HABs. Without sufficient freshwater
inflows, the system risks declining to a permanent degraded state that resembles the
end of the Millennium Drought (2007-2010).

To maintain a healthy phytoplankton community and Coorong ecosystem, the
following recommendations are outlined:

1. Maintain and enhance freshwater flows to preserve low-salinity habitats critical
for phytoplankton diversity, HAB mitigation and hydrological flushing to limit
picophytoplankton dominance and maintain water clarity,

2. Implement regular and continuing phytoplankton monitoring to track changes
in phytoplankton communities across varying flow periods, detect early HAB
signals and improve predictive modelling of phytoplankton dynamics. It is
recommended that this monitoring includes testing algal-produced toxin levels,

3. Incorporate phytoplankton community responses to coupled hydrodynamic—
biogeochemical-ecological models predicting salinity, water level, temperature
and nutrient inputs to capture the spatiotemporal dynamics of the Coorong,

4. Refine machine learning models predicting HABs by further refining model
hyperparameters and incorporating additional variables and species-specific
predictors to improve bloom detection, particularly under extreme abundances,

5. Investigate species interactions and grazing dynamics, including co-occurrence
networks, which strongly influence phytoplankton community composition, an

6. Strengthen HAB risk frameworks by developing species-specific thresholds for the
Coorong and integrating outputs infto management response protocols.
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1 Introduction

Climate conditions shape shallow aquatic ecosystems by mediating environmental
conditions and structuring biological communities (Jeppesen et al., 2021). For
example, climate affects hydrological conditions and water budgets, such as water
circulation and retention, by influencing freshwater and tidal inputs and evaporation
rates (Huang et al., 2020). Climate also affects water temperature, highly influencing
life histories and primary, secondary and tertiary production (Bonacina et al., 2023;
Yvon-Durocher et al., 2010). Anthropogenic climate change is modifying these systems
through abrupt changes due to rising sea levels, increasing temperatures, modified
flow regimes and increasing extreme events such as floods and droughts (Chilton et
al., 2021; Huang et al., 2020). These changes can be enhanced by anthropogenic
actions, such as vegetation clearance, land use change, dam construction and water
diversion, which further modify environmental conditions (Chilton et al., 2021; Priya et
al., 2023).

Shallow coastal lagoons are important aquatic ecosystems, with high productivity and
biodiversity that provide a wide range of ecosystem services including storm surge
buffering, fisheries, amenity and cultural value, nutrient cycling and retention and
carbon sequestration (de Wit et al., 2020; Garrido et al., 2011; Keneally et al., 2025).
These shallow lagoons are oriented parallel to the coast but are separated from the
ocean by a barrier with one or more inlets (Fairbridge, 1980). They are distributed
globally on every continent and make up 13% of the Earth’s coastline (Kjerfve, 1994).
Despite their global importance, these lagoons suffer from frequent disturbances and
are often highly ecologically degraded (de Wit et al., 2020; Singh et al., 2022). This is
due to their location at the interface between river-catchments and the sea, making
them vulnerable to climate change and direct anthropogenic stressors from both
realms (Huang et al., 2020; Stein et al., 2021). Climate and direct anthropogenic
stressors are modifying the ecological structure and function of shallow coastal
lagoons, resulting in eutrophication and salinisation (Keneally et al., 2024; Mosley et al.,
2023; Priestley et al., 2022).

The salinity gradient is a key feature structuring biological communities in coastal
lagoons (Chilton et al., 2021; Keneally et al., 2025), with salinity considered a master
variable controlling the distribution and abundance of taxa (Lee and Kuhn, 2019),
driven by physiological tolerances of organisms (Velasco et al., 2018). Many organisms
have life history traits adapted to varying salinity, which can cue fish spawning
(Brookes et al., 2022) and sexual or asexual reproduction in submerged macrophytes
(Kim et al., 2013). Phytoplankton community structure is strongly affected by salinity,
with varying abundance, diversity and distribution of taxa forming along the salinity
gradient (Li et al., 2021; Sun et al., 2022; Tunca et al., 2024).

At the base of aquatic food webs, phytoplankton are important primary producers
that provide food resources to higher trophic organisms (Balzano et al., 2015; Garcia-
Oliva and Wirtz, 2025), including zooplankton, bivalves, crustaceans and fish (Lancelot
and Muylaert, 2011). They are essential for nutrient cycling, carbon storage and
oxygen production that is vital to the health of aquatic organisms (Singh et al., 2022).
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Their short life cycles make them highly responsive to environmental change, serving
as powerful bioindicators of coastal lagoon health (Chandel et al., 2023). However,
modifications in environmental conditions, such as increasing water temperature,
salinsation and eutrophication can promote the proliferation of some phytoplankton
species, resulting in harmful algal blooms (HABs) (Derot et al., 2020; Johnk et al., 2008).
Associated with these blooms are adverse water quality conditions, the death of
aquatic and terrestrial organisms and a serious human health risk, as several species
produce toxins that harm the liver, nervous system and gastrointestinal tract (J&hnk et
al., 2008; Pinto et al., 2023). In addition, when the bloom crashes, widespread hypoxic
and anoxic conditions occur due to heightened microbial decomposition of the dead
phytoplankton material, causing suffocation of aquatic biota (Burdick et al., 2020;
Hoagland et al., 2002). Due to both the importance and risk phytoplankton species
pose, it is important to understand the impacts of climate change on ecosystem
function and phytoplankton community dynamics in shallow coastal lagoons.

Despite their global distribution and ecological significance, shallow coastal lagoons
are poorly studied in comparison to other aquatic systems (Keneally et al., 2025), with
limited information on the drivers of phytoplankton community dynamics in these
systems (D'Alelio et al., 2022; Singh et al., 2022). This restricts our ability to predict
phytoplankton species responses to climate change, presenting a challenge for
managers to promote lagoon ecosystem health and mitigate severe negative
consequences of HABs.

This study examined how changing climate conditions modified the environmental
conditions and phytoplankton community in the Coorong, a Ramsar-listed shallow
coastal lagoon of local and international importance, facilitating predictions of the
phytoplankton community under future conceptual ecosystem states. This was
achieved by: 1) examining the responses of environmental conditions and
phytoplankton community structure and abundance to changing climate conditions,
2) determining the principal environmental drivers of change in phytoplankton
community abundance and diversity, and 3) characterising the phytoplankton
community under varying salinity-derived habitat states. By coupling delineations of
phytoplankton communities within salinity-derived habitats to the proportions of these
habitats under varying climate conditions, our study predicts the phytoplankton
composition under future states of the Coorong ecosystem.
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2 Materials and Methods

The Coorong, together with the Lower Lakes and Murray Mouth (CLLMM) was
recognised as a Wetland of International Importance under the Ramsar Convention
on Wetlands in 1985 for its role in providing a wide range of habitat types and housing
exceptional biological diversity (Kingsford et al., 2011). The Coorong supports
commercial fisheries, tourism and recreational activities such as boating, fishing and
bird watching (Sitters, 2018). The Coorong is also highly significant in cultural value for
the Ngarrindjeri traditional owners (Hemming et al., 2018).

Sampling for the Coorong’'s phytoplankton community and water quality was
conducted at 20 locations spanning ~100 km along the length of the Coorong, from
the fresh to brackish waters near the Murray Mouth to hypersaline waters near Salt
Creek (Figure 1). Sampling was conducted 46 times sporadically between February
2007 and April 2023, however, not all sites were visited during each sampling frip and
large gaps between sampling occurred, including a é6-year gap between October
2014 and October 2020 (see Table 1 for details).

& .5 ot o)
=
Murray-Darling Basin
- ;;:'5- -
r
=

0 10 20 km
_——

Figure 1. The Coorong, Lower Lakes (Lake Alexandrina and Lake Albert) and Murray mouth
(CLLMM) indicated in light blue. Sampling sites are denoted by the white circles. The inset map
denotes the location of the CLLMM (red square) within the Australian continental context with
the Murray-Darling Basin denoted by the dark blue. The large continuous grey shaded areas in
the main and inset maps denote the ocean.
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Table 1. Sampling campaigns throughout the 2007-2023 sampling period. For each sampling
campaign, the month-year and the sites are given.

SAMPLING

CAMPAIGN MONTH-YEAR CLIMATE CONDITIONS NO. SITES
1 February 2007 Extreme dry (drought) 20 S$1-20
2 May 2009 Extreme dry (drought) 20 S1-20
August 2011-
3-8 January 2012 Wet (post-drought) 5 $3,S510, 813, S18-19
9 February 2012 Wet (post-drought) 17 S1-6, S10-18, S20
10-11 March-April 2012 Wet (post-drought) 5 $3,S§10, S13, S18-19
12 May 2012 Wet (post-drought) 13 S1-3, §9, S11-18, S20
13-14 June—-July 2012 Wet (post-drought) 5 S3,S810, S13, 518-19
15 August 2012 Wet (post-drought) 18 S1-9, S11-18, S20
September—
16-17 October 2012 Wet (post-drought) 6 $3,S510,S13-14, S18-19
18 November 2012 Wet (post-drought) 13 S1-4, §9-13, S15-17, S20
December 2012- Wet and intermediate
19-23 April 2013 (post-drought] 6 $3,S10, S13-14, S18-19
24 May 2013 ITiErmeelele [ges- 17 $2-14,516-18, $20
drought)
25-26 June—July 2013 Intermediate (post- 5 $3,510, 513, S18-19
drought)
27 August 2013 ITEMNEEIENE ([Pos- 18 $1-9,S11-18, $20
drought)
08-39 November 2013- Intermediate (post- 7 S1,S85,59,812,814,817,
October 2014 drought) $20
October 2020,
December 2020,
40-43 March 2021, June Dry (pre-flood) 5 S12-14,518-19
2021
November 2022,
44-46 January 2023, April  Extreme wet (flood) 5 S$3,S510,S12, 514,519
2023

2.1 Phytoplankton sampling

At each sampling site, triplicate water samples (500 mL) were collected 30 cm below
the water’s surface for enumerating phytoplankton species abundances. The water
samples were fixed with Lugol's iodine (5% final concentration) to preserve the
structure of the organisms' chloroplast and subsequently identified and enumerated
by Microalgal Services (Ormond, Victoria). Samples were filtered through mixed
cellulose ester membranes (5 mm pore size; Sterlitech, Kent, USA). The phytoplankton
cells on the filters were resuspended in a smaller volume of filtrate from the same
sample. One millilitre of this suspension was then pipetted into a Sedgewick Rafter and
counted using a Zeiss Axiolab upright microscope equipped with bright-field and
phase contrast optics (Carl Zeiss Microscopy, Thornwood, USA). Cells were identified




CLLMM Research Centre Impacts of climate change on microalgae communities in the Coorong

to the genus, or species, level based on their key taxonomic features (Hallegraeff et
al., 2010).

Picophytoplankton data captured during the drought (2007-2009) were measured by
flow cytometry following methods outlined in Balzano et al. (2015). Flow cytometry is
often used to enumerate picophytoplankton abundance because these cells are
very small (typically < 2 um in size) and can be difficult to detect or reliably distinguish
using traditional microscopy, whereas flow cytometry enables rapid detection and
quantification of such small, low-signal cells (Marie et al., 1997). At the time of the
drought sampling, it was considered best practice to only use flow cytometry to
measure picophytoplankton abundance. However, flow cytometry can
underestimate picophytoplankton abundance relative to direct microscopic counts,
due to detection limits and difficulties in consistently identifying all cells (Salmi et al.,
2021). For this reason, microscopic enumeration of picophytoplankton was
implemented from 2011 onwards, as it provides directly comparable measures of
abundance across all phytoplankton size classes. From each sampling site, 1 mL of
water was fixed with 2% paraformaldehyde (ProSciTech, Thuringowa, Australia) prior
to flash freezing in liquid nitfrogen and storage at 80 °C until further analysis.
Picophytoplankton cells were enumerated from the samples based on pigment
autofluorescence. The samples were incubated at 80 °C for 10 min and fluorescent
marker beads (1 mL, Molecular probes, Eugene, USA) were added to all samples as
an internal size and concentration standard prior to analyses which were performed
using a FacsCanto flow cytometer (Becton Dickinson, San José, USA). For each sample
forward-angle light scatter, side-angle light scatter (SSC), SYBR | Green (530 nm), red
(670 nm), and orange (585 nm) fluorescence were recorded. Picophytoplankton were
discriminated based on SSC, as well as on natural orange (phycoerythrin) and red
(chlorophyll) fluorescence, as described by Marie et al. (1997). After each flow
cytometry analysis, the concentration of marker beads was estimated by
epifluorescence microscopy and used to normalize the abundance of all
picophytoplankton populations.

2.2 Water quality sampling

Water quality measurements and water sample collection for nutrients were
performed 30 cm below the water’s surface. A TPS 90FL-T multi-parameter probe (TPS
Pty Ltd, Brisbane, Australia), measured temperature (°C), pH, salinity (Practical Salinity
Units, PSU), turbidity (Nephelometric Turbidity Unit, NTU) and dissolved oxygen
concentrations (%SAT) were recorded. Dissolved inorganic nutrient concentrations
(i.e., silica [Si], ammonia [NHs], orthophosphate [PO4] and nitrate/nitrite [NOx]) were
determined using a San++ Segmented Flow Analyser (SFA; Skalar Inc., Breda, The
Netherlands) following published methods (Hansen and Koroleff, 1999). For the
analysis, 100 mL of water was filtered in triplicate through bonnet syringe Minisart filters
(0.45 mm pore size, Sartorius Stedim, Dandenong, Australia) to remove large particles.
Filtrates were then stored at -20 °C until analysis. Prior to analysis, the samples were
thawed and mixed before injecting approximately 3 mL of each sample into the SFA.
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2.3 Other environmental data

Water level, flow over the barrages and complementary water quality data were
retfrieved from the South Australian Department for Environment and Water
<https://water.data.sa.gov.au/Data/Map/Parameter/NoParameter/Location/Type/|
nterval/Latest> (DEW, 2025). Water level and barrage flow data were averaged per
month. Total monthly rainfall data recorded at Meningie, South Australia, were
retrieved from BOM (2025) <https://www.bom.gov.au/location/australia/south-
australia/upper-south-east/bsa_pt074-meningie>.

2.4 Data analysis

2.4.1 Variable screening

All variables in the dataset were screened for missing data and collinearity prior to
being included in statistical analyses. Environmental variables were screened for
collinearity by performing: 1) Spearman-rank correlations between all combinations of
variables and 2) variance inflation factor (VIF) testing (Dormann et al., 2013). VIF testing
was undertaken by performing multiple regression analysis predicting total
phytoplankton community and picophytoplankton abundances, Margalef’s richness
and Pielou’s evenness using all environmental variables in the model, with VIF scores
computed for each variable in the model. Significant collinearity was deemed to
occur when the Spearman p = 0.8 and/or the VIF score = 5 (Dormann et al., 2013).

Spearman-rank correlations were also performed between all environmental variables
and phytoplankton abundance and diversity to explore relationships between
environmental conditions and phytoplankton community assemblages. Spearman-
rank correlations were performed in R statistical software (v4.4.3) (R Core Team, 2022).

Picophytoplankton abundance strongly correlated with total phytoplankton
community abundance (p =0.99; p <0.01). As such, total community abundance was
analysed without picophytoplankton, with picophytoplankton abundance being
analysed separately. Phytoplankton diversity indices (Margalef’s richness and Pielou’s
evenness) were computed without picophytoplankton as these cells (dia. < 6 um)
were not determined to species level, only the abundance of all picophytoplankton
cells were aggregated.

Due to the different methods of picophytoplankton abundance measurements
between drought and non-drought samples, a comparison was made between the
flow cytometry and Sedgewick Rafter methods from a period where both methods
were used in conjunction (from 2011-2014) to highlight variation in cell counts between
the two methods. Flow cytometry data were strongly and significantly correlated to
Sedgewick Rafter cell count data (R2 = 0.88; p < 0.01) but tended to underestimate
picophytoplankton abundance by an order of magnitude. As such, flow cytometry
picophytoplankton abundances (piconow) were corrected by linear regression
(equation 1):

PiCOcorrectea = 0.73 picofey, +7.81 (1)
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The dataset included the following 16 environmental variables: barrage flow, dissolved
oxygen (DO), distance from Murray Mouth, Ewe Island water level, NHs, NOx, N:P ratio,
Parnka Point water level, pH, POg, rainfall, salinity, Si, water temperature, turbidity and
wind stress. The proportion of missing data was computed for each variable. Barrage
flows, distance from Murray Mouth, pH, rainfall, temperature and water level had no
missing data, while missing data for salinity and nutrients was quite low (<1%) and these
data were gathered from openly available Government of South Australia data (DEW,
2025) that aligned with the time and location of samples collected during this study.
Wind stress, Si and turbidity had 47.5%, 47.3% and 36.3% missing data respectively that
could not be gathered from additional sources. These were deemed too large to
interpolate and were removed from the analyses. DO was also removed as it had
considerable missing data (11.53%) and was a confounding variable by being strongly
influenced by phytoplankton production in the shallow oxygenated waters of the
Coorong (Mosley et al., 2023).

2.4.2 Categorisation of flow periods, habitats, phytoplankton taxonomic
groups and harmful algae

The 16-year span of the phytoplankton and environmental dataset captured a wide
range of flow conditions, from extreme dry (e.g., drought) to extreme wet (e.g., flood).
To determine the influence of freshwater flow on the Coorong ecosystem, the dataset
was classified into five distinct flow periods (years data captured) enabling statistical
testing and analysis, these being: 1) Extreme dry (2007 and 2009), 2) Dry (2020-2021),
3) Intermediate (2013-2014), 4) Wet (2011-2012) and 5) Extreme wet (2022-2023). In
addition, the datasets were also categorised into salinity-derived habitats, whereby
habitat 1is freshwater (H1; <5 PSU), habitat 2 is brackish (H2; 5-20 PSU), habitat 3 is high-
brackish to marine (H3; 21-40 PSU), habitat 4 is hypersaline (H4; 41-84 PSU), habitat 5 is
high hypersaline (H5; 85-119 PSU) and habitat 6 is extreme hypersaline (H6; 2120 PSU).
These habitats represent the gradient of salinity that characterises the Coorong
ecosystem and phytoplankton communities within, as salinity is widely recognised as
an important determinant of phytoplankton species diversity, abundance and
community composition in the Coorong (Aldridge and Brookes, 2011; Jendyk et al.,
2014; Leterme et al., 2015; Schapira et al., 2010).

Phytoplankton species or species groups (e.g., Gymnodinioids < 20 um) were classified
into one of the following taxonomic groups: Chlorophytes, Chrysophytes,
Cryptophytes, Cyanoprokaryotes, Diatoms, Dinoflagellates,  Euglenophytes,
Prasinophytes and Prymnesiophytes. The remaining species which did not fall into one
of these groups and were too few to be classified into another group (e.g., one species
per group) were grouped together as other phytoplankton.

Phytoplankton species were also classified according to their harmful status. Harmful
algal bloom forming species (HABs) were identified based on listings provided by
Ahyong et al., (2026), Hallegraeff et al., (2021) and Lundholm et al., (2009 onwards).
HABs are characterised by the rapid and excessive accumulation of phytoplankton
species that cause harm by producing biotoxins (toxic HABs) or by causing dissolved
oxygen depletion, severe shading or physical harm to organisms (non-toxic HABs;
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Wurtsbaugh et al., 2019). The primary risk associated with HABs for the Coorong relates
to declines in ecosystem health due to mortality of aquatic biota, which can disrupt
food web functioning and reduce biodiversity (Giatas et al., 2018). For example,
declines in invertebrate communities such as polychaete worms and estuarine snails
can affect higher trophic level consumers, including fish and migratory shorebirds
(Giatas et al., 2018; Paton et al., 2015). These ecological impacts may, in turn, affect
commercial and recreational fisheries, tourism and the broader amenity of the region
for local residents.

HAB risk in this study was interpreted primarily using species-specific risk thresholds
where available (Table 2), which provide a more direct indication of potential
ecological or healthimpacts. However, species specific risk thresholds from cell counts
have not been defined for most harmful algae species observed in our dataset, with
risk thresholds only defined for several Cyanobacteria and Dinoflagellate species
(Table 2). As such, aggregated harmful algae abundances were used in a broad
context to understand the general patterns in potential risk from harmful algae in the
Coorong. This was deemed pertinent given that harmful algae species have been
very little reported on in the literature to date (e.g., Jamieson et al., 2022). Our study
reports the general severity of harmful algae based on exposure level thresholds
outlined by the Australian Government National Health and Medical Research
Council Guidelines for Managing Risks in Recreational Water (NHMRC 2008) and
consist of the following cell counts, following a global review on toxin exposure
(Stewart et al., 2006):

e Low < 5,000,000 cells L1
e Medium 5,000,000-100,000,000 cells L
e High > 100,000,000 cells L

Stewart et al., (2006) found that individuals exposed to waters of high HAB
concentrations were more likely to report symptoms after exposure than those
exposed to waters with low HAB concentrations.
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Table 2. Specific warning levels for cyanobacteria and dinoflagellate species observed in this

dataset.
TAXONOMIC

SPECIES

SURVEILLANCE

ALERT LEVEL

ACTION LEVEL

REFERENCE

GROUP

Cyanobacteria

LEVEL

Environmental

Lyngbya i Visible scums  Health
; - >1 cell L )
majuscula present Directorate
(2022)
Mlcroc;ysfls > 500,090 cels 2 5,000,900 > 50,000,»000 NHMRC (2008)
aeruginosa 5l cells L! cells L!
Environmental
Trichodesmium ) > 5,000,000 > 50,000,000 Health
spp. cells L! cells L Directorate
(2022)
Dinoflagellates Environmental
Alexandrium . 21,000 cells L= 210,000 cells Health
spp. ! LT Directorate
(2022)
Gymnodinium ) =10,000 cells =100,000 cells Hallegraeff et al.,
catenatum L L (1995)
Environmental
Karenia s i 250,000 cells  =100,000 cells Health
PP L! L! Directorate
(2022)

2.4.3 Phytoplankton diversity analyses

The total number of species, Margalef’s species richness, Pielou’s evenness and the
Shannon diversity index were performed in PRIMER+ (v7). Margalef’s richness index (d)
was used in the analyses instead of the total number of species as it corrects for the
increasing number of species collected with greater numbers of organisms sampled
(Death, 2008). It achieves this by dividing the species count by the natural logarithm
of the number of sampled organisms (equation 2):

_S-1
d= In(N) (2)

Where § is the total number of species observed and N is the total number of individuals
in the sample. Pielou’s evenness index (J') measures how evenly the number of
individuals are distributed among the species. A community is perfectly even if every
species is present in equal proportions and uneven if one species dominates the
abundance distribution (Herrmann et al., 2022). Pielou’s evenness was calculated by
equation 3:

Hr

= 5e (3)
Where H' is the Shannon diversity index, which was calculated by equation 4:
H' = =¥ p; In(p) (4)

Where pi is the proportion of the total individuals belonging to the i-th species.
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2.4.4 Comparing resemblance matrices

Resemblance matrices were produced to deduce the influence of continuous
environmental variables and categorical variables (flow period and habitat) on
phytoplankton community composition. Phytoplankton abundance and nutrients
(NHs, NOx, PO4 and N:P) were natural logarithm + 1 transformed prior to analysis. The
environmental dataset was normalised prior to quantifying the dissimilarity between
samples using Euclidean distance. The phytoplankton resemblance matrix was
generated using the Bray-Curtis index of similarity. Unconstrained ordination using
Principal Coordinate Analysis (PCoA) was used to identify the principal components
that explained the most variance in the dataset by visualising the similarity and
dissimilarity between samples (Anderson and Willis, 2003; Shapouri et al., 2015).

To elicit the environmental drivers of phytoplankton community structure, several
methods were used. Firstly, Pearson correlation coefficients (R?) were calculated
between each environmental variable and the first two axes of the principal
component ordinations. Secondly, the phytoplankton resemblance matrix was
compared to the environmental resemblance matrix using randomised permutation
test for relationships between two matrices (RELATE), Biota and environmental
matching (BEST) and distance-based linear modelling (DistLM), which was visualised
by distance-based redundancy analysis (dbRDA). The significance of the influence of
categorical variables (flow period and habitat) on phytoplankton and environmental
resemblance matrices were analysed by permutational analysis of variance
(PERMANOVA). Results were deemed statistically significant when p <0.05. All analyses
mentioned above were performed in PRIMER+ (V7).

2.4.5 Analysis of phytoplankton abundance and diversity as continuous
variables

Phytoplankton abundance and diversity (Margalef’s richness and Pielou’s evenness)
were predicted using Generalised Additive Models (GAMs) in R (v4.4.3; R Core Team,
2022) using package "mgcv” (Pedersen et al., 2019), with variable importance
assessed via the package “gam.hp " (Lai et al., 2024) and model diagnostics
generated using package “gratfia” (Simpson, 2024). Differences in phytoplankton
metrics across flow periods, habitats and lagoons were tested with Kruskal-Wallis H
tests in R (v4.4.3), followed by Dunn’s post-hoc comparisons with Benjamini-Hochberg
correction when significant effects were detected using package “FSA” (Ogle et al.,
2025).

2.4.6 Predicting harmful algae abundance

Machine learning models are becoming increasingly valuable tools for predicting
biological species abundances from a wide range of environmental predictors. This is
due to their ability to handle large and complex datasets that capture non-linear
relationships, often a pitfall of existing statistical models (Hu et al., 2024; Zhang et al.,
2025). Extreme gradient boosting (XGBoost) is a machine learning model that has
been successfully applied to phytoplankton datasets with a high predictive accuracy
and robustness to outliers, missing values and collinearity (Xu et al., 2024). In this study,
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an XGBoost model was applied to predict total harmful algaoe abundance from
environmental variables using the R package “XGBoost” (Chen and Guestrin, 2016).
The dataset was randomly partitioned into training (80%) and testing (20%) datasets,
with the training dataset used to fit the XGBoost model with the test dataset used for
assessment of predictive accuracy. Predictive accuracy was evaluated by
calculating the coefficient of determination (R?), the mean absolute error (MAE) and
the root mean square error (RMSE) following equations 5, 6 and 7 below:

2 _ 4 XOi—9?

k=1 . Li-9? 5)
MAE = —¥ialy: = 9il (6)
RMSE = VMAE (7)

where yi are the observed values, yi are the predicted values, yis the mean of the
observed data and n is the number of samples. To improve model performance and
balance bias, variance and overfitting, a range of hyperparameters were tuned
(Table 3). In addition, a 5-fold cross-validation was used to identify the optimal number
of boosting iterations (nrounds) for the XGBoost model to improve generalisation to
unseen data. Seven boosting iterations were identified as the optimal number of
rounds for model fraining based on RMSE values. Shapley Additive exPlanations (SHAP)
values were computed to quantify how each predictor variable contributes to the
model’s predictions, summarising variable importance within the model and revealing
how modelled relationships vary along the gradient of each environmental predictor
(Lundberg and Lee, 2017). SHAP values were calculated and visualised using R
package “shapviz” (Mayer and Stando, 2025). It is important to note that specific
abundances in the results derived from the XGBoost model are presented for broad
context only and are not used as the primary basis for risk assessment.
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Table 3. Hyperparameter tuning values used in the XGBoost model predicting total harmful

algae abundance from environmental variables.
HYPERPARAMETER VALUE/TYPE DESCRIPTION

Specifies that the model uses tree-based boosting. A

Booster gbtree common booster for ecological prediction because it
captures non-linearities and interactions well.
The Tweedie distribution is appropriate for abundance or data
Objective (Distribution)  Tweedie that are continuous, non-negative, and often zero-inflated. It
allows modelling a compound Poisson-Gamma process.
Controls the variance function. Values between 1 and 2
Tweedie variance 19 typically represent semi-continuous data with many zeroes,
power ’ with 1.2 used to account for overdispersed data with a long
right tail.
R2 RMSE MAE captures the average error of the model's predictions,
Evaluation metrics MAE ' with RMSE identifying the error in the same units as the
response variable, making it easily interpretable.
Max depth 6 Con’rro!s the maximum depth of each tree to prevent
overfitting.
Minimum sum of instance weights required to create a new
Minimum child weight 3 leaf of a tree. Used to reduce over-splitting noisy data,
whereby a higher value makes the model more conservative.
Gamma is the minimum loss reduction needed to make a
Gamma 0 further split in the tree. A value of 0 allows the model to
explore all splits.
Learning rate (eta) 0.3 Used fo reduce overfitting.
Each free is frained on 80% of the data to reduce overfitting
Subsample 0.8 . .
and improve model stability.
Colsample bytree 08 Each tree uses 80% of the predictor variables to account for

Reg lambda

Reg alpha

correlated predictor variables.

Regularisation of lambda (ridge penalty) to reduce sensitivity
fo noise.

Regularisation of alpha (lasso penalty) encourages sparsity by
shrinking weak features toward zero.
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3 Results

3.1 Climate periods shape environmental character and associated
phytoplankton communities

The Coorong’s environmental conditions and phytoplankton community were strongly
affected by flow periods as both the environmental and phytoplankton community
resemblance matrices significantly differed by flow period (Table 4; p <0.01). Pairwise
PERMANOVA tests revealed that environmental conditions and phytoplankton
communities were significantly different between all combinations of flow periods
(Table 4). The greatest difference in environmental conditions was between the
extreme wet and exireme dry periods and the least difference between the wet and
intermediate periods. For the phytoplankton community, there were very strong
differences between the extreme dry and all other periods and between the dry and
extreme wet periods.
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Table 4. Results of PERMANOVA tests of environmental and phytoplankton community matrices
by climate period. 999 permutations were run to calculate p-values. PERMANOVA main test
results include degrees of freedom (df), sum of squares (SS), Pseudo-F statfistic and p-value,

while the pairwise tests include the pseudo-t statistic and p-values.
PERMANOVA TEST RESULTS

Resemblance Df SS Pseudo-F p-value
matrix

] 4 1645 59.74 0.001
Phytoplankton 4 5.6x 105 89.15 0.001
Environmental Pairwise tests Pseudo-t p-value
Extreme dry-wet 7.89 0.001
Extreme dry-intermediate 7.72 0.001
Extreme dry-dry 7.72 0.001
Extreme dry-extreme wet 11.61 0.001
Wet-intermediate 3.82 0.001
Wet-dry 7.60 0.001
Wet-extreme wet 8.00 0.001
Infermediate-dry 8.10 0.001
Intermediate-extreme wet 10.42 0.001
Dry-extreme wet 7.85 0.001
Phytoplankton Pairwise tests Pseudo-t p-value
Extreme dry-wet 12.17 0.001
Extreme dry-intermediate 13.99 0.001
Extreme dry-dry 12.82 0.001
Extreme dry-extreme wet 10.84 0.001
Wet-infermediate 3.98 0.001
Wet-dry 7.36 0.001
Wet-extreme wet 4.91 0.001
Intermediate-dry 8.33 0.001
Intermediate-extreme wet 5.65 0.001

Dry-extreme wet 8.37 0.001
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Analysis of principal components of the phytoplankton community highlight a strong
differentiation between the extreme dry and all other periods (axes 1), followed by
clear separation between the dry and the exireme wet periods, with considerable
overlap between the intermediate and wet periods (axes 2) (Figure 2). These results
align well with the results of the PERMANOVA pairwise tests (Table 4).

Transform: Log(X+1)
Resemblance: 517 Bray-Curtis similarity

60 - A Extreme wet
A Wet

ﬂ A Intermediate
A Dry

40- A Extreme dry
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-20
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60 40 20 0 20 40

PCO1 (28.7% of total variation)
Figure 2. unconstrained ordination of phytoplankton communities coloured by climate period
with environmental variables overlayed. unconstrained ordination was performed using

principal coordinate analysis (PCoA). Phytoplankton species abundances were natural log +1
fransformed prior to generating a resemblance matrix using Bray-Curtis similarity.

All continuous environmental and phytoplankton (total phytoplankton abundance,
picophytoplankton abundance, Margalef’s richness and Pielou’s evenness) variables
tested using Kruskal-Wallis H tests significantly differed by climate period (Table 5).
Mean month-averaged barrage flow increased with increasingly wet conditions, from
0 GL month' under extreme dry to 1,856 GL month-! under extreme wet periods, with
a concomitant increase in mean water level and decrease in mean salinity. Mean
monthly-barrage flow and water level were significantly different between all periods,
except between the dry and intermediate periods. Median salinity was significantly
greater under extreme dry and dry periods than all others, with salinity peaking at 196
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PSU during the Millennium drought. Median salinity was significantly lower during the
wet and extreme wet periods than the dry and extreme dry periods. Median
temperature was significantly greater during the extreme dry period than all others, in
conftrast to the intermediate period where median temperature was significantly lower
than all other periods. Dissolved nutrients (NHs, NOx and PQO.) typically had large
variation during all periods, but median values peaked during the extreme wet period,
where they were significantly greater than all other periods. N:P ratios were also highly
variable with median values significantly greater during the wet and intermediate
periods than the others. pH remained alkaline throughout all periods, with the
minimum pH value occurring during the intermediate period (8.13). Median pH was
significantly greater during the dry and extreme wet periods than all others.

Median phytoplankton and picophytoplankton abundances were significantly
greater during the dry period and significantly lower during the extreme dry period
than all others by an order of magnitude (Table 5). Median Margalef's richness
increased with increasingly wetter conditions, being significantly greater during the
extreme wet period than all others and significantly greater in the wet period than the
other three. Median Pielou’s evenness was significantly greater during the extreme dry
period and significantly lower during the dry period than all others.
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Table 5. Environmental variables and phytoplankton abundance and diversity by flow periods
with Kruskal-Wallis (K-W) H significance tests of each variable by flow period as a factor. Values
of the Kruskal-Wallis chi-squared test result are presented with all test results statistically
significant (p < 0.001). Environmental and phytoplankton values are presented as Mean + SE

VARIABLE

Barrage flow

N:P

NH3

NOx

pH

PO4

Salinity

Temperature

Water level

Phytoplankto
n abundance
(without pico-
phytoplankto
n)

Pico-
phytoplankto
n abundance

Median; Min—-Max).

EXTREME

DRY

Ave
GL ,
S 0£0(0;0-0)
1
3.6x105 +
9.5x104
(14.5;0.1-
4X109)
88.9 + 12.1
WM 133.3; 0-500)
1.94+0.21
Y (1.61;0—
10.9)
8.42 % 0.01
- (8.42:8.3
8.54)
18.3+3.35
WM 3.16; 0-168)
742+ 4.8
PSU (469 17.7-
196)
2494023
°C  (25.6;163-
30.1)
Ave.

0.09 +0.02
mﬁrﬁﬁ, (-0.16; -0.16~
] 0.34)

1.9x 108 +
C1Ix105(17
Ce!ls L x 10¢; 7.9 x
104-7.8 x
109)
25% 107+
 35x105(1.8
Celst 107 1.5
106-7.3 x
107)

113£9.98
(90.5; 33.4-
237)

152+ 1.43
(11.6; 4.4~
60.5)

329 +1.33
(30.8; 15—
54)

13.4+2.12
(7.46; 3.02—
108)

9.69+0.19
(9.75; 7.56-
12.2)

3.63+0.21
(3.09; 1.32-
8.69)

78.3+3.36
(77.6;29.6-
129)

19.2+0.6
(19.2; 11.7-
26.9)

0.29 +0.02
(0.31; 0.07-
0.45)

57x107 +
6.8 %106
(3.3x 107;

4.1 x106-1.7

x 108)

2.9x1010+
6.38 x 107
(3.72x107%
1.05 x 108-
1.75x 10"

INTERMEDIATE

140 11.1
(88.3; 14.9—
632)

1.1 X105+ 2.6
x104 (54.9; 0—
1.8x10¢)

45+ 6.96
(22.3; 0-875)

4.91£0.75
(0.59; 0-46.8)

8 +0.04 (8.13;
6.08-8.9)

3.27 +0.63
(0.23; 0-36.7)

31.9+1.8]
(28.8; 0.46-96)

16.6+0.35
(16.6; 2-26.7)

0.36 +0.02
(0.38; -0.04-
0.77)

2.7x107+ 3.7
x 106 (1.4 x
107; 1.8 x 106-
4.3 x108)

59x107+
7.19 x 108
(1.95x10% 1.1
x 107-4.9 x
1019)

WET

623+31.7
(503; 186~
1131)

898 + 426
(60.7; O-
4.3x10%)

159 +31.9
(53.1; 0-
2676)

4.78 =
0.72
(1.67; 0-
46.8)

8.13+0.2
(8.17; 7.2-
8.68)

2,95+
0.53

(0.76; 0-
32.1)

2582
(14.2;
0.15-73.6)

19.3+
0.43 (18.9;
10.6-31.9)

0.45 +
0.02 (0.5;
0.09-0.77)

42x107 £
7.0x 108
(1.02 x
107; 1.0 x
106-3.9 x
108)

5.89 x 107
+ 5,49 x
108 (3.7 x
107; 1.0 x
103-2.95 x
1019)

EXTREME WET

1856 + 161
(1987; 487-
3094)

13.9+ 0.94
(12.8;7.79-
33.8)

77719
(78.7; 52.8-
99.2)

15.9+0.38
(16.2;10.7-
22.1)

9.41 +0.07
(9.37; 8.6-
10.4)

7.91+0.53
(7.53; 2.53-
14.3)

26.8 +3.44
(18:0.19-69)

19.4 +0.42
(18.0; 15.4-
25.2)

0.75+0.03
(0.85; 0.46-0
94)

1.9x107 £
3.2x 106 (1.15
x 107; 4.5 x

105%-7.6 x 107)

2.28x 108+
5.15x 107 (2.1
x 107; 1.0 x
106-1.0 x 107)

K-W
TEST
CHI-
$Q (DF
= 4)

439.6

54.2

56.61

173.35

148.56

126.52

166.94

185.5

286.95

261.24

319.29
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1.01 £0.02

1.06 £0.03

Maraalef's 1.3£0.03 1.48 = 2.64+0.16
richr?ess - (0.99; 0.42-  (1.02; 0.7- (1.28;0.56— 0.04 (1.38; (2.29;1.46— 210.38
1.72) 1.87) 2.31) 0.68-2.83) 5.29)
Piclou’s 0.89 £0.003 0.45+0.03 0.63£0.01 0.63 = 0.72+0.01
evenness - (0.9;0.79-  (0.48;0.16— (0.68:0.15- 0.02 (0.68;  (0.72;0.41-  310.69
0.96) 0.87) 0.88) 0.11-0.9) 0.86)
5] 6 7
9.9x 105+ 3.6x 106+ 39%106+ 6.2 1.3x107 £ 6.7 x 106+
_ 6.7 x104(9.1 58x10° 3.3x10¢
Harmful algae Cells L & & x 105 (1.9 x .. 1.3x10¢(2.8
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A total of 106 species/species groups were observed in the Coorong between 2007
and 2023 that can potentially cause harm under certain conditions. Of these, 82 were
classified as toxic and 24 as non-toxic. The majority of HAB species were
Cyanobacteria (43 spp., all toxic), Dinoflagellates (33 spp., 25 toxic) and Diatoms (22
spp., 2 toxic). Other taxonomic groups represented were Raphidophytes with three
species and Chlorophytes, Ciliates, Cryptophytes, Prasinophytes and Prymnesiophytes
with one species each. The most observed species were Nitzschia spp. (Diatoms; 380
occurrences), Gymnodinioid spp. < 20 um (Dinoflagellates; 354 occurrences),
Gyrodinium spp. (207 occurrences), Chrysochromulina spp. (Prymnesiophytes; 183
occurrences), Protoperidinium spp. (Dinoflagellates; 171 occurrences) and
Chaetoceros spp. (Diatoms; 149 occurrences). The species with the highest observed
sample abundances were Aphanocapsa sp. (Cyanobacteria; 184,000,000 cells L),
Chaetoceros spp. (67,000,000 cells L), Aphanizomenon gracile (Cyanobacteria;
50,000,000 cells L"), Planktothrix sp. (flaments; Cyanobacteria; 42,400,000 cells L),
Cuspidothrix sp. (Cyanobacteria; 35,760,000 cells L) and Nitzschia spp. (26,000,000
cells L1).

Harmful algae abundance significantly differed by flow period (Table 5). Abundances
surpassing the high threshold were observed during the wet period, when flows had
returned post Millennium Drought, with low abundances during the extreme dry period
that did not surpass the first risk threshold (Figure 3). The spikes in abundance during
the wet period consisted primarily of a mix of several Cyanobacteria species:
Aphanocapsa sp., Nodularia spumigena, Planktothrix sp. (flaments), Cuspidothrix sp.,
Merismopedia sp., Apbhanizomenon sp. and A. gracile. Blooms of these Cyanobacteria
occurred from January to June 2012 and were restricted to the northern part of the
Coorong between sites S3 (Sugar’s Beach, near the Murray Mouth) and S11 (Long
Point; Figure 1). Other notable spikes in HAB abundance that surpassed the medium
risk level occurred during the intermediate period. The first occurred in March 2013 at
S3 and was a bloom of the Diatoms Chaetoceros spp. The second spike was an
Aphanocapsa sp. bloom, which occurred in March 2014 at site S1 (Monument Road,
near the Goolwa Barrage). At no other times did the total HAB abundance surpass the
medium or high risk levels. The low risk level threshold was surpassed several fimes in
the dry and extreme wet periods. In October 2020 (dry period), a bloom of the Diatoms
Nitzschia spp. occurred at site S12 (Noonameena). In the extreme wet period, a mixed
Cyanobacteria species bloom occurred, consisting of the following species:
Aphanocapsa sp., Gomphosphaeria sp., Merismopedia sp., Woronichinia sp.,
Planktolyngbya sp. (filaments), Coelomoron sp. and cf. Pseudanabaena sp. (cells). In
November 2022 , the bloom occurred at site S3. In January 2023, it had spread across
sites S3 to S12. In April 2023, it had retracted to between S3 and S10 (Mulbin-Yerrok
Point).
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Figure 3. Total Harmful algae abundance (A), Alexandrium spp. abundance (B) and
Gymnodinium sp. abundance (C) by sample over the duration of the sampling period
between February 2007 and April 2023. Flow periods are delineated by the vertical dashed
grey lines. Datfes of each flow period are presented below the sample numbers. Horizontal
dashed lines indicate the thresholds of medium (yellow) and high (red) exposure levels outlined
by NHMRC (2008) in A and alert (yellow) and action (red) levels outlined in Table 2.

Despite the low total HAB abundances during the exireme dry period, Alexandrium
abundances were consistently above its respective risk level (Figure 3B). Alexandrium
spp. were observed 70 times above the action level (= 10,000 cells L) in February 2007
across all sampling sites (S1-20; Figure 1). After February 2007, Alexandrium spp. were
only observed six times in the dataset and only three times above the alert level (21,000
cells L"), but never again above the action level (maximum abundance after
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February 2007 was 5,000 cells L). Five Alexandrium species were observed in the
dataset, with A .minutum being the only species present in February 2007. The
remaining Alexandrium observations consisted of A. australiense, A. margalefi, A.
pseudogonyaulax and Alexandrium sp.

Gymnodinium sp. was also consistently observed exceeding the G. catenafum risk
levels during the extreme dry period, where it was detected 113 times (Figure 3C).
Though this Gymnodinium species should not be assumed to be of concern as only G.
catenatum is known to produce toxins that threaten aquatic ecosystem health
(Hallegraeff et al., 1995). Like Alexandrium, these observations spanned across all
sampling sites (S1-20; Figure 1) but were also present in May 2009. Gymnodinium sp.
was never observed again in the dataset.

In no samples did Microcystis aeruginosa, Trichodesmium spp. and Karenia spp.
surpass their respective alert levels (Table 2) with maximum abundances of 47,500,
230,000 and 10,000 cells L1, respectively. All three species were not observed regularly
in the dataset, with 2 observations of Microcystis aeruginosa, 5 observations of
Trichodesmium spp. and 6 observations of Karenia spp. Three other Microcystis species
were observed in the dataset, all with < 5 occurrences and only one (Microcystis sp.)
surpassing the surveillance level on one occasion with an abundance of 2,500,000
cells L. Lyngbya sp. was observed once with an abundance of 1 cell L1, which meets
the alert level for Lyngbya majuscula, though this Lyngbya was not identified to its
specific species.

3.2  Environmental drivers of phytoplankton communities

3.2.1 Correlation analyses

Spearman-rank correlations revealed that the total phytoplankton community and
picophytoplankton abundances were significantly correlated with barrage flows,
distance from Murray Mouth, NOx, pH, POy, salinity, temperature and water level
(Figure 4). Picophytoplankton abundance was also significantly correlated with N:P
ratio. Margalef’s richness and Pielou’s evenness were both significantly correlated to
barrage flows, distance from Murray Mouth, NOx, salinity, temperature and water level,
with evenness also significantly correlated with POsand N:P ratio. Distance from Murray
Mouth was strongly positively correlated with salinity and NHs highlighting a reverse
salinity and NHs gradient. Salinity was significantly negatively correlated with barrage
flows and water level, with water level strongly negatively correlated with
temperature.

Water levels at Parnka Point and Ewe Island were highly correlated (Spearman p =
0.87; p < 0.01), so only Parnka Point water level was used in subsequent analyses
(stated as water level hereon). Because water level was also strongly correlated with
barrage flow (p = 0.82; p < 0.01) and rainfall (o = 0.87; p < 0.01), these two variables
were removed from most analyses to avoid redundancy, except where barrage flow
was intentionally retained to llustrate its strong influence on the Coorong’s
environmental conditions and phytoplankton community (Figure 3). The remaining
nine environmental variables (distance from Murray Mouth, NH;, NOx, N:P ratio, PO,,
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pH, salinity, temperature and water level) displayed no significant multicollinearity (VIF
< 5) and were therefore included in all analyses hereon.

Spearman-rank correlation analyses showed that total phytoplankton and
picophytoplankton abundances were significantly correlated to multiple
environmental factors, including barrage flows, distance from Murray Mouth, NOx, pH,
PO,, salinity, temperature and water level, with picophytoplankton also significantly
correlated to N:P ratio (Figure 4). Margalef’s richness and Pielou’s evenness were
similarly correlated with many of these variables. Distance from the Murray Mouth was
positively correlated with salinity and NHs, indicating the inverse gradient. Salinity was
negatively correlated with barrage flows and water level, while water level showed a
strong negative relationship with temperature.
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Figure 4. Multiple correlation analysis using Spearman-rank correlations on untransformed
phytoplankton (total community abundance, picophytoplankton abundance, Margalef’s
richness and Pielou’s evenness) and environmental variables (distance from Murray Mouth,
salinity, temperature, pH, water level, barrage flow, NH3, PO4, NOx and N:P). Spearman
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correlation coefficients (p) are displayed as a colour scale from red (negative) to blue
(positive) with non-statistically significant correlations (p > 0.05) marked as white.

3.2.2 Comparing environmental and phytoplankton community resemblance
matrices

The RELATE Spearman rho = 0.26 (p < 0.01) demonstrated that the patterns in the
environmental data significantly resemble the patterns in the phytoplankton
community data with a moderate strength (Table 6). BEST analysis revealed that
distance from Murray Mouth, salinity, temperature and water level combined
explained the greatest amount of variation in the phytoplankton community (Table 6).
For phytoplankton groups, the most common variables produced by BEST were water
level (9 groups), salinity (8 groups), temperature (7 groups) and PO4 (5 groups; Table
6).

Table 6. BEST and RELATE analysis results for tofal phytoplankton community and for
phytoplankton taxonomic groups. BEST variables are listed in alphabetical order. All results
statistically significant with p-values < 0.01. Statistical significance derived from permutation
tests consisting of 999 permutations.

PHYTOPLANKTON RELATE BEST SPEARMAN
GROUPS SPEARMAN RHO BEST VARIABLE(S) RHO

Total community 0.26 distance from Murray Mouth, 0.43
salinity, temperature, water level

Diatoms 0.12 dls.fo.nce from Murray Mouth, 0.22
salinity, femperature, water level

Chlorophytes 0.19 POg, salinity, temperature, water 0.28
level
N:P ratio, salinity, temperature,

Cryptophytes 0.26 water level 0.36

Chrysophytes 0.19 NOx, PO4, temperature, water 0.23
level

Cyanoprokaryota 0.22 ll\ej:\ljerloho, POs, pH, salinity, water 0.28

Dinoflagellates 0.21 water level 0.34
distance from Murray Mouth, N:P

BuglEnerinie .19 ratio, POy, salinity, water level EL1?

Prasinophytes 0.20 POy4, salinity, temperature, water 0.3]
level

Prymnesiophyceae 0.1 salinity, temperature, water level 0.17

Other phytoplankton 0.1 N:P ratio, salinity, temperature 0.17

The stepwise DistLM model explained 34.35% of the variation in phytoplankton
abundance, with all environmental variables contributing significantly. Water level
accounted for the largest share of variation (14.20%), followed by distance from the
Murray Mouth (6.44%) and salinity (4.14%). The dbRDA indicated that variation in
phytoplankton community structure was primarily driven by a temperature-salinity-
water level gradient along axis 1, while axis 2 reflected spatial and chemical gradients
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(Figure 5). Temperature (R?2 = 0.75) and salinity (R?2 = 0.58) were strongly positively
associated with axis 1, whereas water level (R2 = -0.85) was strongly negatively
associated. Distance from Murray Mouth (RZ = 0.87), salinity (R2 = 0.57), pH (R% = 0.44)
and nutrients (NOx R2 = 0.29; NH3s R?2 = 0.27; PO4R? = 0.20) were all positively correlated
with axis 2. When grouped by salinity-based habitats and lagoon, dbRDA patterns
showed axis 1 represents a strong gradient from hypersaline (Hé) to freshwater (H1)
habitats, and axis 2 reflects the spatial gradient from the North to South Lagoon.
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Figure 5. Distance-based redundancy analysis (dbRDA) characterising patterns in
phytoplankton community assemblage. The dbRDA was performed including water level,
salinity, temperature (temp), distance from Murray Mouth (Dist. MM), pH, PO4, NH3, NOx and
N:P ratio. Samples are coloured by salinity-based habitat (H1-Hé) with lagoon represented by
closed (north, N) and open (south, S) triangles. Phytoplankton abundances were natural log +
1 tfransformed prior to applying a Bray-Curtis resemblance matrix.

3.2.3 Generalised additive models

Generalised additive models (GAMs) captured non-linear trends when predicting
total phytoplankton community abundance (without picophytoplankton),
picophytoplankton abundance, Margalef’'s richness and Pielou’s evenness by
environmental variables (Figure 6). Distance from Murray Mouth, pH, salinity,
temperature and water level were significant in all GAMs, with the significance of
nutrients varying between GAMs (Tables 7-10). Salinity and water were consistently the
variables that explained the most variation in each GAM with only distance from
Murray Mouth explaining slightly more variation than salinity in the GAM predicting
picophytoplankton abundance.
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Figure 6. Generalised additive model (GAM) partial effects plots demonstrating the estimated
contribution of each predictor variable, whilst holding all other terms at a value of zero
contribution, for the GAMs predicting (A) total phytoplankton community abundance (without
picophytoplankton), (B) picophytoplankton abundance, (C) Margalef’'s diversity and (D)
Pielou’s evenness. Estimated effects of the response variables are centred around zero and
displayed aft the link scale (y-axes) where positive values indicate an increase in the response
while negative values indicate a decrease. Values on x-axes are in the units of the predictor
variable displaying how the confribution of each confinuous covariate changes across the
range of observed values. Uncertainty in estimated confributions are presented by 95%
confidence intervals, denoted by the grey shaded area around fitted smooth terms.
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Table 7. Generalised additive model (GAM) outputs predicting total phytoplankton community
abundance (without picophytoplankton) from nine environmental variables (salinity, distance
from Murray Mouth, water level, temperature, pH, PO4, NH3, NOx and N:P ratio).

PHYTOPLANKTON COMMUNITY TOTAL ABUNDANCE (WITHOUT PICOPHYTOPLANKTON) GAM USING A

NEGATIVE BINOMIAL DISTRIBUTION WITH LOG LINK

Model deviance

explained 64.8%

Parametric coefficient  Value SE Z value p-value
Intercept 16.33 0.04 414.50 <0.001
Smooth terms (variables in alphabetical Effective degrees Chi-s d val
order) of freedom quare p-value
Distance from Murray Mouth 5.12 41.05 <0.001
N:P 1.00 1.38 >0.05
NHs 3.81 13.15 <0.05
NOx 1.00 0.89 >0.05
pH 6.32 28.36 <0.001
PO4 1.26 0.53 > 0.05
Salinity 8.88 259.71 <0.001
Temperature 3.65 23.64 <0.001
Water level 9.56 200.68 <0.001
Significant variables (in order of % variation Deviance

explained) explained (%)

Salinity 35.92

Water level 32.74

Distance from Murray 6.61

Mouth

Temperature 6.33

pH 5.11

NH3 1.11
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Table 8. Generalised additive model (GAM) outputs predicting picophytoplankfon
abundance from nine environmental variables (salinity, distance from Murray Mouth, water
level, temperature, pH, PO4, NH3, NOx and N:P ratio).

PICOPHYTOPLANKTON ABUNDANCE GAM USING TWEEDIE DISTRIBUTION WITH LOG LINK

Model deviance

explained 79.4%

Parametric coefficient Value SE Z value p-value
Intercept 21.04 0.05 436.30 <0.001
Smooth terms (variables in alphabetical Effective degrees Chi-s d val
order) of freedom quare p-value
Distance from Murray Mouth 412 31.47 <0.001
N:P 3.00 3.28 <0.05
NHs 1.00 0.01 >0.05
NOx 2.20 4.73 <0.01
pH 1.00 6.01 <0.05
PO4 6.97 4.28 <0.001
Salinity 5.56 9.14 <0.001
Temperature 6.86 3.27 <0.001
Water level 14.47 23.77 <0.001
Significant variables (in order of % variation Deviance

explained) explained (%)

Water level 27.66

II\D/\erSTrr\‘ce from Murray 03.44

Salinity 22.43

PO4 9.33

NOx 4.37

pH 4.17

Temperature 4.10

N:P 1.93
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Table 9. Generalised additive model (GAM) outputs predicting margalef’s diversity from nine
environmental variables (salinity, distance from Murray Mouth, water level, temperature, pH,

PO4, NH3z, NOx and N:P ratio).
MARGALEF’'S DIVERSITY GAM USING GAMMA DISTRIBUTION WITH SQRT LINK

Model deviance

explained 73.4%

Parametric coefficient Value SE T value p-value
Intercept 1.15 0.01 205.70 <0.001
Smooth terms (variables in alphabetical Effective degrees F

order) of freedom e el
Distance from Murray Mouth 16.49 3.84 <0.001
N:P 1.25 6.31 <0.05
NH3 1.00 0.80 >0.05
NOx 8.43 4.52 <0.001
pH 8.67 4.26 <0.001
PO4 3.10 3.74 <0.05
Salinity 8.12 4.43 <0.001
Temperature 24.27 2.35 <0.001
Water level 17.38 5.05 <0.001
Significant variables (in order of % variation Deviance

explained) explained (%)

Water level 18.03

Salinity 14.89

pH 14.04

Temperature 13.23

NOx 12.35

IIZ\)/\l(s)‘rSTr;‘ce from Murray 12.29

PO4 6.14

N:P 2.91
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Table 10. Generalised additive model (GAM) outputs predicting pielou’s evenness diversity
from nine environmental variables (salinity, distance from Murray Mouth, water level,
temperature, pH, PO4, NH3, NOx and N:P ratio).

PIELOU’S EVENNESS GAM USING BETA DISTRIBUTION WITH LOGIT LINK

Model deviance

explained 60.4%

Parametric coefficient Value SE Z value p-value
Intercept 0.83 0.03 29.28 <0.001
Smooth terms (variables in alphabetical Effective degrees F

order) of freedom e el
Distance from Murray Mouth 3.46 2.43 <0.01
N:P 2.90 2.14 <0.05
NH3 1.00 5.78 <0.05
NOx 1.00 0.003 >0.05
pH 2.46 2.61 <0.05
PO4 2.70 4.79 <0.001
Salinity 11.09 12.52 <0.001
Temperature 4.23 2.97 <0.01
Water level 7.34 12.20 <0.001
Significant variables (in order of % variation Deviance

explained) explained (%)

Water level 39.00

Salinity 26.20

Temperature 12.18

PO4 4.91

/I?/\lgSfrr]qce from Murray 447

NHs 3.69

pH 2.66

N:P 0.96

3.3 Phytoplankton communities within salinity-derived habitats

The phytoplankton community resemblance matrix significantly differed by habitat in
the PERMANOVA main test (Table 8). In addition, total phytoplankton community
abundance, picophytoplankton abundance, Margalef's richness and Pielou’s
evenness also significantly differed by habitat in Kruskal-Wallis H tests (Table 8). This
aligns with the clear separation of phytoplankton communities by habitats in the
dbRDA (Figure 5) and supports the framework utilised in this study to predict the
Coorong's phytoplankton communities by classification into salinity-derived habitats.
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The greatest differences in phytoplankton communities were observed between the
lower salinity habitats (H1 and H2) and the high and extreme hypersaline habitats (H5
and Hé), as denoted by larger PERMANOVA Pseudo-t values. There were also
considerable differences between the freshwater-low brackish habitat (H1) and the
high brackish-marine and hypersaline habitats (H3 and H4). The hypersaline H4 and H5
habitats were the most similar, having the smallest Pseudo-t values of any pairwise test.
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Table 11. PERMANOVA and Kruskal-Wallis significance testing of phytoplankton community
assemblage, abundance and diversity by habitat. PERMANOVA significance testing
conducted on the phytoplankton community resemblance matrix with 999 permutations run
to calculate p-values. Kruskal-Wallis H tests were conducted on total phytoplankton community
abundance (without picophytoplankton), picophytoplankton abundance, Margalef's
richness and Pielou’s evenness.

PERMANOVA TEST RESULTS

Main test Df SS Pseudo-F p-value
Habitat 5 2.35x10° 21.53 0.001
Pairwise tests Pseudo-f p-value
o 3.85 0.001
Ho-H4 5.07 0.001
o 4.53 0.001
Ho-Hé 6.92 0.001
o 3.71 0.001
H3-H4 2.86 0.001
e 2.76 0.002
Ha-Hé 3.78 0.001
T 5.67 0.001
A5 2.38 0.001
/s 5.37 0.001
HAH 6.99 0.001
B 3.48 0.001
H5-H1 5.60 0.001
T 7.51 0.001

Variable Chi-squared Df p-value
Total phytoplankton community
abundance (without 94.68 5 <0.001
picophytoplankton)
Picophytoplankton abundance 138.41 5) <0.001

Margalef’s richness 133.21 5 <0.001
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Pielou’s evenness 64.48 5 <0.001

Harmful algae abundance 37.47 5 <0.001

Clear patterns in phytoplankton community abundance and diversity were observed
by habitat (Figure 7). Median total phytoplankton abundance (without
picophytoplankton) was greater in H1 than all other habitats and lower in H3 and Hé
than all other habitats, which did not significantly differ from each other (Figure 7).
Large variation in total community abundance was observed in habitats H1-HS5,
though was most pronounced in H3-HS5 (Figure 7A). Median picophytoplankton
abundance was significantly greater in H4 and H5 than all other habitats and
significantly lower in H1 and Hé than all other habitats (Figure 7B). Median Margalef’s
richness tended to decrease with increasing salinity, with significantly greater richness
in H1 and H2 than all other habitats, and significantly greater richness in H1 than H2
(Figure 7C). Conversely, richness was significantly lower in hypersaline habitats H5 and
Hé than all others, which did not significantly differ from each other. Median Pielou’s
evenness was significantly greater in H6 than in all other habitats, except for H3, where
evenness was significantly greater than in H1, H2 and H4 (Figure 7D).
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Figure 7. Box- and whisker-plots of (A) total phytoplankton community abundance (without
picophytoplankton, (B) picophytoplankton abundance, (C) Margalef's richness and (D)
Pielou's evenness by habitaft.
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The relative abundances of taxonomic groups and species within taxonomic groups
largely varied between habitats (Figure 8). Picophytoplankton relative abundance
was highest (2 95% of total abundance) in brackish-marine H3 and hypersaline H4 and
H5 habitats, contrasting with the least and most saline habitats (H1 and Hé) where
picophytoplankton relative abundance was considerably lower (68% and 75%
respectively; Figure 8A). The relative abundance of taxonomic groups without
picophytoplankton also demonstrated clear patterns (Figure 8B). Diatoms were
consistently more abundant than all other groups across all habitats, apart from H1.
Diatoms had the largest relative abundances in H6 (47%), H4 (39%), H3 (38%) and H5
(34%). Dinoflagellates also had higher relative abundances under higher salinity
habitats, with their highest relative abundance in exfreme hypersaline Hé6 (43%),
followed by H3 (30%), H4 and H5 (both 21%), and the lowest relative abundance in low
salinity H1 (3%). In contrast, Cyanoprokaryotes dominated lower salinity conditions,
with the highest relative abundance in H1 (37%), but were scarce in higher salinity
habitats H3-Hé (< 5%). Chlorophytes showed preferences for both low salinity H1 and
high hypersaline H5 with their highest relative abundances of 28% in each, while
Prasinophytes had their highest relative abundance in H5 (10%) with < 5% relative
abundance elsewhere. Cryptophytes had greater relative abundances in freshwater—
brackish and marine conditions (H2 = 20%; H3 = 13%; H1 = 10%) than elsewhere (< 7%),
with decreasing relative abundance with increasing salinity. Chrysophytes,
Euglenophytes, Prymnesiophytes and other phytoplankton species had low relative
abundances (< 5%) across all habitats.

The relative abundance of phytoplankton species within taxonomic groups also varied
across habitats, highlighting dramatic shifts in phytoplankton communities across the
salinity gradient (Figure 8C-L). Chlorophytes, Chrysophytes, Cryptophytes,
Euglenophytes, Prymnesiophytes and other phytoplankton trended towards
increasing simplicity (i.e., fewer species with greater relative abundances) in
community composition with increasing salinity. In contrast, Dinoflagellates displayed
the opposite tfrend with only a few species present in lower salinity habitats that were
dominated by Gymnodinioids < 20 um (Figure 8H). Gymnodinioids < 20 um were the
most abundant species group of Dinoflagellates in all habitats except for H6 where
Gyrodinium spp. and Protoperidinium spp. were the two most abundant species
respectively. Gyrodinium spp. were also well represented across habitats, being the
second most abundant Dinoflagellate in H3 and H5 and third most abundant in H1
and H2.

Chlorophytes shifted from a community with more equal relative abundances in H1
and H2 where Chlorohormidium sp. was most abundant, to Chlamydomonas sp.
dominance in H3 and Koliella sp. dominance in all hypersaline habitats H4-6 (Figure
8C). Koliella sp. increased in relative abundance with increasing salinity, such that it
represented 75% and 99% of Chlorophyte abundance in H5 and Hé respectively.
Chrysophytes, Euglenophytes and Prymnesiophytes were dominated by Ochromonas
spp., Eutreptiella spp. and Chrysochromulina spp. respectively (Figure 8D, | and L).
These species were the only representative of these groups in Hé, with Eutreptiella spp.
also the only Euglenophyte in H5. Of the other phytoplankton species group,
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Mesodinium rubrum was the most abundant species from H1-4 and second most
abundant in H5 but was not present in Hé (Figure 8J). Heterotrophic flagellates were
most abundant in H5 and only plankton species in the other group present in Hé.
Apedinella spinifera was the third most abundant species in the other phytoplankton
group from H1-4, but was not present in H5 or H6, while Pedinellid spp. were the third
most abundant in H5 but were not present in any other habitat.

Cryptophytes were mostly represented by Plagioselmis prolonga, Hemiselmis sp. and
Leucocryptos sp. (Figure 8E). Plagioselmis prolonga was the most abundant
Cryptophyte in H1, H4 and H5 but was not present in H6. Hemiselmis sp. was the most
abundant Cryptophyte in H2, H3 and Hé and was present in all habitats along with
Leucocryptos sp., which was the second or third most abundant Cryptophyte in all
habitats apart from H1.

Prasinophytes showed a distinct shift with increasing salinity, with Pyramimonas spp.
dominating H1-4 but being the third most abundant in H5 behind Scourfieldia sp. and
Mantoniella squamata and not being present in Hé (Figure 8K). Mantoniella squamata
and Scourfieldia sp. were the most abundant Prasinophytes in Hé with Tetraselmis sp.
the only other Prasinophyte present. Tetfraselmis sp. was present in all habitats, being
the second most abundant Prasinophyte in H1-4.
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Cyanoprokaryotes showed complex shifts between habitats with the most even
relative abundance in H4 and the least evenness in lower salinity H1 and H2 habitafts
and hypersaline H5 and Hé (Figure 8F), though Cyanoprokaryote diversity was much
greaterin H1 and H2 than in H5 and Hé6. H1 and H2 were dominated by Planktolyngbya
conftorta, with Planktolyngbya subtilis the most abundant Cyanoprokaryote in H3. H5
consisted primarily of Pseudanabaena limnetica, Planktothrix sp. and Limnothrix sp.
with Pseudanabaena limnetica the only Cyanoprokaryote in Hé.

Diatoms had the most even relative abundances across all habitats with the most
abundant species (> 1% total phytoplankton community abundance) present from
H1-6 (Figure 8G). However, the relative abundances of these species did shift between
habitats. Cyclotella sp was the most abundant in H1, with Chaefoceros spp. the most
abundant in H2, Naviculoid spp. in H3 and H6 and Ceratoneis/Cylindrotheca
closterium in H4 and H5. Naviculoid spp. were well represented in all habitats, being
the second most abundant Diatom in H1, H2 and H4. Nifzschia spp. were also well
represented in all habitats except H6, being the second most abundant Diatom in H3
and the third most abundant Diatom in H1, H2, H4 and H5. Amphora sp. and
Cocconeis spp. relative abundances increased with salinity, being the second and
third most abundant species in Hé respectively.

3.4 Predicting harmful algae

Harmful algae abundance significantly differed by habitat (Table 8), with a greater
mean HAB abundance in H1 than all other habitats and a lower abundance in H6
than all other habitats (Figure 9). The mean HAB abundance in all habitats was far
lower than all risk levels (e.g., H1 = 2.6 x 105 + 6.0 x 104 Low risk level = 5 x 10¢ cells L';
Figure 9A). However, the mean abundances of Alexandrium spp. (Figure 9B) and
Gymnodinium sp. (Figure 9C) were greater than the action level (Table 2) in H6 and
greater than the alert level in H3, H4 and HS5 for both species, with the mean
abundance of Gymnodinium also surpassing the alert level in H2.
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The XGBoost model performed well, explaining 77% of the variation in harmful algae
abundance (R?2 = 0.77), with a MAE of 3.05 x 10¢ and an RMSE of 1.09 x 107 that
represents 5.66% error relative to the range of observations. The observed vs predicted
model values were strongly and significantly correlated (R2=0.89; t = 19.30, df =102, p
< 0.001), though with some deviation from the 1:1 line, particularly at very high
abundances (Figure 10A). The maijority of the observations are located within relatively
lower abundances (maximum 1.7 x 107 cells L' ; Figure 10B), where most predictions
fall close to the 1:1, though some scatter is sfill visible.
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Figure 10. XGBoost model predictions plotted against observed HAB abundance showing the
whole range of values (A) and within a range where the majority of the values lie (< 1.7 x 107
cells L''; B).

Mean SHAP values highlighted that salinity was the most important variable in the
XGBoost model predicting HAB abundance (Mean SHAP = 0.48), with pH the second
most important variable in the model (mean SHAP = 0.25), followed by NOx and
distance from Murray Mouth (mean SHAP = 0.16 for both; Figure 11A). Salinity had an
overall negative impact on HAB abundance, as indicated by the large amount of
negative SHAP values, with positive SHAP values only when salinity was low (Figure
11B). pH also had a largely negative impact on HAB abundance. NOx had an
increasingly positive impact on HAB abundance with higher values, while distance
from Murray Mouth was the opposite.
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Figure 11. Mean SHapley Additive exPlanation (SHAP) scores (A) and bee swarm plot showing
the distribution of SHAP values(B) for each environmental predictor variable used in the
XGBoost model predicting total HAB abundance. Environmental variables are ordered from
most to least important (highest to lowest mean SHAP value). The bee swarm plot indicates
how each SHAP value of the predictor variable has an increasing (positive), neutral (near zero)
or decreasing (negative)effect on HAB abundance. The colouring of these points indicate the
value of the predictor variable, from low (dark purple) to high (bright yellow).
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4 Discussion

4.1 Flow periods shape the Coorong ecosystem

Climate-driven flow conditions strongly shaped the Coorong's environmental
conditions and phytoplankton communities. The flow periods captured in this study
covered a large gradient of conditions, from exireme dry, whereby the Coorong
experienced the worst drought on record for South-eastern Australia (the Millennium
Drought) and received little to no freshwater inputs (Brookes et al., 2023), to extreme
wet (Keneally et al., 2025). The importance of freshwater flows for the ecological
functioning of the Coorong has been well documented, including for environmental
conditions such as salinity (Brookes et al., 2023; Brookes et al., 2022; Webster, 2010b),
sediment character and greenhouse gas production (Keneally et al., 2024; Lam-
Gordillo, Huang, et al., 2022), water quality and eutrophication (Huang et al., 2024;
Mosley et al., 2023; Priestley et al., 2022). These flows are also supporting a wide range
of organisms including macrophytes (Kim et al., 2015; Paton et al., 2015), fish (Brookes
et al., 2015; Brookes et al., 2022), waterbirds (Paton et al., 2009a; 2009b), micro- and
macro-invertebrates (Dittmann et al., 2015; Hemragj et al., 2017; Lam-Gordillo, Mosley,
et al., 2022) and the phytoplankton community (Hemrajet al., 2017; Jendyk et al., 2014;
Leterme et al., 2015). Here, we furthered our understanding of the importance of
climate conditions mediating freshwater inputs for the Coorong ecosystem and how
it drives changes in the phytoplankton community. The analyses covered a much
greater fimespan and captured a greater range of climatic conditions than previous
studies investigating responses of the phytoplankton community (e.g., Jendyk et al.,
2014; Leterme et al, 2015; Schapira et al., 2010), demonstrating the
comprehensiveness of our results in revealing phytoplankton community responses
across the full extent of possible climate conditions.

4.2  Environmental drivers of phytoplankton community abundance
and diversity

Through multiple methods of analyses, both salinity and water level were revealed as
the principal drivers of changes in phytoplankton community abundance, diversity
and assemblage. This aligns with existing literature highlighting salinity and water level
as master environmental variables for shallow lake and lagoon ecosystem functioning
globally (Keneally et al., 2024; McGrath et al., 2025), with both variables demonstrated
as being highly important for structuring phytoplankton communities in shallow lakes
and lagoons worldwide (Larson and Belovsky, 2013; Leira and Cantonati, 2008; Sun et
al., 2022; Tunca et al., 2024) and in the Coorong (Jendyk et al., 2014; Leterme et al.,
2015; Leterme et al., 2013; Schapira et al., 2010).

Distance from Murray Mouth and temperature were also consistently impacting on the
structure of phytoplankton communities, but to a lesser degree. The remaining
environmental variables (NHs, NOx, N:P, pH and POs) were significant in distance-
based linear modelling and some generalised additive models but with a weak effect.
Salinity and water level were inversely correlated to each other, with both variables
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strongly determined by the volume of freshwater inputs, whereby water level increases
and salinity decreases in response to greater freshwater inputs (Brookes et al., 2022;
Webster, 2010b). Water temperature was also inversely correlated to water level,
demonstrating the increased heating effect from concentrated solar radiation in a
smaller volume of water under lower water levels (Zhang et al., 2024), particularly
evident during the hotter and drier conditions of the drought.

Distance from Murray Mouth was positively correlated with salinity, highlighting the
salinity gradient that characterises the Coorong ecosystem (Brookes et al., 2022;
Mosley et al., 2023; Webster, 2010b). However, the spatial character of the Coorong
also consists of variable hydrodynamic conditions which can affect phytoplankton
community structure (Deng et al.,, 2024). Locations closer to the Murray Mouth
experience a combination of freshwater flow and tidal velocity signals coupled to
periodic wind forcing over a range of varying temporal scales (e.g., daily, seasonal,
intferannual) (Huang et al., 2024; Webster, 2010a, 2010b) dictating complex water
circulation processes and shorter residence times that can affect phytoplankton
dynamics (Chen et al., 2023; Deng et al., 2024). While in locations further away from
the Murray Mouth, particularly in the South Lagoon, hydrodynamics and water
circulation processes are primarily wind-driven due to the narrow channel constriction
separating North and South Lagoons at Parnka Point (Figure 12), with residence times
much longer (Huang et al., 2024; Webster, 2010b).
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Figure 12. Map of the Coorong highlighting the relatively narrow ~100 m wide constriction at
Parnka Point that separates the North and South lagoons.
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4.3 The effects of salinity on the phytoplankton community

Salinity typically has a negative impact on phytoplankton species richness (Larson and
Belovsky, 2013; Sun et al., 2022; Tunca et al., 2024) and total community abundance
(Tunca et al., 2024), aligning with our observations. Tunca et al. (2024) observed a
decline in richness and abundance from freshwater to marine conditions, following a
similar trajectory to that observed in Figure 7. High salinity creates osmotic stress that is
lethal for many lower salinity-adapted species, limiting the number of species that can
survive (Flbder et al., 2010). The resulting community is characterised by low species
richness, but can have relatively high evenness because the dominant species are
able to persist, leading to a community where few species conftribute relatively equally
to the total abundance (Fldder et al., 2010; Sun et al., 2022) or low evenness with a
community dominated by a few salt-tolerant species (Larson and Belovsky, 2013).
Here, we observed an overall positive trend between evenness and salinity, with the
greatest evenness under extreme hypersaline conditions (= 120 PSU) with elevated
evenness in marine and high hypersaline conditions (85-119 PSU) and the lowest
evenness under low salinities (< 5 PSU). Elevated evenness in marine conditions can
represent arelatively stable ecosystem (Remmert, 1969), allowing for long evolutionary
histories of the organisms which fill the niches within these habitats (Telesh et al., 2013).
Higher phytoplankton community abundance and richness but lower evenness in low
salinities (< 5 PSU) may be aresult of the interaction between salinity and nutrients, with
higher inflows reducing salinity and importing nutrients to the system (Lakane et al.,
2025; McGrath et al., 2025; Winder and Sommer, 2012). The increased nutrient supply
coupled to reduced salinity increases overall diversity (Larson and Belovsky, 2013), but
decreasing salinity also lowers evenness allowing for increased dominance of
individual species. Furthermore, the lower salinity habitats in the Coorong are highly
dynamic environments driven by the mixing of seawater and freshwater (Webster,
2010q, 2010b). These conditions limit individual species dominance as communities
need to have a growth rate that exceeds water residence time if they are to persist
and develop stable communities adapted to the local conditions (Jendyk et al., 2014;
Leterme et al., 2015).

Contrary to the ftotal community abundance without picophytoplankton,
picophytoplankton abundance increased with increasing salinity up to extreme
hypersaline conditions (~ 120 PSU), then dropped sharply. A similar pattern was also
observed in the Coorong by Schapira et al. (2010) where picophytoplankton
abundance increased with increasing salinity up to ~ 110 PSU, then declined when
salinity > 120 PSU. Picophytoplankton abundance has also been shown to increase
with increasing salinity in saline lakes in Romania (Somogyi et al., 2014) and Tunisia
(Elloumi et al., 2009). Picophytoplankton have a selective advantage over larger
phytoplankton species in aquatic habitats with high salinity and turbidity due to
reduced grazing pressure as there are fewer predators (Pedros-Alio et al., 2000;
Somogyi et al., 2022). In addition, the strong light limitation in highly turbid water gives
picophytoplankton a competitive advantage over larger algae due to their superior
light-harvesting efficiency in low-light conditions (Alegria Zufia et al., 2021; Callieri et
al., 2007; Malinsky-Rushansky et al., 2002). However, a limit to their competitive
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advantage and salinity tolerance was observed in our study and by Schapira et al.
(2010) when salinity reached 120 PSU. Although not identified to species level in this
study, the picophytoplankton community in the Coorong predominantly consist of the
Cyanobacteria genus Synechococcus (Jamieson et al. 2022; Priestly et al. 2022).

4.4 The effects of water level on the phytoplankton community

Water level fluctuations have been observed to have mixed effects on phytoplankton
communities in shallow lakes and lagoons (Cardoso et al., 2012; da Costa et al., 2015;
Leira and Cantonati, 2008). Drawdown can both stimulate or decrease phytoplankton
abundance, depending on the depth of the lake, the amount of sediment
resuspension that occurs and the subsequent increase or decline in macrophyte
biomass (Bakker and Hilt, 2015; da Costa et al., 2015). For example, in the semi-arid
shallow Lakes Pocinhos and ESEC, Brazil, mixed responses were observed whereby
phytoplankton abundance increased due to increasing evapoconcentration of
nutrients in the deeper Lake Pocinhos, but in the shallower Lake ESEC, phytoplankton
abundance declined on drawdown as turbidity increased due to increased
resuspension (da Costa et al., 2015). Similarly, phytoplankton diversity also shows mixed
responses to water level decline, with diversity and richness both observed to increase
(Cardoso et al., 2012; da Costa et al., 2015) or decrease in response (da Costa et al.,
2015; Lakane et al., 2025). Increases in water level can decrease phytoplankton
abundance due to the dilution effect (Cardoso et al., 2012; Pan et al., 2018; Wang et
al., 2022), though may also result in increases in abundance due to increased nutrient
availability from the inflowing water (Leira and Cantonati, 2008; Loverde-Oliveira et al.,
2009). Additionally, higher water levels can also increase phytoplankton diversity,
including Margalef’s richness (Deng et al., 2024) and Pielou’s evenness (Wang et al.,
2022). In our study, water level increased total community abundance and richness,
but decreased evenness, having the inverse effect of salinity. This was likely due to the
combined effects of decreasing salinity coupled with increasing nutrient supply due
to greater freshwater inputs from the River Murray (Mosley et al., 2023). Additionally,
this may be the result of hydrological fransport of lower salinity-adapted species from
upstream in the River Murray to the Coorong, which persist in freshwater-low brackish
H1 that represent ~ 20% of the Coorong under extreme wet and wet conditions.

4.5 Salinity-derived habitats provide a strong basis for characterisation
of phytoplankton communities

Non-linear responses of phytoplankton community abundance, diversity and
community composition were observed along the temporally fluctuating salinity
gradient that defines the Coorong ecosystem (Figure 7). This aligns with previous
studies of phytoplankton communities in the Coorong (Jendyk et al., 2014; Leterme et
al., 2015) and suggests varying species tolerances and threshold values where shifts in
species composition occur (Fléder et al., 2010; Winder and Sommer, 2012). As such,
our results justify the delineation of phytoplankton communities into salinity-derived
habitats, as demonstrated by distinct patterns in phytoplankton communities
observed under different habitats.
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Similar to the results of Leterme et al. (2015) and Jendyk et al. (2014), we observed a
dominance of Diatoms and Dinoflagellates under exireme hypersaline conditions
(H6), with Diatoms also being the most abundant group in H3 and H4. We also
observed a greater abundance of Chlorophytes in lower salinity habitats H1 and H2,
as observed by Leterme et al. (2015) and Jendyk et al. (2014). However, contrary to
Leterme et al. (2015) and Jendyk et al. (2014), HI was dominated by
Cyanoprokaryotes, not Chlorophytes, with Chlorophytes the second most abundant
group. This difference is largely the result of increased Cyanoprokaryote abundance
and diversity during the extreme wet period, with this period having abundant low
salinity habitat and was not captured by Leterme et al. (2015) and Jendyk et al. (2014).
Chlorophyte abundance was also high in hypersaline H4 and H5, where Chlorophytes
were the third and second most abundant group respectively (Figure 8). This differs to
Leterme et al. (2015) and Jendyk et al. (2014) because the dry period was not
captured by these studies, a period where Chlorophytes, primarily Koliella sp. and
Chlamydomonas sp., were highly abundant. The above differences demonstrate the
importance of capturing phytoplankton community dynamics over a large temporal
scale that captures a full extent of climate conditions. This increases our understanding
of phytoplankton community responses to varying environmental conditions and
improves predictions of phytoplankton community dynamics under future climate
condifions, when coupled to hydrodynamic model outputs that forecast key
environmental variables such as salinity.

4.6 Hydrological change

Salinity and water level are directly influenced by the quantity of freshwater inputs to
the Coorong and by Southern Ocean tidal inputs, which is in turn, dictated by the
degree of mouth opening (Webster, 2010b). Historically, the degree of connection to
the ocean was determined solely by the quantity of freshwater inputs, but now
remains open due to dredging to maintain hydrological flushing of the Coorong and
connectivity for passage of motile organisms, such as diadromous fish and seals
(Brookes et al., 2015; Brookes et al., 2023). Under historical conditions, the Murray Mouth
was closed 1% of the time, but currently without dredging, would be closed up to 40%
of the fime due to reduced freshwater inputs (Kingsford et al., 2011). Freshwater flow
travelling down the River Murray has declined due to large-scale development of
irrigated agriculture within the Murray-Darling Basin (Brookes et al., 2023; Kingsford et
al., 2011; Mosley et al., 2023) and due to climate change-induced decreases in rainfall
across South-eastern Australia (Timbal et al., 2017).

With increasing climate change and continued agricultural productivity in the Murray-
Darling Basin, freshwater inputs are predicted to continue to decrease over time up o
a point of hydrological minimum with concomitant increases in salinity and decreases
in water level and hydrological flushing (Rees et al., 2022; Timbal et al., 2015). Under
these dry and exitreme dry climate conditions, much of the Coorong will be
experiencing hypersalinity, with the lowest salinities in high brackish to marine. Our
predictions suggest that under these elevated salinity conditions, phytoplankton
diversity will be low with abundances high, particularly of picophytoplankton, up until
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extreme hypersalinity 2 120 PSU when phytoplankton abundance will decline due to
osmotic stress (FIdder et al., 2010; Leterme et al., 2015). With the majority of the
Coorong in salinities > 40 to 120 PSU, the phytoplankton community will be dominated
by Diatoms, Dinoflagellates and several Chlorophyte species with very high
picophytoplankton abundance.

4.7 Phytoplankton response

With increasing salinisation of the Coorong, H1 and H2 habitats and associated
phytoplankton communities will diminish, except sporadically under future higher flow
events. During these events, phytoplankton communities in the lowest salinity H1 are
predicted to be dominated by Cyanoprokaryotes (predominantly Planktolyngbya
contorta and Aphanocapsa sp.) and Chlorophytes (Crucigenia sp, Scenedesmus
spp., Oocystis sp. and Tetrastrum sp.). HI communities may be fransient as conditions
return to a pre-flood state with increasing salinity promoting picophytoplankton,
Diatom and Dinoflagellate abundances, and Chlorophyte diversity decreasing with a
shift to Koliella sp. and Chlamydomonas sp. dominance. The phytoplankton
community within brackish H2 is predicted to have the most even representation of
taxonomic groups of all the habitats, with similar relative abundances of Diatoms,
Cryptophytes, Chlorophytes and Cyanoprokaryotes, high species richness and
moderate evenness. Typically, brackish H2 represents unstable estuarine conditions
with fluctuating salinity and tends to have low overall species diversity, though can
have high abundances of a few species that are well adapted to the fluctuating
conditions (Karpowicz et al., 2023; Mironova et al., 2013). However, our observations
contradicted this tendency displaying relatively higher species richness and more
equal representation of taxonomic groups in H2 (Figure 8). This may be the result of
salinity fluctuations promoting diversity by creating fransient niches that different
species can exploit, preventing competitive exclusion over time (Fiéder and Burns,
2004). Coupled to this, increased nutrient supply with higher river inflow can alleviate
salinity limitations and support greater diversity (Li et al., 2021). The Coorong will consist
of approximately one-fifth H2 under intermediate, wet and exireme wet climate
conditions. Like H1, and its associated phytoplankton community will be largely lost
from the Coorong under dry and extreme dry climate conditions, highlighting the
importance of freshwater inputs for maintaining phytoplankton species diversity.

4.8 Food web consequences

A reduction in the overall diversity of phytoplankton willimpact the Coorong food web
as species important for the diets of higher trophic organisms disappear (Henson et al.,
2021). Trophic energy fransfer efficiency will decrease as interactions shift from
phytoplankton—-zooplankton dominated to bacteria, viruses and picoplankton
dominated interactions with a shift towards heterotrophy (Hemraj et al., 2017). In
addition, the higher total phytoplankton abundance, predominantly
picophytoplankton, will further impact the food web as benthic light availability will
decrease, limiting light for the submerged macrophyte community causing significant
decreases in macrophyte distribution and abundance (Le Fur et al., 2019; Yang et al.,




CLLMM Research Centre Impacts of climate change on microalgae communities in the Coorong

2023). The Ruppia tuberosa submerged macrophyte community is considered a key
ecosystem element in the Coorong due to its importance for water quality
maintenance, sediment trapping and stabilisation, and for primary production,
providing an essential carbon source to the Coorong food web (Nicol, 2005; Paton et
al., 2015). It provides essential habitat and foraging substrates for waterbirds, fishes and
invertebrates (Asanopoulos and Waycott, 2020; Paton et al., 2015), provides a source
of detritutus for detritivores (Nicol, 2005) and is an important component in the diet of
waterfowl and fish species (Giatas et al., 2018; Paton et al., 2015). Future decreases in
freshwater inputs and water levels coupled to increases in salinity will further impact
the submerged macrophyte community through increases in osmotic stress and
increased exposure to desiccation (Kim et al, 2015). The impacts of a future
dominated by a hydrological minimum will be far reaching within the Coorong, not
only for primary producers, but for the entire system as salinisation and eutrophication
intensify resulting in a severely degraded ecosystem state (Mosley et al., 2023), as
observed during the final years of the Millennium Drought (2007-2010) when no flows
entered the Coorong (Kingsford et al., 2011).

Sea-levelrise may compensate for declines in connectivity and water level with salinity
becoming more marine, as the Coorong ecosystem becomes increasingly influenced
by fidal inputs (Rees et al., 2022; Timbal et al., 2015). A future state of high ocean
exchange may produce a greater proportion of high brackish-marine H3 and reduce
the importance of freshwater flows controlling salinity and water level in the Coorong,
particularly in the north lagoon. We predict phytoplankton communities in H3 to be
dominated by Diatoms and Dinoflagellates, though with an overall moderate species
richness and high evenness where Cryptophytes (e.g., Hemiselmis sp, Leucocryptos sp.
and Plagioselmis prolonga), Prasinophytes (Pyramimonas spp.) and Cyanoprokaryotes
(Aphanocapsa sp., Planktolyngbya contorta and Myxobaktron sp.) will still be present
in relatively high abundances. However, Chlorophytes are predicted to be largely
absent under these conditions and picophytoplankton will be dominant, representing
95% of the total community. In addition, without freshwater inputs to the system, large
parts of the Coorong, particularly the hydrologically restricted South Lagoon, are likely
to remain in hypersaline conditions (Lester et al., 2013), thus the Coorong will still largely
be in an ecologically degraded state with reduced biological diversity and high
turbidity (Mosley et al., 2023).

4.9 XGBoost model

The XGBoost model generally performed well explaining 77% of the variation in total
HAB species abundance and a low prediction error relative to the range of observed
values (5.7%). Aligning with other analyses, salinity was highlighted as the principal
driver of HAB community dynamics, demonstrating the importance of salinity on
shaping the Coorong's phytoplankton community abundance, diversity and
composition. Confrary to most other statistical analyses performed in this study, pH was
observed as the second most important variable explaining HABs. pH had an overall
negative impact on HAB species abundance, though with no clear pattern how
changing pH affects HAB formation. This aligns with the literature, as the effects of pH
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on HAB formation remains unclear (Wells et al., 2020). NOx and distance from Murray
Mouth were the next most important variables, with similar mean SHAP values
highlighting an equal amount of influence on HAB abundance. Higher NOx
concenfrations had a positive effect on HAB abundance, with nutrient supply
recognised as a primary driver of increased frequency, intensity and duration of HABs
globally (Anderson 2012). The negative impact of increasing distance south from
Murray Mouth on HAB abundance is likely to be a function of increasing salinity,
though may also be due to a greater distance from potential sources of HAB species
intrusions into the Coorong from freshwater and marine environments.

The XGBoost model has been developed as an initial fool towards predicting HABs in
the Coorong into the future. Despite generally good performance, improvements in
predicting HAB abundance could be made, particularly as the model tended to
underpredict when observed abundance was extremely large (> 1.0 x 108 cells L7).
Model performance can be improved by further tuning hyperparameters, increasing
explanatory predictors and/or training separate models for low and high HAB
abundances. With these improvements, the XGBoost model developed here could be
applied to more specific applications, such as predicting the abundance of specific
species or faxonomic groups, e.g., toxic Cyanobacteria, that pose a higher risk.

4.10 HABisk

The risk from harmful algal blooms (HABs) observed in this Coorong dataset is generally
considered low, given there were only a few occasions where HAB abundances
spiked to levels of high abundances, with the most prolonged bloom occurring in 2012
due to several toxic Cyanobacteria. The highest abundances of HAB species are most
likely to occur in lower salinity habitats H1 and H2, predominantly due to the high
abundances of toxic Cyanobacteria in these habitats, though these abundances are
typically significantly less than the lowest risk level outlined by NHMRC (2008) by an
order of magnitude or more. However, it is important to highlight that there is a risk
from toxic Cyanobacteria blooms in these lower salinity habitats in the North Lagoon.
With increasing distance south from the Murray Mouth, the risk significantly reduces as
increasing salinity was observed to have a negative impact on Cyanobacteria. Lower
salinity habitats are most prominent under higher flow conditions with increased
hydrological flushing. Increased flushing reduces water residence time which will assist
in flushing out the HAB and the toxins that are produced (Londe et al., 2016). As such,
the overall risk from toxic Cyanobacteria blooms is present, but considered low for the
Coorong.

The abundances of most HAB species with specific risk levels (Table 2) have not
regularly surpassed these levels. However, the elevated abundances of the genera
Alexandrium and Gymnodinium during the extreme dry period is a cause for concern
if a drought was to reoccur. This highlights that despite overall low abundance of HABs
during the extreme dry period when the greatest proportion of extreme hypersaline
Hé occurred, specific harmful algae species can proliferate to levels which could
cause harm. Alexandrium species are recognised globally as one of the most
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important Dinoflagellate HAB genera due to the severity, diversity and distribution of
bloom impacts (Anderson et al., 2012). Alexandrium minutum, the sole species
responsible for the bloom during the drought, is known to produce saxitoxins, though
not all strains produce toxins (Balech 1989). Saxitoxins are potent neurotoxins and a
human health risk if ingested from infected shellfish. They can cause paralytic shellfish
poisoning (PSP) by binding to nerve cell sodium channels and blocking nerve impulse
transmission (Deng et al., 2025). Similar to Alexandrium spp., Gymnodinium catenatum
is also known to produce neurotoxins that can cause PSP (Cunha et al., 2024). The
Gymnodinium sp. observed in this dataset was not identfified to a specific species, thus
it is unsure whether this was G. catenatum and it cannot be assumed that this
Gymnodinium species poses a risk.

A limitation of this study is the taxonomic resolution of the Gymnodinioids <20 um
group, which likely comprises multiple species with differing ecological strategies.
Gymnodinioids can exhibit autotrophic, heterotrophic, or mixotrophic nutritional
modes, and while some taxa are potentially harmful, others are not (Jamieson et al.,
2022). Consequently, the ecological significance and HAB risk associated with this
group cannot be fully resolved from the available data. Future monitoring should seek
to identify Gymnodinioids to species level using molecular and/or advanced
microscopy techniques to improve understanding of their ecological function and
potential management significance within the Coorong ecosystem.

A further limitation of this study is that toxin concentrations were not measured and as
a result, our assessment of harmful algae risk is based solely on phytoplankton cell
counts rather than toxin thresholds. For example, Alexandrium and Gymnodinium
catenatum have risk alert levels of 0.8 mg kg' saxitoxin equivalent (Barua et al., 2020),
while the risk level for Karenia cristata is 0.8 mg kg brevetoxin equivalent (Hort et al.,
2021). Microcystins are potent hepatoxins produced by certain Cyanobacteria
(primarily by Microcystis aeruginosa), with risk alert levels of 1 ug L' oral drinking water
consumption, 39 ug kg for fish or prawns and 83 ug kg for molluscs (WHO 2022). These
toxin-based thresholds highlight that actual risk is more directly linked to toxin
production and exposure pathways than to cell abundance alone. It is therefore
recommended that future monitoring incorporate toxin measurements alongside
phytoplankton cell counts to improve the identification and assessment of risks
associated with harmful algal species.

Despite the general low risk of HABs occurring in the Coorong, it is important to
document the HAB forming species present and the potential risk they pose. This is
exceptionally pertinent given the ongoing and unprecedented Karenia spp. bloom in
the coastal waters of South Australia. Karenia spp. were observed in this dataset, but
in abundances that are well below risk levels (Table 2). However, given the right
conditions, any HAB species may proliferate causing severe ecological, economic
and social damage (Anderson 2012; Wells et al., 2020). For example, certain Karenia
species (e.g., K. brevis and K. cristata) produce brevetoxins that when inhaled can
cause severe respiratory illness and can bioaccumulate in shellfish causing neurotoxic
shellfish poisoning to consumers (Hort et al., 2021). As climate change continues to
modify aquatic environments in novel and atypical ways (Staudinger et al., 2021),
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future phytoplankton responses to these conditions will be harder to predict. Regular
and contfinued monitoring will improve these predictions by supporting model
development. The many gaps in this dataset show that in many instances, particularly
during the extreme dry period when sampling occurred for only two months, and
during the six years when no data was obtained between the intermediate and dry
periods, critical information on phytoplankton dynamics were not captured. This
highlights the need for regular monthly monitoring of phytoplankton across the length
of the salinity gradient to support predictive tools, early detection and management
of HABs into the future.

4.11 Future work

The characterisation of phytoplankton communities by salinity-derived habitats in this
study could be supported by an analytical approach following Dang et al. (2025) and
use threshold indicator taxa analysis (TITAN) combined with K-prototype clustering to
characterise phytoplankton communities under varying environmental gradients. This
approach may vyield finer ecological resolution of community structure. TITAN
combines change-point analysis with indicator species analysis to summarise species
occurrence across multiple environmental gradients (Baker and King, 2010). Results of
TITAN can be subsequently combined with trait information and fed into K-prototype
clustering analysis to identify distinct phytoplankton groups based on ecological
characteristics of the phytoplankton community, taking into account the local
conditions (Dang et al., 2025). Outputs of these analyses may be applied to process-
based aquatic ecosystem models to improve model performance in forecasting
phytoplankton communities under future climate scenarios.

Only environmental drivers of phytoplankton community were investigated in our
study, but biological drivers of phytoplankton community dynamics, such as species
interactions, could be investigated in future work. Species interactions can act as top-
down controls via grazing, mortality by viral lysis, competition for resources, such as
light and nutrients, and through mutualistically beneficial relationships (Liu et al., 2022).
These interactions may be revealed by co-occurrence network-based analyses (e.g.,
Boyse et al., 2025; Hemraj et al.,, 2017) to highlight both positive and negative
relationships between taxa.

Full molecular characterisation of dominant HAB taxa should be incorporated into
future monitoring programs. Molecular approaches would improve taxonomic
resolution of morphologically similar groups, including small dinoflagellates and other
potentially harmful taxa that cannot be reliably identified to species level using routine
light microscopy (Jamieson et al., 2022). This would enable more accurate assessment
of species composition, ecophysiological traits and harmful bloom potential, while
improving understanding of toxin-producing species and their associated risks within
the Coorong ecosystem. Molecular characterisation would also support the
development of more targeted monitoring and management strategies for harmful
algal bloom:s.
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5 Conclusion

By examining 16 years of data (2007-2023) spanning drought to flood conditions, our
study llustrates how climate-driven variation in flow influences environmental
conditions and phytoplankton communities in the Coorong, a Ramsar-listed shallow
coastal lagoon of international importance. We show that changes in salinity and
water level, regulated by freshwater inputs, are the primary drivers of phytoplankton
abundance, diversity and community composition. Secondary drivers included
distance from the Murray Mouth and temperature, with pH and nutrient
concentrations also significant in distance-based linear models and generalised
additive models, though with weaker influence. Categorising phytoplankton
communities by salinity-defined habitats provided a useful way to describe patterns
along the Coorong’s longitudinal salinity gradient. This habitat-based approach
enables predictions of phytoplankton responses under future climate change
scenarios where salinity projections are available. It also offers a transferable
framework for other lagoon systems that experience wide salinity ranges and strong
spatial and temporal variability.
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