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1. General introduction
The Great Barrier Reef (GBR) is a relevant case study to investigate nutrient cycling and climate change
impacts on tropical marine ecosystems. The GBR is the world’s largest coral reef system containing about
3000 individual reefs and stretching over 2,300 km along the north Queensland coast. An abundance
of marine life is supported by the GBR. Despite being perhaps the most intensively managed coral reef
system in the world, the GBR is exposed to threats from climate change and other human activities
(Brodie et al., 2012; Hughes et al., 2017; Osborne et al., 2017; Great Barrier Reef Marine Park Authority,
2019; Emslie et al., 2020) and its condition is in decline.

Key drivers of this decline include reduced water quality from coastal catchments modified by agricul-
tural activities that export three–four times higher riverine nutrients (nitrogen and phosphorus) and
sediment loads than prior to European settlement (Brodie, 2013), tropical cyclones (Beeden et al.,
2015), recurrent coral bleaching and ocean acidification (OA) associated with increased greenhouse gas
emissions (Fabricius et al., 2011; Hughes et al., 2017). Increased nutrient loads reduce coral thermal
tolerance, thereby increasing susceptibility to coral bleaching (Wooldridge, 2009). Increased riverine
nutrient loads can enhance the growth of macroalgae (De’ath and Fabricius, 2010) and crown-of-thorns
starfish (CoTS) larvae — the adults of which catastrophically reduce coral cover (Babcock et al., 2016).
Storm events structurally damage coral cover (Beeden et al., 2015) and ocean acidification enhances
decalcification thereby reducing the growth and survival of corals in the GBR (Albright et al., 2016).
Given the sheer spatial size of the GBR, manual observations only capture an incomplete understanding
of the complex hydrodynamic and biogeochemical processes that operate across various spatial and
temporal scales and how these processes influence the health and productivity of the reef.

Biogeochemical models have been used to predict the impacts of terrestrial pollutants and climate
change on the GBR to inform policy decisions (Mongin et al., 2016; Steven et al., 2019; Mongin et al.,
2021; Baird et al., 2021). Biogeochemical models are process-based models that simulate nutrient
cycling, optical conditions and the impacts of physical conditions on organism dynamics. Currently, the
eReefs marine models are key tools used by the Australian and Queensland governments in managing
and preserving the GBR. eReefs model applications include: assessment of catchment run-off impacts
on the GBR health (Wolff et al., 2018; Margvelashvili et al., 2018; Baird et al., 2021), reporting the
condition of the GBR, evaluating CoTS, fish and coral larvae dispersal (Hock et al., 2014, 2017, 2019;
Gurdek-Bas et al., 2022), and investigating the vulnerability of the GBR to ocean acidification (Mongin
et al., 2016, 2021) and coral bleaching (Baird et al., 2018).

The eReefs models are an implementation of the CSIRO Environmental Modelling Suite (EMS) (Baird
et al., 2020) used to investigate the physical, biogeochemical and sediment processes in GBR marine
ecosystems. EMS is a suite of hydrodynamic, biogeochemical and sediment models that simulates the
physical conditions and water quality of the GBR. A regional hydrodynamic model is forced with river
flow data, output from a global circulation model, the Ocean Modelling Analysis and Prediction System
(OceanMAPS) and meteorological data from the Bureau of Meteorology’s ACCESS models (Australian
Community Climate and Earth-System Simulator). The hydrodynamic model (SHOC) simulates the
physical conditions of the GBR (Herzfeld, 2006). Simulated physical conditions and transport are then
used to drive a biogeochemical model, which simulates nitrogen, phosphorus, carbon and oxygen cycles,
optical conditions, plankton, Trichodesmium, benthic organisms (i.e. coral, seagrass and macroalgae),
detritus and sediment dynamics in the GBR. The EMS sediment transport model simulates the sinking,
deposition and resuspension of suspended sediments and other particulate materials (Margvelashvili
et al., 2008). Model parameterisation of the eReefs simulations of changes to biogeochemical processes
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under climate change scenarios need to be evaluated to examine if the model performance may be
further optimised.

Figure 1.1: Schematic of the CSIRO Environmental Modelling Suite showing the connections between
the hydrodynamic, biogeochemical, sediment, wave and optical models (Steven et al., 2019). The
optically-active water components are represented by orange labels and asterisks, with the number of
asterisks corresponding to the number of different optically-active elements with this component.

1.1 The representation of the responses of marine organisms to tem-
perature increases and ocean acidification in coastal biogeochem-
ical models

In this section, we will consider the representation of the responses of marine organisms (phytoplankton,
zooplankton, corals and seagrasses) to temperature and ocean acidification in the EMS biogeochemical
model (hereafter referred to as EMS-BGC). The parameterisation of relevant processes in EMS-BGC will
be compared with three other leading coastal biogeochemical models, ERSEM (European Regional Seas
Ecosystem Model), AED (Aquatic Ecodynamics) and GEM (Global Environmental Multiscale Model).
This will set the context for the improvement of EMS-BGC and the application of the EMS to investigate
nutrient cycling and climate change impacts on GBR ecosystems.

Full descriptions of these models can be found in (Baird et al., 2020; Butenschon et al., 2016; Hipsey
et al., 2013; Blauw et al., 2009).
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1.1.1 Water temperature

1.1.1.1 Phytoplankton physiological responses

EMS-BGC represents the temperature dependence of phytoplankton maximum growth rate as an expo-
nential response function. Photosynthesis in EMS-BGC increases exponentially with increasing tempera-
ture, but also depends on light, cellular nutrient status and cell size. This approach has the advantage of
simplicity and only requires a single parameter to describe the temperature response curve, but may not
be appropriate in climate-change scenarios that may take conditions above the phytoplankton optimum
temperature. An optimum temperature (Topt) is the temperature at which an organism’s physiologi-
cal rate is maximal. Both ERSEM and AED use optimum response functions for the dependence of
mass-specific gross primary production on temperature. With this function mass-specific gross primary
production increases rapidly with increasing temperatures below Topt and slowly declines when temper-
atures are above Topt. GEM applies a simple linear response curve for the temperature dependence of
maximum net growth rate of phytoplankton.

EMS-BGC, GEM and AED represent the temperature dependence of the phytoplankton mortality rate as
exponential functions. This approach is ideal for high temperature conditions as laboratory observations
have shown that phytoplankton mortality occur at very high temperatures (Boyd et al., 2013; Fu et al.,
2014). In contrast to these, specific mortality due to lysis is temperature independent in ERSEM and is
influenced by nutrient stress.

The temperature dependence of phytoplankton maintenance respiration in EMS-BGC, AED and GEM
follow exponential response curves. In EMS-BGC, oxygen is also consumed when phytoplankton mor-
tality releases carbon and is exponentially dependent on temperature. Respiration in ERSEM is split
into maintenance and activity respirations. Maintenance respiration is not temperature-dependent in
the model, while activity respiration is optimally dependent on temperature through the influence of
temperature-dependent carbon assimilation and chlorophyll synthesis.

The maximum chlorophyll a synthesis rate in EMS-BGC is not temperature dependent, but the chloro-
phyll a synthesis rate has an exponential dependence on temperature since it is a function of temperature-
dependent maximum growth rate and internal nutrient quota. However, the chlorophyll synthesis rate
in ERSEM has an optimum temperature dependence and is also limited by internal nutrient quota.

Nutrient uptake in EMS-BGC is not temperature dependent, but is limited by diffusion, which is in-
fluenced by temperature. Nutrient uptake has an exponential temperature dependence in GEM and
optimum temperature dependence in AED. Nutrient uptake in ERSEM is regulated by phytoplankton
nutrient demand which has optimum temperature dependence except for silicate dynamics in diatoms.

It is important to note that the temperature dependence of the autotroph growth model in EMS-BGC
is a combination of constant, exponential and polynomial functions. This is because its temperature
dependence changes with respect to the physiological conditions of the autotroph.

1.1.1.2 Zooplankton responses

EMS-BGC represents zooplankton swimming velocities and maximum growth rates with an exponential
temperature dependency. Zooplankton grazing rates in EMS-BGC are functions of the encounter rate of
the predator and its prey, and are constant at saturated zooplankton growth. Since the encounter rate
is a function of temperature-dependent swimming velocities, diffusive and shear velocities, zooplankton
grazing rates have exponential temperature dependency. In ERSEM, zooplankton prey mass-specific
uptake capacity has an optimum temperature dependence and its prey encounter rate is limited by a
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predation efficiency constant. In addition, zoobenthos in ERSEM is also limited by oxygen and a growth
limiting penalty function which accounts for overcrowding effects. AED calculates net zooplankton
growth as a balance between food assimilation and losses from respiration, mortality, excretion and
predation. Food assimilation is optimally dependent on temperature in AED. However, because primary
consumers are not simulated as real state variables in GEM, the biomass of filter feeders are imposed as
external forcings to allow their grazing effects to be simulated. Filter-feeders grazing activities, uptake,
filtration and maximal growth rates are exponentially dependent on temperature.

Zooplankton respiration is implicitly modelled in EMS-BGC and has exponential dependency on tem-
perature. It is simulated as oxygen consumption through carbon release from ingested phytoplankton
biomass and detrital production resulting from zooplankton mortality and growth inefficiency. Zoo-
plankton activity and maintenance respirations have an optimum temperature dependence in ERSEM.
Zooplankton respiration in AED, and filter-feeder maintenance and growth respiration rates in GEM are
exponentially dependent on temperature.

Zooplankton mortality rates are exponentially dependent on temperature in EMS-BGC and AED, as
well as filter-feeders mortality rates in GEM. Further, zooplankton excretion fraction in loss rate and
fecal pellet fraction in loss rate in AED have exponential temperature dependency, and mortality is also
limited by salinity. In ERSEM, zooplankton mortality is independent of temperature but is limited by
oxygen, and is a product of constant mortality rate and zooplankton biomass in hibernation.

1.1.1.3 Coral responses

Based on field observations, EMS-BGC specifies a temperature increase of 2◦C above mean summer
temperature as the critical thermal threshold beyond which bleaching occurs (Baird et al., 2018). The
growth and mortality rates of coral polyps and symbionts have exponential temperature dependence.
Coral symbiont maintenance respiration has exponential temperature dependency and its growth is
enhanced by coral polyp remineralisation. Respiration is also simulated as oxygen consumption during
coral symbiont expulsion, translocation of nutrients from symbiont to host, and coral polyp and symbiont
mortalities. Coral larvae are not modelled in any of the four models and corals are not included in
ERSEM, AED and GEM.

1.1.1.4 Seagrass responses

EMS-BGC represents the temperature dependence of maximum growth and mortality rates of seagrasses
in the GBR as exponential functions, neglecting the potential for decline when temperatures exceed
optimum values. As a result, the model will not simulate the dramatic decline of seagrasses that
can occur during marine heat waves (Collier and Waycott, 2014; Arias-Ortiz et al., 2018), nor more
subtle inhibition when the optimum temperature is exceeded to a smaller degree (Collier et al., 2017).
Seagrasses are not represented in ERSEM, GEM and AED.

1.1.1.5 Microbial responses

EMS-BGC, AED and GEM specify nitrification and denitrificaton rates to have exponential tempera-
ture dependency. ERSEM represents the temperature dependence of nitrification and denitrification as
optimum response functions. In addition, nitrification in ERSEM is also dependent on nitrogen, oxygen
and pH states, but for benthic nitrification which is not dependent on pH state. Denitrification is also
limited by available oxidised nitrogen in ERSEM. Remineralisation rates in EMS-BGC, GEM and AED
have their temperature dependence represented by exponential response functions, whereas pelagic and
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benthic remineralisation rates in ERSEM are not temperature independent as they are defined by con-
stant mass-specific remineralisation rate. In ERSEM, mass-specific uptake of dissolved organic matter
by heterotrophic bacteria has optimum temperature dependency and is limited by nutrients and oxygen,
while mortality is a constant fraction of bacteria biomass and is regulated by oxygen. Heterotrophic
bacteria maintenance and activity respirations have optimum temperature dependency.

A summary of temperature effects on marine organisms represented by EMS-BGC, ERSEM, AED and
GEM is shown in Table 1.1.

1.1.2 Ocean acidification

1.1.2.1 Phytoplankton physiological responses

Overall, most coastal biogeochemical models, including EMS-BGC do not consider responses of phy-
toplankton physiological processes to pCO2 increases. Most models have carbon uptake being growth
rate and light dependent with no impact of carbon concentration (assumed to be unlimited). However,
the impact of increased pCO2 on phytoplankton is modelled as the enhancement of gross carbon uptake
and activity respiration by a linearly pCO2 dependent function in ERSEM.

1.1.2.2 Coral responses

The EMS-BGC represents the rate of coral calcification as a function of aragonite saturation in deep
waters and fixed carbon of coral symbionts. Thus, decreased aragonite saturation due to pCO2 increases
will likely decrease coral calcification, but there is no dependency between coral calcification and coral
growth. This is because coral growth is driven by light, nutrients and temperature, and calcification does
not change coral biomass, rather it modifies alkalinity and dissolved inorganic carbon (DIC) concentration
in the water. Although corals are not modelled in ERSEM, calcification rates are implicitly simulated
from rain ratio — calcite production proxy — and are controlled by Michaelis-Menten terms for carbon,
nutrients and temperature.

Overall, the effects of ocean acidification on the physiology of marine organisms are not often represented
by coastal biogeochemical models.

1.1.3 Adaptation of marine organisms to changes in temperature and ocean acidifi-
cation

The adaptation of marine organisms to rising temperatures and OA is not modelled by EMS-BGC,
ERSEM, GEM and AED. Nevertheless, the phytoplankton module in GEM allows the simulation of the
competition and adaptation of phytoplankton species to light or limiting nutrients. This involves the
consideration of three phenotypes of each modelled phytoplankton group, with different phenotypes
having distinct physiological parameters corresponding to changing environmental conditions.
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Table 1.1: Summary of the representations of temperature dependence of marine organisms in EMS-BGC, ERSEM, GEM and AED. Primary
consumers are modelled as filter-feeders in GEM and are categorised as zooplankton in this table. NA corresponds to not applicable.

Organism Response function EMS-BGC ERSEM GEM AED Advantage/Disadvantage

Phytoplankton

Optimum NA

Mass-specific gross primary
production
Activity respiration
Chl a synthesis rate
Nutrient uptake

NA Photosynthesis
Nutrient uptake Suitable for high temperature conditions

Exponential

Photosynthesis
Maximum growth rate
Mortality rate
Respiration
Chl a synthesis rate

NA
Mortality rate
Respiration rate
Nutrient uptake

Mortality rate
Respiration rate

Not suitable for high temperature conditions
except for mortality and respiration rates

Linear NA NA Net growth rate NA Not suitable for high temperature
conditions

Zooplankton

Optimum NA

Prey mass-specific uptake
capacity
Maintenance and activity
respirations

NA Food assimilation Suitable for high temperature conditions

Exponential

Maximum growth rate
Mortality rate
Swimming velocity
Grazing activity
Respiration

NA

Maximal growth rate
Grazing activity
Maintenance and growth
respiration rates
Filtration rate
Mortality rate

Respiration rate
Mortality rate
Excretion fraction of
loss rate
Fecal pellet fraction
of loss rate

Not suitable for high temperature
conditions except for mortality rate

Coral Exponential
Maximum growth rate
Mortality rate
Respiration

NA NA NA Not suitable for high temperature
conditions except for mortality rate

Seagrass Exponential Maximum growth rate
Mortality rate NA NA NA Not suitable for high temperature

conditions except for mortality rate

Microbes

Optimum NA

Mass-specific uptake of
dissolved organic matter
Maintenance and activity
respirations
Nitrification rate
Denitrification rate

NA NA Suitable for high temperature conditions

Exponential
Nitrification rate
Denitrification rate
Remineralisation rate

NA
Nitrification rate
Denitrification rate
Remineralisation rate

Nitrification rate
Denitrification rate
Remineralisation rate

Not suitable for high temperature
conditions
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1.2 How can the EMS biogeochemical model be modified?
The EMS-BGC does not consider the impacts of extreme events and the adaptation of marine organisms
to climate change impacts. First, the use of exponential temperature response functions for all phys-
iological rates of marine organisms modelled in EMS-BGC is not suitable for the reoccurring extreme
temperature conditions in the GBR. Experimental studies have shown that higher temperatures inhibit
physiological rates and can cause changes in community compositions of marine organisms (Boyd et al.,
2013; Collier et al., 2017; Keys et al., 2018). Second, depending on location and species marine organ-
isms have been shown to possess distinct thermal tolerance range and limits (Boyd et al., 2013; Collier
et al., 2017). It is not a one-size-fits-all scenario. Thus, it is ideal to use their corresponding thermal
tolerance and limits to parameterise the temperature dependence of their respective physiological rates.
Third, it is imperative to incorporate the effects of ocean acidification on the physiology of marine
organisms modelled in EMS-BGC as ocean acidification has been suggested to affect the physiology of
some marine organisms (Smith et al., 2016; Keys et al., 2018; Alessi et al., 2019). Finally, the adapta-
tion of marine organisms to changing environmental conditions need to be incorporated in EMS-BGC as
these marine organisms have been reported to possess the potential to adapt to extreme environmental
conditions (Schaum et al., 2017; Collier et al., 2018; Buerger et al., 2020).

Failure to adequately capture the effects of these extreme environmental conditions by EMS-BGC could
result in uncertain predictions of marine ecosystem responses to increased temperature and ocean acid-
ification in the GBR. With these additions, it is anticipated that the potential changes in benthic cover,
plankton communities and calcifying organisms in response to temperature increases and ocean acidifi-
cation in the GBR can be more reliably and accurately predicted. The review of the EMS-BGC identified
that the knowledge of Trichodesmium abundance on the GBR, its contribution to nitrogen loads in the
GBR and its parameterisation in the model is a major research gap and will be explored in this project.

1.3 Thesis aim and objectives
The aim of this project is to improve EMS-BGC by critically re-evaluating the assumptions underpinning
the mathematical representation of biogeochemical processes in the existing model and use the EMS to
investigate nutrient dynamics and climate change impacts on the GBR. To achieve this goal, we carried
out key objectives which resulted in the following thesis chapters:

• Chapter 2 — a review of marine ecosystem parameters and processes that are expected to change
as a result of climate change and ocean acidification, and a systematic review of published marine
ecosystem climate change model applications. This chapter identifies important marine modelling
practices that need to be implemented in future modelling studies for more reliable and accurate
model predictions.

Citation: Ani, C.J., Robson, B., 2021. Responses of marine ecosystems to climate change impacts
and their treatment in biogeochemical ecosystem models. Marine Pollution Bulletin 166, 112223.

• Chapter 3 — quantification of the contribution of Trichodesmium to the total annual nitrogen
budget of the GBR and the identification of potential drivers of Trichodesmium growth and
nitrogen fixation. The knowledge gained in Chapter 2 was used to optimally parameterise the
temperature dependence of Trichodesmium physiological processes in EMS-BGC model, thereby
adequately representing the effects of rising temperature conditions in the GBR. The modified
EMS-BGC model was used to simulate Trichodesmium dynamics in the GBR. This chapter provides
a new line of evidence supporting the conjectured role of Trichodesmium as a major contributor
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to the nitrogen budget of the GBR. Key research findings will help inform future water quality
management strategies.

Citation: Ani, C.J., Smithers, S.G., Lewis, S., Baird, M., Robson, B., 2023. eReefs modelling
suggests Trichodesmium may be a major nitrogen source in the Great Barrier Reef. Estuarine,
Coastal and Shelf Science, 108306.

• Chapter 4 — modification of the parameterisation of Trichodesmium buoyancy regulation in the
Trichodesmium growth submodel of the eReefs biogeochemical models. The modification involved
the application of the form resistance factor to the sinking velocities of tuft-shaped Trichodesmium
colonies. The model results compared well with observations from the Australian Institute of
Marine Science Marine Monitoring Program sensor network sites and captured the emergent
patterns of phytoplankton size spectrum observed in nature. The modified model formulations
improve the physiological realism of the Trichodesmium growth submodel of the eReefs marine
biogeochemical models, and can help to improve the understanding of Trichodesmium dynamics
for effective GBR water quality management.

Citation: Ani, C.J., Baird, M., Robson, B. Modelling buoyancy-driven vertical movement of
Trichodesmium application in the Great Barrier Reef (under review Ecological Modelling).

• Chapter 5 — the parameterisation of the variation of Trichodesmium phycobilipigments under
varying light conditions in the Trichodesmium growth submodel of the eReefs biogeochemical
models. This involved the parameterisation of the interconversion between phycourobilin and phy-
coerythrobilin, and photosystem II reaction centre dynamics. The model results emphasise the
need to validate Trichodesmium concentrations, phycourobilin or phycoerythrobilin concentra-
tions, and/or nitrogen fixation rates against observations for increased confidence in the model’s
predictions.

All citations used in this thesis are included in a collective reference list at the end of the thesis, beginning
on page 97.



2. Responses of marine ecosystems to climate
change impacts and their treatment in
biogeochemical ecosystem models

Summary
To predict the effects of climate change on marine ecosystems and the effectiveness of intervention
and mitigation strategies, we need reliable marine ecosystem response models such as biogeochemical
models that reproduce climate change effects. We reviewed marine ecosystem parameters and processes
that are modified by climate change and examined their representations in biogeochemical ecosystem
models. The interactions among important aspects of marine ecosystem modelling are not often consid-
ered due to complexity: these include the use of multiple IPCC scenarios, ensemble modelling approach,
independent calibration datasets, the consideration of changes in cloud cover, ocean currents, wind
speed, sea-level rise, storm frequency, storm intensity, and the incorporation of species adaptation to
changing environmental conditions. Including our recommendations in future marine modelling studies
could help improve the accuracy and reliability of model predictions of climate change impacts on marine
ecosystems.

This chapter reproduces the following publication:

Ani, C.J., Robson, B., 2021. Responses of marine ecosystems to climate change impacts and their
treatment in biogeochemical ecosystem models. Marine Pollution Bulletin 166, 112223.

Contribution of authors
Chinenye J. Ani: Methodology, Validation, Formal analysis, Investigation, Resources, Data curation,
Writing – original draft.

Barbara Robson: Methodology, Validation, Formal analysis, Writing – review & editing, Supervision,
Project administration, Conceptualisation, Funding acquisition.

9
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2.1 Introduction
Marine ecosystems help to regulate the climate, protect coastal areas from storms (Shepard et al., 2011;
Barbier, 2017), provide food for human communities, and support various livelihoods and recreational
activities (Costanza et al., 2014; Barbier, 2017). Unfortunately, many marine ecosystems are in decline
due to climate change or as a consequence of human activities. For example, Jones et al. (2018)
estimate that 13.2% (≈ 55 million km2) of the world’s oceans are marine wilderness and < 100,000
km2 wilderness remains in coastal ecosystems. From 1985 to 2012, coral cover on the Great Barrier
Reef (GBR) declined from 28% to 13.8% (De’ath et al., 2012). Climate change impacts on marine
ecosystems include global warming, ocean acidification, changes in ocean currents, sea-level rise and
sea-ice retreat (Schweiger et al., 2008; IPCC, 2014; Hogg et al., 2015; Gattuso et al., 2015; Oliver et al.,
2017). Human activities affect nearly all parts of the ocean. Eroded sediments, nutrients and chemicals
from agricultural and urbanised catchments drain into coastal oceans, causing pollution (Brodie et al.,
2011; Devlin et al., 2012). Discarded fishing nets and plastic waste entangle marine organisms as they
swim (Wilcox et al., 2015) and some marine ecosystems such as mangrove forests have been cleared for
development.

Oceans absorb more than 90% of heat generated from increased greenhouse gas (GHG) emissions
from human activities such as the combustion of fossil fuels and land use (IPCC, 2014). The surface
temperature of oceans is projected to increase by between 0.3◦C to 1.7◦ C under Representative Pathway
Concentration 2.6 (RCP2.6), 1.1◦ C to 2.6◦ C under RCP4.5, 1.4◦ C to 3.1◦ C under RCP6.0 and 2.6◦

C to 4.8◦ C under RCP8.5 IPCC scenarios by 2100 (IPCC, 2014). Ocean warming causes marine
heat waves (Cavole et al., 2016; Oliver et al., 2017; Hughes et al., 2017), oxygen depletion (Vaquer-
Sunyer and Duarte, 2011; Bruno et al., 2018) and coral bleaching (Hughes et al., 2017; Barkley et al.,
2018), and may cause the loss of some marine habitats. An example is the potential loss of suitable
spawning habitats for Atlantic cod (Gadus morhua) and Polar cod (Boreogadus saida) due to sea surface
temperature increases (Dahlke et al., 2018).

More frequent extreme weather events associated with global warming (Mills et al., 2013; Pearce and
Feng, 2013; Perry et al., 2014; Beeden et al., 2015; Hughes et al., 2017) and loss of coastal protection
associated with increased storminess, sea-level rise and ecosystem changes such as reduced coral reef
growth (Perry et al., 2014; Beeden et al., 2015; Cheal et al., 2017) may also negatively impact coastal
communities.

Ocean warming intensifies oxygen depletion and can promote the growth of harmful algal blooms
(Peperzak, 2003; Paul, 2008), leading to the death of marine organisms. Because warm water holds less
dissolved oxygen than cooler water, hypoxia caused by severe oxygen depletion is projected to increase
by 10% for each 1◦C surface warming (Deutsch et al., 2011). Hypoxia can also occur due to increased
oxygen demand as organics breakdown (Chen et al., 2007; Du et al., 2018; Rodríguez-Martínez et al.,
2019).

Ocean CO2 absorption increased from 1.0 ± 0.5 × 1012 kg Cyr−1 in 1960s to 2.4 ± 0.5 × 1012 kg Cyr−1

averaged over the period from 2008 to 2017 (Le Quéré et al., 2018). Although the absorption of CO2
by oceans mitigates the atmospheric impacts of anthropogenic CO2 emissions, it also causes ocean
acidification (Wei et al., 2009). Ocean acidification is the reduction of ocean pH due to the dissolution
of CO2 in seawater. Global surface ocean pH naturally ranges between 8.0 and 8.5 (Bates et al., 2014),
but has declined by 0.1 (Feely et al., 2004; Stocker et al., 2013; Gattuso et al., 2015) and is projected
to decline by 0.3 to 0.4 by the end of 2100 under RCP8.5 (Mora et al., 2013; Gattuso et al., 2015).
Ocean acidification reduces the growth, development, survival and abundance of marine calcifiers, and
the abundance of their predators (Doney et al., 2009; Kroeker et al., 2013). Relative to current CO2
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conditions, marine calcifiers were shown to have a 11 − 19% reduction in growth and development, a
27% decline in calcification and survival rate, and a 15% reduction in abundance under CO2 conditions
for the year 2100 (Kroeker et al., 2013).

Recently, several marine ecosystems around the world have experienced extreme marine heatwaves with
catastrophic ecological outcomes (Filbee-Dexter et al., 2016; Hughes et al., 2017; Barkley et al., 2018;
Brainard et al., 2018; Arias-Ortiz et al., 2018; Burt et al., 2019; Kendrick et al., 2019). The unprece-
dented coral bleaching events in the GBR in 2016 and 2017 (Hughes et al., 2017) are examples of such
events. These unprecedented bleaching events reduced living hard coral cover by 51% over large areas
of the GBR that experienced extreme temperatures (Stuart-Smith et al., 2018). The 2010/2011 marine
heatwave damaged about 36% of seagrass meadows in Shark Bay, the largest and most diverse seagrass
assemblages in the world (Arias-Ortiz et al., 2018). Ocean warming reduced mean kelp biomass by 85–
99% over the past 40–60 years at Nova Scotia, Canada (Filbee-Dexter et al., 2016). However, global
warming has enhanced the poleward expansion of mangrove forests into salt marshes in subtropical and
temperate coastlines (Saintilan et al., 2014).

Modelling the effects of climate change on marine ecosystems can help with the predictions of climate
change impacts and the effectiveness of intervention and mitigation strategies. Among the different
modelling techniques, one has proven to be popular in its predictions (Fennel et al., 2019): the biogeo-
chemical model.

Biogeochemical models – also known as ecosystem models or receiving water quality models – are
process-based models that simulate optical conditions and the cycling of nutrients such as carbon (C),
nitrogen (N) and phosphorous (P) throughout the ecosystem. They also simulate the effects of changes
in the physical, chemical and biological environments on primary production (PP) and export of organic
and inorganic matter. Biogeochemical models are different from end-to-end models as they do not
simulate high trophic level (HTL) production, e.g., fishery production (Robson et al., 2017b). End-to-
end models simulate the effects of the physical and hydrological environments on primary production
and food-web interactions (Robson et al., 2017b). Biogeochemical models are ecological models but not
all ecological models are biogeochemical models. Ecological models represent important processes and
factors that influence ecological systems on different scales and hierarchical levels in a specific context
(Jørgensen, 2008).

Among biogeochemical models, there are two main types of models: global and coastal. Global biogeo-
chemical models simulate export of organic and inorganic matter, and water quality, but do not simulate
benthic and sediment dynamics. Coastal biogeochemical models simulate water quality, organic matter,
benthic and sediment dynamics. However, some coastal biogeochemical models ignore benthic and
sediment dynamics and Soetaert et al. (2000) have shown that such models have poor predictions.

Research to predict climate change responses of marine ecosystems has led to the development of many
biogeochemical models with varying process representations and complexities (Robson, 2014; Janssen
et al., 2015). Despite these significant developments, there has until recently been little focus on the
representation of climate change impacts on marine ecosystem response models. Understanding the
effects of climate change on marine ecosystem processes in the laboratory and field is fundamentally
important in predicting climate change impacts on marine ecosystems. Here, we review marine ecosys-
tem parameters and processes that are expected to change as a result of climate change and ocean
acidification and then present a systematic review of published marine ecosystem climate change model
applications.
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2.2 Methods
For the systematic review of marine ecosystem modelling of climate change scenarios, peer reviewed
journal publications and proceeding papers were selected for inclusion based on their use of mechanistic
models to project the effects of climate change on marine ecosystems. Mechanistic models represent
processes through the application of known scientific laws describing the behaviour of components of
the modelled system. The literature search was done on Web of Science on May 1, 2019 (Table 2.1).
To obtain the most relevant studies, the search field “Topic” (which searches titles, abstract, author
keywords and keywords plus) was selected. The search returned 353 papers published between 2005 and
2019. A subset of 131 papers was selected for inclusion based on relevance to modelling the responses
of marine ecosystems to climate change impacts.

The selected 131 modelling studies used eighty-five different models, with others being different appli-
cations of the same model. References for all 131 modelling studies can be found on the Supporting
Information document. The modelled systems include twenty-two coastal (including estuarine) ecosys-
tems and 109 open ocean marine ecosystems. Further, seventy-two of these ecosystem models considered
regional domains, while the remaining fifty-nine were global models.

Table 2.1: Literature search keywords.

Keyword type Search keywords

Main keyword Biogeochemical model OR ecosystem model OR water quality model

Context keyword Climate change OR global warming OR ocean acidification

Scope keyword Marine OR ocean OR sea OR bay OR coastal

To complement these results and expand the range of results returned, a second search was conducted
using Google Scholar. Studies were selected for inclusion due to their use of field and laboratory
experiments to assess the impacts of elevated temperature and pCO2 on plankton, coral, seagrass,
mangrove, kelp and microbes. These marine organisms are considered because they are important
components of marine ecosystems around the world. Results from a range of latitudes and climates
were included.

2.3 Marine ecosystem parameters modified by climate change

2.3.1 Meteorological conditions and sea level

Air temperatures, cloud cover, storm intensity and storm frequency have all changed and continue
to change due to anthropogenically forced climate change associated with greenhouse gas emissions.
Average global surface temperature increased by 0.37◦C between 1925 and 1944 and by a further 0.32◦C
from 1978 to 1997 (Jones et al., 1999). Relative to 1850–1900, temperatures are projected to increase
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throughout the 21st century with an increase of over 1.5◦C by the end of the century (IPCC, 2014).

Warming-induced ocean thermal expansion, melting ice and changes in land water storage cause sea-
level rise. Thermal expansion and melting ice have contributed about 75% of global sea-level rise since
the early 1970s (IPCC, 2014). Sea-level rise exacerbates coastal flooding as it increases the vulnerability
of coastal areas to floods in different parts of the world (French et al., 1995; Scott et al., 2012; Iwamura
et al., 2013; Bhattachan et al., 2018; Knutson et al., 2020).

Despite several past disagreements on the reliability of model predictions of climate change impacts on
tropical cyclones (Broccoli and Manabe, 1990; Evans and Allan, 1992; Bengtsson et al., 1996) recent
studies agree on the use of high-resolution global models to predict climate change impacts on tropical
cyclones (Knutson et al., 2010, 2020; Walsh et al., 2016). Relative to the end of the 20th century, a
2◦C global temperature increase is projected to cause a 1 to 11% increase in the intensity of average
global tropical cyclones and a 6 to 34% decrease in storm frequency by 2100 (Knutson et al., 2010,
2020). Overall, changes in storm intensity and frequency have been shown to greatly impact North and
Central America, Australia, East and West Africa, Asia and South America (Ward et al., 2016). They
have caused socio-economic damage and loss of human lives (Nordhaus, 2006), deteriorated the living
conditions in some marine ecosystems and coastal communities (French et al., 1995).

2.3.2 River flows, sediment and nutrient loads

The impact of global warming on river flow regime is highly variable depending on the location. On a
global scale, under SRES-A1B scenario Arnell and Gosling (2013) projected increases in mean annual
runoff in Canada, high-latitude eastern Europe and Siberia by 2050 with respect to 1961–1990 averages.
They also predicted declines in central Europe, around the Mediterranean, the Mashriq, central America
and Brasil. Likewise, relative to 1950–1999 means, severe drought is predicted to be prevalent in North-
central America from 2050 to 2099 under SRES-A1B scenario due to median declines in precipitation
by 5 to 10% and runoff by 10 to 30% (Hidalgo et al., 2013). In South-western Australia, relative to
averages from 1975 to 2007, a median decline by 25% in runoff resulting from a median decline by 8%
in rainfall is predicted to occur by 2030 under future global temperature increases of 0.7◦C, 1.0◦C and
1.3◦C (Silberstein et al., 2012).

Precipitation has been predicted to increase by 14 to 20% within 100km of tropical-cyclone activity
(Knutson et al., 2010, 2020). Increased precipitation associated with tropical cyclones effectively gen-
erates runoff (Devlin et al., 2012; Darby et al., 2013) and contributes about 32% of the suspended
sediment load draining into the Mekong Delta (Darby et al., 2016). During high flow events, large loads
of nutrients and sediments from adjacent agricultural catchments drain into the GBR (Brodie et al.,
2010, 2011; Devlin et al., 2012). Consequently, current mean annual suspended sediments increased
5.5 times, nitrogen increased 5.7 times and phosphorus increased 8.9 times since European settlement
(Kroon et al., 2012). On the other hand, in Mekong Delta, 33.0 ± 7.1 megatonnes of an estimated
52.6 ± 10.2 megatonnes decline in suspended sediment load was caused by shift in tropical-cyclone
activity (Darby et al., 2016).

These changes have the potential to alter marine biogeochemistry and consequently marine ecosystems,
and can be manifested in eutrophication, hypoxia and sedimentation. Sediment loads from rivers in-
fluence the structure and maintenance of deltas, the turbidity and nutrient concentrations of coastal
waters (Sklar and Browder, 1998). Increased sediment and nutrient loads from terrestrial runoff have
been shown to impact coral health on the GBR and enhance the abundance of crown-of-thorns starfish
(Wolanski and De’ath, 2005). In Bohai Sea, increased nutrient loads from rivers increased the frequency
and area of red tide events, and the diversity of dominant phytoplankton species (Wang et al., 2019a).
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On the other hand, in Chilika Lagoon, riverine nutrient loads and detritus have been shown to support
fisheries (Bonthu et al., 2016).

2.3.3 Oceanic transport processes

Oceanic transport processes comprising ocean currents, stratification and upwelling are important factors
influencing marine ecosystems as they transport plants, animals, heat and nutrients around the oceans.
Changes in ocean currents in response to future climate change vary across locations. For instance,
between the 1990s and 2060s, Sun et al. (2012) project declines in the transport of Leeuwin Current
(15%) and Indonesian Throughflow (20%), and increases in East Australian Current core transport
(12%) and extension (35%) under SRES-A1B. Further, Hogg et al. (2015) reported the intensification of
Southern Ocean eddy field in recent decades, with largest trends observed in the Indian (18.3±5.1cm2s−2

decade−1) and Pacific (14.9 ± 4.1cm2s−2 decade−1) regions of the Southern Ocean.

Ocean stratification is projected to largely increase by the end of the 21st century, relative to the
end of the 20th century under SRES-A2 scenario (Capotondi et al., 2012; Hordoir and Meier, 2012).
Temperature changes have been identified as the largest contributor to stratification increases on a global
scale, with the largest effect in the tropics (Capotondi et al., 2012). However, salinity was reported to
have the largest influence on stratification increases in the Arctic, North Atlantic and Northeast Pacific
due to Arctic freshening and increased salinity in subtropical North Atlantic and in the Mediterranean
Sea (Capotondi et al., 2012).

Increased greenhouse gas emissions have been suggested to increase coastal upwelling intensity (i.e.
the eastern boundary upwelling systems (EBUS)) (Bakun, 1990; Snyder et al., 2003; Bakun et al.,
2015; Wang et al., 2015). The EBUS – one of the most productive marine ecosystems in the world –
are projected to expand poleward due to increased temperatures (Bakun et al., 2015). However, under
global warming, open ocean upwelling is projected to weaken while coastal upwelling remains unchanged
(Hsieh and Boer, 1992). This is due to the weakening of upwelling bands in equatorial and subpolar
zones, and downwelling bands in subtropical zones.

These changes in oceanic transport processes will have implications on the dispersal of species larvae,
distribution of nutrients and marine organisms, and nutrient cycling in marine ecosystems.

2.3.4 Water temperature

Global warming influences ocean temperature and will affect marine ecosystems. Temperature is arguably
the most important physical variable that structures marine ecosystems. It influences the growth, com-
position and abundance of plankton communities, the abundance and distribution of fish, the growth and
photosynthesis of seagrasses, mangroves, kelp and coral health. Extreme temperature increases caused
by climate change alter marine ecosystems and the services they provide. A summary of temperature
effects on marine ecosystems is shown in Figure 2.1. Temperature effects on plankton communities,
corals, seagrasses, microbes, mangroves and kelp are detailed further below.

2.3.4.1 Phytoplankton physiological responses

Phytoplankton, the most important organism in marine food chains is sensitive to temperature increases.
Some experiments have shown that growth rate, nitrogen fixation rate and photosynthetic rate increase
with increasing temperature, peak at an optimum temperature Topt, and decrease afterwards (Figure
2.2c) (Breitbarth et al., 2007; Boyd et al., 2013; Fu et al., 2014). Respiration of phytoplankton in
temperate regions increased with increasing temperature (i.e. from 0 to 30◦C), while gross photosynthesis
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Figure 2.1: Summary of the responses of plankton, seagrasses, corals, microbes, mangroves and kelp to
temperature increases.

increased below 10◦C, peaked between 10◦C and 15◦C and decreased at higher temperatures (Andersson
et al., 1994).

(a) Exponential response curve. (b) Saturating response curve.

(c) Optimum response curve.

Figure 2.2: Temperature response curves.

Growth rate of polar diatoms increased by 25% with a temperature increase of 3◦C and decreased rapidly
with a further 1◦C increase in temperature (Boyd et al., 2013). Temperate diatom species experience
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a four-fold increase in growth rates with increasing temperature and no growth at temperatures above
20◦C (Boyd et al., 2013). Maximum growth rates for polar and temperate phytoplankton species range
between 0.3 d−1 and 1.4 d−1 (Boyd et al., 2013).

Tropical phytoplankton species have higher thermal tolerance than polar and temperate species as their
thermal limits range between 18 and 34◦C (Breitbarth et al., 2007; Boyd et al., 2013; Fu et al., 2014).
Trichodesmium — a nitrogen fixing cyanobacterium — attained maximum growth of about 0.2 d−1

to 0.3 d−1 (Bell et al., 2005; Breitbarth et al., 2007; Boyd et al., 2013) at temperatures between 24
and 28◦C (Bell et al., 2005; Breitbarth et al., 2007; Boyd et al., 2013; Fu et al., 2014) and gradually
declined to zero at 35◦C (Breitbarth et al., 2007; Boyd et al., 2013). Maximum nitrogen fixation
by Trichodesmium (0.13 mmol N mol POC−1 h−1) occurred at 27◦C (Breitbarth et al., 2007), while
maximum photosynthesis occurred at ≈ 26◦C (Fu et al., 2014). Crocosphaera, another nitrogen fixer
has been reported to have a higher thermal tolerance, with thermal limits ranging from 22◦C to 34◦C
and optimum temperature at ≈ 28◦C and 30◦C (Boyd et al., 2013; Fu et al., 2014). Furthermore, the
dinoflagellate A. sanguinea attained maximum growth at 25◦C with an upper temperature limit between
30◦C and 33◦C, and a lower temperature limit between 10◦C and 15◦C (Boyd et al., 2013). A three-fold
increase in dinoflagellate P. donghaiense growth rate was reported to occur between 15◦C and 20◦C,
and ≈ 15% decrease at 30◦C (Boyd et al., 2013). Although tropical phytoplankton have higher thermal
limits than polar and temperate species, they are highly sensitive to increasing temperature changes
since they live close to or at optimum temperatures.

Ocean warming alters the phenology of phytoplankton in different ways depending on local conditions.
Warming-induced increased growth and photosynthetic rates caused an earlier peak of phytoplankton
spring bloom by 1–1.4 d◦C−1 in the temperate-climate Kiel Fjord on the edge of the Baltic Sea (Sommer
et al., 2007; Sommer and Lewandowska, 2011). However, in the northern Red Sea, a tropical marine
ecosystem, phytoplankton blooms have recently started late (≈ 1–4 weeks), had a shorter duration (≈
4 weeks) and finished earlier (≈ 4 weeks) (Gittings et al., 2018). This has been attributed to increased
stratification and lower heat fluxes. The observed changes have implications on phytoplankton biomass.

The sensitivity of phytoplankton to pCO2 is influenced by temperature. Elevated temperatures enhance
growth and photosynthesis, and modulate the sensitivity of growth, photosynthesis and calcification
of calcifying algae to pCO2 increases (Sett et al., 2014). Likewise, the sensitivity of phytoplankton
to temperature is influenced by other environmental factors, including light. Laboratory experiments
for a mixed phytoplankton community conducted in conditions of light saturation and limitation, and
weakly limiting nutrients have shown that maximum growth rate increases with temperature when light
is saturated, while light limitation was found to reduce Topt by ≈ 5◦C (Edwards et al., 2016).

Temperature increases stimulate changes in intracellular nutrient transformation and can be represented
as an optimum response function (Figure 2.2c) (Gao et al., 2000). Regardless of growth habitat, nitrate
assimilation in multiple phytoplankton species cultured in nutrient-rich conditions and different light
treatments exponentially increased at temperatures below 10◦C, was optimised between Topt of 10 and
20◦C and decreased at temperatures above this range (Gao et al., 2000).

These observations suggest that many phytoplankton species have similar response curves to increasing
temperature with distinct thermal tolerance and limits depending on location and species. Therefore,
it is important to understand the ecological impact of these changes as they contribute to the oceans
nitrogen and carbon inventories, bloom formation and to reef-building corals. These observed traits
would be useful in modifying the parameterisation of biogeochemical models at the species level.
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2.3.4.2 Phytoplankton community responses

The composition of phytoplankton communities changes as temperature varies. At higher temperatures,
phytoplankton community composition shifts from large phytoplankton groups to small phytoplankton
groups (Carpenter, 1973; Andersson et al., 1994; Hare et al., 2007; Keys et al., 2018), whereas large
phytoplankton groups dominate when temperatures are low (Lassen et al., 2010).

At low temperatures, there is often reduced stratification and enhanced vertical mixing, hence elevated
nutrient concentrations (Behrenfeld et al., 2006). At high temperatures, there is increased stratification
and reduced vertical exchange, hence low nutrient concentrations (Schmittner, 2005; Behrenfeld et al.,
2006). The dominance of small phytoplankton groups at higher temperatures (Falkowski and Oliver,
2007) might be attributed to their small cell size which results in higher surface area to volume ratio
(Litchman et al., 2007). This attribute enables enhanced nutrient uptake by small phytoplankton under
low nutrient concentrations.

2.3.4.3 Zooplankton responses

Zooplankton are fundamental in shaping phytoplankton structure through grazing and facilitate energy
transfer from primary producers to upper trophic level consumers in the food chain (Truong et al., 2017).
In addition, they supply organic matter through excretion and mortality which provides a food source
for detrital feeders and is remineralised by bacteria to release dissolved nutrients that can be taken up
by phytoplankton (Morais et al., 2017).

Increasing temperatures have been observed to increase respiration, excretion and zooplankton grazing
rates (Ikeda et al., 2001; Ikeda, 2014; Alcaraz et al., 2014; George et al., 2015), although Alcaraz et al.
(2014) reported declines above a threshold. Respiration and excretion rates of zooplankton from polar
to tropical waters (-1.7◦C to 30◦C) have been shown to depend on body mass and temperature (Ikeda
et al., 2001; Ikeda, 2014) as they increase with increasing temperatures (Ikeda, 2014). The rate at
which meso- and macrozooplankton metabolic rates increase for a 10◦C temperature rise (i.e. Q10)
ranges between 1.8 and 1.9 (Ikeda, 2014). Microzooplankton grazing rate increased from 0.15 ± 0.03
d−1 during the beginning of the spring bloom to 0.62 ± 0.11 d−1 during the peak and end of the bloom
in the Long Island Sound (George et al., 2015).

Alcaraz et al. (2014) suggest that thermal thresholds and the balance between carbon loss and carbon
gain are important in predicting warming impacts on zooplankton. They reported maximum grazing
and respiration rates of Arctic Calanus glacialis at temperatures 2.5◦C and 6◦C, respectively, and that
based on the balance between energetic gains and losses, the thermal threshold for C. glacialis survival
is 6◦C.

Although some experiments suggest increases in zooplankton physiological rates with increasing temper-
ature (Ikeda et al., 2001; Ikeda, 2014; George et al., 2015), declines have been reported when temperature
exceeds a thermal threshold in the Arctic (Alcaraz et al., 2014). Since tropical species live close to their
thermal limits, extreme temperature increases could have similar implications for tropical zooplankton
physiology. However, there is limited literature on warming effects on tropical zooplankton physiology.
Thus, more work needs to be done to understand the physiological responses of tropical zooplankton to
ocean warming for improved model parameterisations.

2.3.4.4 Coral responses

Corals provide habitats for many marine organisms through their reef-building ability. The symbiosis
between reef-building corals and dinoflagellates is essential to coral calcification and coral reef growth.
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However, warming has disrupted this symbiotic relationship and has led to more frequent and widespread
mass coral bleaching events (Hughes et al., 2017).

Corals respond to temperature variations following an optimum response curve (Figure 2.2c) (Castillo
and Helmuth, 2005; Rodolfo-Metalpa et al., 2014; Jurriaans and Hoogenboom, 2019) and their thermal
responses vary among locations and between species (Warner et al., 1996; Jurriaans and Hoogenboom,
2019). For example, in the Gulf of Honduras, Southern Belize, Orbicella annularis (formerly Montastrea
annularis and most abundant species in the Caribbean) photosynthetic and respiration rates are maxi-
mum at 33◦C and decline to zero at 35◦C (Castillo and Helmuth, 2005). Similarly, in the Mediterranean
Sea, O. annularis photosynthesis and respiration are maximal at temperatures in the range 24 − 26◦C
and 25 − 27◦C, respectively (Rodolfo-Metalpa et al., 2014).

Long-term exposure (2 − 3 days) of several coral species widespread and abundant in tropical western
Atlantic Ocean and the Caribbean Sea, namely O. annularis, Agaricia lamarcki, Agaricia agaricites
and Siderastrea radians from the Discovery Bay, Jamaica to elevated temperatures between 30◦C and
36◦C decreased their symbiont photosynthetic efficiency (Warner et al., 1996). Complete disruption of
photosynthesis in highly sensitive O. annularis and A. lamarcki occurred at 32◦C and 34◦C, respectively,
whereas the photosynthetic efficiencies of A. agaricites and S. radians declined less (Warner et al.,
1996). Short-term exposure of Acropora spp. (Acropora intermedia and Acropora valenciennesi) and
Porites cylindrica from three locations in the GBR, namely Orpheus Island, Lizard Island and Heron
Island to temperature increase and decrease of 5◦C above the mean summer temperature showed that
coral thermal performance varies with species and with latitudes, and the variation in coral symbiont
types could be responsible for the observed differences in coral thermal performance (Jurriaans and
Hoogenboom, 2019). Coral symbionts were shown to acclimatise better than coral hosts as their
thermal optimum is closer to environmental temperatures and are likely to support coral hosts during
extreme temperature events (Jurriaans and Hoogenboom, 2019). Acropora spp. and P. cylindrica are
abundant and widespread in the Indo-Pacific Ocean (Wallace and Rosen, 2006).

Coral thermal tolerance is influenced by the duration of thermal stress (Hughes et al., 2018) and other
environmental factors such as light intensity (Jokiel and Coles, 1990; Brown, 1997; Anthony et al.,
2007). Bleaching, which correlates with coral respiration, is exacerbated by high light intensity (Jokiel
and Coles, 1990; Anthony et al., 2007) causing coral mortality (Anthony et al., 2007) and declines in
hard coral cover (Guest et al., 2016; Hughes et al., 2018). Increased mortality of A. intermedia from
the GBR was reported to occur by the second half of a six-week exposure to 31 ± 0.5◦C temperature
(Anthony et al., 2007). After the unprecedented 2016 and 2017 bleaching events on the GBR (Hughes
et al., 2017, 2018), temperature-sensitive species of corals began to die immediately when exposed to
temperatures above 3–4 degree-heating weeks in the GBR, and a further eight-month exposure to 6
degree-heating weeks shifted coral community assemblages (Hughes et al., 2018). As a consequence,
coral calcification and production on Lizard Island in the GBR reduced by about 4–5% (McMahon et al.,
2019). In general, short-term exposure (1–2 days) of corals to temperature increases of about 3–4◦C
above their thermal tolerance and long-term exposure (> 1 week) to increases of about 1–2◦C can
induce bleaching (Jokiel and Coles, 1990).

Coral larvae Porites astreoides experienced increased metamorphosis (7%) and mortality (30%) rates,
decreased photosynthetic rate (≈ 50%) when exposed to high temperature 33◦C (Edmunds et al.,
2001). These observed changes are likely to reduce recruitment. Relative to ambient temperature
(25◦C), elevated temperature (29◦C) reduced coral larvae Pocillopora damicornis respiration rates by
32%, rubisco protein expression 2.6 times and photochemical efficiency by ≈ 49% when compared
to that of adult corals (Putnam et al., 2013). This suggests that coral larvae are more sensitive to
temperature than adult corals and are physiologically more suited to changing temperatures.
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In response to increasing temperatures O. annularis skeletal extension rate decreased, whereas skeletal
density increased and for each 1◦C increase calcification rate increased by ≈ 0.57gcm−2year−1 (Carricart-
Ganivet, 2004). However, extreme temperature increases at 23.7◦C in the Gulf of Mexico and 25.5◦C
in the Caribbean Sea cause zero calcification (Carricart-Ganivet, 2004).

These findings highlight the variability of coral thermal tolerance with respect to species, locations and
duration of thermal stress. They assert that tropical and subtropical corals are highly susceptible to
bleaching as they live close to their thermal limits during summer. Further, thermal stress reduces the
autotrophic ability of coral larvae and symbionts, thereby deteriorating coral health and reducing coral
recruitment.

2.3.4.5 Seagrass responses

Seagrasses are ecologically important as they are primary producers and provide habitats for many marine
organisms. Growth rates of seagrasses are limited by light intensity and temperature. Temperature
influences seagrass dynamics as their thermal adaptation and tolerance affect distribution, productivity
and biomass dynamics. Short-term exposure of seagrasses to extreme temperatures has been shown
to reduce growth rate and increase mortality (Collier and Waycott, 2014) and heat waves have been
associated with massive loss of seagrass habitats in the tropics (Arias-Ortiz et al., 2018), and tropical
temperate transition zones (Kendrick et al., 2019). At the critical temperature threshold of 40◦C
seagrass growth reduced and mortality followed 2 – 3 days after temperature increased to 43◦C in the
GBR (Collier and Waycott, 2014).

Within the limits of physiological tolerance photosynthetic rates of seagrasses increased with increasing
temperature (Evans et al., 1986; Marsh Jr et al., 1986; Bulthuis, 1987; Masini et al., 1995; Collier
and Waycott, 2014; Weisse et al., 2016; Collier et al., 2017). Temperature responses of seagrasses
vary among species and across locations. In the GBR, the subtropical and temperate species Zostera
muelleri photosynthesis has been found to reach a maximum at 31◦C, whereas tropical species Halodule
uninervis and Cymodocea serrulata attained maximum photosynthesis at 35◦C which rapidly declined
to zero between 44 and 45◦C (Collier et al., 2017).

The maximum photosynthetic rates of Zostera marina L. and Ruppia maritima L. in the subtropical
Chesapeake Bay, USA decreased at temperatures above 19◦C and 23◦C, respectively (Evans et al., 1986).
In Great Harbour, Massachusetts, net photosynthesis of Zostera marina L. was optimised at temperature
between 25 and 30◦C (Marsh Jr et al., 1986). Masini et al. (1995) found the Topt for net photosynthesis
of Posidonia sinuosa in (Mediterranean climate) Princess Royal Harbour, Western Australia to range
between 18 and 23◦C. Dark respiration rates increased exponentially under temperatures between 5 and
30◦C (Marsh Jr et al., 1986; Pérez and Romero, 1992). Further, low light intensity has been shown
to limit the photosynthetic capacity of seagrasses under temperature increases (Bulthuis, 1987; Masini
et al., 1995).

These results show that regardless of latitude and species, seagrasses follow an optimal temperature
response curve. However, their thermal tolerances vary with latitude and among species as tropical
seagrass species prefer higher temperatures than temperate and subtropical species. In general, short-
term and long-term exposure of seagrasses to temperature increases above their thermal limits reduce
their photosynthetic capacity and they are likely to suffer irreparable damage.
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2.3.4.6 Microbial community responses

Marine microbes are fundamentally important in the health and productivity of marine ecosystems. They
transform organic matter to nutrients through decomposition, transform nutrients into usable forms for
marine plants and serve as a food source for some marine organisms. Marine microbes are also influenced
by temperature. Marine microbial community responses to temperature increases could have positive
or negative feedbacks to changing carbon and nitrogen cycles, and species that carry out important
biogeochemical processes may be affected. Nitrogen mineralisation, nitrification and denitrification rates
have been shown to follow an optimum response curve to temperature (Hansen et al., 1981; Thamdrup
and Fleischer, 1998; Rysgaard et al., 2004). In one study of Arctic sediments, nitrogen mineralisation
was found to be maximised at 20◦C and decrease when temperatures are above 20◦C (Thamdrup and
Fleischer, 1998). In the same study, nitrification was found to increase with increasing temperatures
below 8–16◦C and rapidly decline for temperatures above this range (Thamdrup and Fleischer, 1998).
Denitrification rates in Arctic sediments were found to be maximal at 24◦C while anaerobic ammonia
oxidation reached a maximum at 12◦C (Rysgaard et al., 2004). We have not found studies reporting
temperature response of microbial processes in tropical marine ecosystems.

2.3.4.7 Mangrove responses

Mangrove forests are found along the coast of tropical and subtropical oceans. Mangroves stabilise
shorelines, protect coastal communities (Gedan et al., 2011) and sequester atmospheric carbon (Donato
et al., 2011). They are one of the most productive ecosystems as they are sources of income, food and
fuel for human communities and they provide nesting and nursery grounds for fish and invertebrates
(Ewel et al., 1998; Aburto-Oropeza et al., 2008). Temperature greatly impacts mangroves as it limits
the latitudinal distribution of mangroves. The minimum air temperature at which many mangroves are
latitudinally limited is 16◦ C (Saenger, 2013) and leaf temperature between 22 and 30◦ C is optimal for
CO2 assimilation of tropical Rhizophoraceae species (Andrews et al., 1984). The 20◦C winter isotherm
of seawater coincides with the distributional limits of mangroves (Duke et al., 1998).

Short term exposure (2–24 hours) of Avicennia germinans (Avicennia is the most cold-tolerant genus)
in three distinct life stages (dispersal, stranded, and seedling stages) to temperatures 5.7, 2.5 and -6.5◦

C reduced their survival, -6.5◦C at 24 hours exposure had the greatest reducing effect on survival and
dispersal had the greatest survival (Pickens and Hester, 2011). This shows that mangrove seedlings do
not thrive in very low temperature conditions. A. germinans seedling photosynthetic rate was shown to
be optimal (i.e., between 7.5 and 9.4 µmol cm−1s−1) at the range 24–25◦ C and zero between 39 and
42◦ C under low and high nutrient conditions (Reef et al., 2016). A. germinans is widespread in coastal
wetlands in the Caribbean and Gulf of Mexico.

Field studies indicate the expansion of mangroves into salt marshes on subtropical and temperate shore-
lines including, North America (Comeaux et al., 2012; Osland et al., 2013), Australia (Rogers et al.,
2005; Straw and Saintilan, 2006), New Zealand (Morrisey et al., 2010; Stokes et al., 2010), China
(Durango-Cordero et al., 2013) and Mozambique (De Boer, 2002). The expansion of mangroves into
salt marshes corresponds to the expansion of temperature thresholds to the North and South Poles and
sea-level rise (Saintilan et al., 2014). A moderate increase of ocean temperature by 1.2◦ C increased
the overall cover of algal epibionts of mangrove roots by 24% but reduced epibiont diversity by 33%
due to the occurrence of warming-induced shorter, weedy algal turfs (Walden et al., 2019).

These findings suggest that although continued temperature increases will enhance the poleward exten-
sion of mangrove forests it will modify the quality of mangrove habitats.
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2.3.4.8 Kelp responses

Kelp species mostly occur along the coastlines of the world’s temperate regions. They form structurally
complex beds or forests which are one of the most diverse and productive ecosystems in the world
(Steneck et al., 2002; Graham et al., 2016; Smale, 2020). Ocean temperature primarily determines
the distribution of kelp. Elevated temperatures have been shown to reduce the growth of kelp due to
direct effects of temperature on photosynthesis (Davison, 1991; Andersen et al., 2013). The maximum
photosynthetic rate, photosynthetic efficiency and respiration of Norwegian Saccharina latissima were
constant at 10 and 15◦ C, but at 20◦ C, maximum photosynthetic rate and photosynthetic efficiency
reduced whereas respiration greatly increased (Andersen et al., 2013). Simonson et al. (2015b) exposed
three dominant species in Nova Scotia (Agarum clathratum and S. latissima and Laminaria digitata)
to four temperature treatments (11, 14, 18 and 21◦ C) for three weeks. They reported mortality in all
species at 18 and 21◦ C, with mortality and tissue loss occurring at 21◦ C within two weeks exposure. A.
clathratum growth rates reduced at 18◦ C after three weeks exposure. After one week exposure to 21◦

C, the strength and extensibility of S. latissima and L. digitata reduced by 40–70% although all species
experienced reduced strength at 18◦ C after three weeks exposure. Simonson et al. (2015b) identified
A. clathratum as the least vulnerable to warming-induced tissue weakening and loss. However, elevated
temperature had no effect on kelp quality as food source for the gastropod mesograzer Lacuna vincta
and the invasive bryozoan Membranipora membranacea, thereby exacerbating the direct temperature
effects on kelp causing increased kelp biomass loss (Simonson et al., 2015a).

The interactive effects of temperature, nutrients, pCO2 and competitive species have been reported
to alter kelp ecosystem (Connell and Russell, 2010; Moy and Christie, 2012). A fourteen-week exper-
imental study involving the removal of turfs from a phase-shifted system indicated the inhibition of
kelp recruitment by algal turfs (Connell and Russell, 2010). Relative to ambient temperature (17◦ C),
elevated temperature (20◦ C) and pCO2 enrichment increased the abundance of algal turfs, thereby
reducing kelp abundance (Connell and Russell, 2010). All juveniles of the perennial kelp Ecklonia cava
(dominant from central to southern Japan) exposed to nutrient-enriched seawater at temperatures 20,
26, 28 and 30◦ C survived, whereas mortality occurred in nutrient-deplete conditions at all temperatures
(Gao et al., 2016). E. cava photosynthetic rate peaked at 28◦ C and decreased greatly at 30◦ C under
nutrient-replete conditions, but was constant at 20 to 28◦ C in non-enriched conditions (Gao et al.,
2016). Further, increasing temperatures from 20 to 30◦ C decreased growth rate under nutrient enrich-
ment, while growth rate remained constant at 20 and 26◦ and decreased at 28◦ C under non-enriched
conditions (Gao et al., 2016). Overall, photosynthetic and growth rates were greater in nutrient-enriched
seawater than in nutrient-deplete conditions at temperatures between 20 and 28◦ C (Gao et al., 2016).
However, Muth et al. (2019) showed that regardless of nutrient levels, increasing temperatures from 12
to 18◦ C reduced kelp recruitment in the eastern Pacific.

Over the past 40–60 years in Nova Scotia, ocean warming reduced mean kelp biomass by 85–99% and
caused a shift from kelp beds to rocky reefs dominated by invasive algal turfs (Filbee-Dexter et al., 2016).
Between 2004 and 2009 in the Skagerrak region along the coast of southern Norway, large-scale loss
of S. latissima occurred leading to filamentous, ephemeral macroalgae dominance (Moy and Christie,
2012). This large-scale community shift is mainly attributed to rising temperature and eutrophication.

These findings suggest that rising temperature is a major contributor to the decline of kelp ecosystems.
Continued loss of kelp forests will have implications for coastal marine production and management.
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2.3.5 Ocean acidification

Ocean acidification caused by increased pCO2 inhibits the ability of marine calcifiers to form shells
and skeletons (Orr et al., 2005; Hoegh-Guldberg et al., 2007; Fabry et al., 2008; Chan and Connolly,
2013), affects their growth, reproduction and survival rates (Kroeker et al., 2013), and may enhance
the dissolution of existing shells and skeleton material (Feely et al., 2004; Orr et al., 2005; Andersson
et al., 2009; Kroeker et al., 2013).

2.3.5.1 Phytoplankton responses

Phytoplankton are carbon fixers, thus they influence the carbon pump of oceans. Increased seawater
CO2 concentrations has been shown to increase photosynthesis, increase primary production of calcifying
phytoplankton and likely alter phytoplankton community composition (Tortell et al., 2008; Yang and
Gao, 2012; Grear et al., 2017). Coccolithophore species Emiliania huxleyi – the most cosmopolitan
species – and Gephyrocapsa oceanica – the most abundant species in tropical and subtropical oceans
(Bendif et al., 2015) – have been shown to have pCO2-dependent optimum-curve responses for growth,
photosynthesis and calcification rates (Sett et al., 2014). Temperature modulates the optimum response
of these processes. Optimum [pCO2] of E. huxleyi and G. oceanica for growth, photosynthesis and
calcification increased to ≈ 600 and 1300 ppm pCO2, ≈ 835 and 1535 ppm pCO2, and ≈ 550 and 875
ppm pCO2 when temperature increased to 20 and 25◦C, respectively.

In various contexts, elevated pCO2 concentrations (800 and 1000 ppm) increased carbon fixation by
25%, dark respiration by 35% (Yang and Gao, 2012), phytoplankton biomass by 6.5-fold (Keys et al.,
2018) and growth rate by ≈ 10–20% (Tortell et al., 2008). Elevated pCO2 (1000 ppm) increased the
Southern Ocean bloom-forming Chaetoceros debilis growth rate by 63%, but had no effect on other
bloom-forming species such as Phaeocystis antarctica, Pseudo-nitzschia subcurvata and Fragilariopsis
kerguelensis (Trimborn et al., 2013). Cellular particulate inorganic and organic carbon (PIC and POC)
concentrations increased by 80% and 90% at 600 ppmV pCO2, and a further 150 ppmV pCO2 increase
caused 48% and 45% increase in PIC and POC concentrations (Iglesias-Rodriguez et al., 2008). Likewise,
Trichodesmium nitrogen fixation increased by 60% when pCO2 increased from 180 to 1400 ppmV and
intracellular nutrient concentrations (i.e. POC and PON) increased by 33% when pCO2 increased from
380 to 1400 ppmV (Eichner et al., 2014). In contrast, Böttjer et al. (2014) found no significant effect
on nitrogen fixation by short-term (1–3 days) exposure of natural occurring nitrogen fixers in North
Pacific subtropical gyre to elevated pCO2 (≈ 1000 ppm).

There is mixed evidence on elevated pCO2 effects on phytoplankton community composition. Bermúdez
et al. (2016); Keys et al. (2018) found that temperate phytoplankton community composition shifted
towards smallest size fractions due to pCO2 increases while Tortell et al. (2002) found the opposite in
phytoplankton assemblages in the Southern Ocean. The dominance of small-sized phytoplankton can
be attributed to increased growth rate of small-sized phytoplankton caused by elevated pCO2 (Grear
et al., 2017). Rising pCO2 from ambient to 1981 ppm reduced essential polyunsaturated fatty acids
(PUFA) in North Sea phytoplankton and the observed nanophytoplankton PUFA reduction caused ≈
10% reduction of dominant copepod Calanus finmarchicus PUFA (Bermúdez et al., 2016).

The findings described above suggest that phytoplankton is most likely to benefit from ocean acidifi-
cation, although a reduction in phytoplankton fatty acids will reduce the nutritional quality of phyto-
plankton available for zooplankton and other grazers.
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2.3.5.2 Zooplankton responses

Ocean acidification has been found in some studies to have little or no direct effect on zooplankton
(McConville et al., 2013; Hildebrandt et al., 2014). Short-term exposure (4 days) of copepod species
Centropages typicus and Temora longicornis to elevated pCO2 (750 ppm) had no effect on egg pro-
duction and hatching success (McConville et al., 2013). Similarly, elevated pCO2 3000 ppm had no
effect on Arctic copepods C. glacialis and C. hyperboreus (Hildebrandt et al., 2014). However, exposing
pelagic copepods to about 98,000 ppm for a day increased copepod mortality in subarctic to subtropical
waters (Watanabe et al., 2006). Copepods living in deep waters were shown to be more sensitive than
shallow-living copepods, and deep-living copepods in subarctic and transitional waters were shown to
have higher pCO2 tolerance than subtropical copepods (Watanabe et al., 2006).

In tropical coral reefs located in Papau New Guinea, rising pCO2 leading to average pH reduction from 8
to ≈ 7.8 pH reduced demersal zooplankton biomass (by a factor of three), while zooplankton community
composition and fatty acid composition remained unchanged (Smith et al., 2016). Demersal zooplankton
biomass reduction could be attributed to the shift from branching corals to massive bouldering corals
due to progressing ocean acidification. This observation highlights the importance of in situ experiments
in understanding ocean acidification effects on zooplankton as they are likely to produce results different
to results obtained from laboratory experiments.

We found little information on tropical zooplankton responses to ocean acidification. More experiments
are needed to understand the short- and long-term effects of ocean acidification on tropical zooplankton
species.

2.3.5.3 Coral responses

Corals are likely to experience direct effects of increased pCO2 as they build their skeletons from calcium
carbonate. Elevated pCO2 (635 ppm) enlarged the body size of P. damicornis larvae by ≈ 10% (Putnam
et al., 2013). P. damicornis larvae was shown to favour skeletal growth at the expense of asexual budding
when exposed to 896 and 1681 ppm pCO2 (Jiang et al., 2015). Combined effects of elevated pCO2 (≈
1100 ppm) and temperature (2◦C above ambient) decreased respiration by ≈ 30% and recruitment of
Dendropoma cristatum larvae by ≈ 60% (Alessi et al., 2019). Coral Stylophora pistillata calcification
decreased by 50% when exposed to increased pCO2 (734 and 798 ppm) and temperature at 28◦C, but
remained constant at 25◦C (Reynaud et al., 2003). Increased pCO2 (750 ppm) increased coral Acropora
pulchra biomass by 31% and 38% at 29.8◦C and 27.2◦C under light saturation (Comeau et al., 2014).
This supports the influence of irradiance on the responses of reef-building corals to elevated pCO2. P.
damicornis and S. pistillata are common in the Indo-Pacific Ocean.

Across the globe, there is concern that the interacting effects of ocean acidification and rising tem-
peratures will cause a decline in calcification of coral species. For example, across the GBR, a 11.4%
decline in calcification of massive Posites from 1990 to 2005 has been confirmed (De’ath et al., 2009,
2013). Between 390 and 750 ppm pCO2 coral diversity, recruitment and abundance of structural corals
declined, but coral cover remained unchanged due to the dominance of Posites over structural corals
despite its low calcification (Fabricius et al., 2011). Further, in the eastern tropical Pacific P. damicornis
extension declined by approximately 33% from 1974 to 2006 (Manzello, 2010).

These findings suggest that although the effects of pCO2 increases on corals at their early life stages
vary, they could have major consequences on their ecological functions and coupled with thermal stress
pCO2 effects on corals are exacerbated.
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2.3.5.4 Seagrass responses

Ocean acidification has been shown to have positive effects on seagrass (Palacios and Zimmerman, 2007;
Fabricius et al., 2011; Ow et al., 2015; Takahashi et al., 2016) due to the potential ability of seagrass
to increase its productivity with ocean acidification (Burnell et al., 2014; Borum et al., 2016). Long-
term (one year) exposure of Z. marina to 16–1123 µM pCO2 under light-limited and saturating light
conditions did not change shoot production and leaf photosynthesis (Palacios and Zimmerman, 2007).
However, under saturating light conditions, rising pCO2 enhanced seagrass productivity as below-ground
biomass, vegetative proliferation and reproduction increased (Palacios and Zimmerman, 2007). Short-
term (45 days) exposure of Z. marina to 3673 µM pCO2 caused a reduction in light requirements for
survival and growth, and a three-fold increase in leaf photosynthesis and shoot production (Zimmerman
et al., 1997). Similarly, a two-week exposure of warm water species Cymodocea serrulata, Halodule
uninervis and Thalassia hemprichii to rising pCO2 (442–1204 ppm) increased net production and gross
photosynthesis to respiration ratio in all species, and reduced light requirements for growth and survival
in C. serrulata and H. uninervis (Ow et al., 2015).

In the GBR, Fabricius et al. (2011) showed that long-term enrichment of pCO2 from 390 to 750 ppm
caused an eight-fold increase in seagrass cover. Likewise, at three shallow volcanic CO2 vents in Papua
New Guinea, pCO2 enrichment resulting to decreased average pH from 7.9 to 7.5 increased seagrass cover
three times and seagrass biomass 5 times, with varying seagrass community composition (Takahashi
et al., 2016).

These results suggest that continued ocean acidification could enhance the survival and growth of
seagrass in coastal waters by reducing light requirements and enhancing productivity, but due to the
varying seagrass community composition it could alter seagrass community structures.

2.3.5.5 Microbial responses

For heterotrophic bacteria, pCO2 increases had direct positive effects such as increased growth, pho-
tosynthesis and reduced respiration. These changes could affect their ecological functions in marine
ecosystems. A five-day exposure of two bacterial isolates, Rhodobacteraceae and Flavobacteriaceae,
from the Mediterranean Sea to 1000 ppmV pCO2 had positive effects on their metabolic rates (Teira
et al., 2012). Rhodobacteraceae photosynthetic rate increased, and Flavobacteriaceae growth efficiency
and photosynthetic rate increased, while respiration rate reduced (Teira et al., 2012). Rhodobacteraceae
contribute about 20% of coastal bacterioplankton community (Buchan et al., 2005), while Flavobacte-
riaceae is abundant in eutrophic waters (Alderkamp et al., 2006).

Relative to pH 8, nitrification rates reduced by 50% at pH 7, reduced by ≥ 90% at pH 6.5 and was
inhibited at pH 6 in deep sea waters (Huesemann et al., 2002). This shows that pCO2 increases could
cause an accumulation of ammonia in bottom waters and when transported into the euphotic zone could
alter phytoplankton abundance and community composition structure.

2.3.5.6 Mangrove responses

Elevated atmospheric CO2 effects on mangroves are influenced by other environmental factors such
as salinity, nutrient availability and water use (Lovelock et al., 2016). A fourteen-week exposure of
two Australian mangroves Rhizophora apiculata and R. stylosa to a two-fold increase in ambient atmo-
spheric CO2 (340 µl L−1) increased growth under low saline conditions but had no effect on growth
under high saline conditions (Ball et al., 1997). The observed growth increase is caused by enhanced
photosynthetic water use efficiency, increased net assimilation rate and increased leaf area ratio (Ball
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et al., 1997). Relative to 400 ppm pCO2, elevated pCO2 (800 ppm) increased A. germinans seedling
maximum photosynthetic rate, Topt for photosynthetic rate and the temperature at which the photo-
synthetic rate is zero (Reef et al., 2016). Thereby causing increased growth in above-ground biomass
and root volume under high and low nutrient conditions, respectively (Reef et al., 2016). Similarly,
an eighteen-month exposure of A. germinans to 365 and 720 µl L−1 CO2 concentrations increased
its growth and biomass under high nitrogen concentrations, but when grown with cordgrass Spartina
alterniflora, the seedling growth reduces (McKee, 2006). This indicates that competition from other
species limits seedling growth under elevated CO2 conditions. Mangrove seedlings of R. mangle exposed
to ambient (350 µl L−1) and double-ambient CO2 conditions for a year experienced increased growth
and biomass and increased branching activity due to CO2 enrichment (Farnsworth et al., 1996). In
general, CO2 enrichment increased mangrove seedling growth by 12–47% (Lovelock et al., 2016). On
the other hand, elevated CO2 was shown to have no effect on R. mangle, A. germinans and Conocarpus
erectus net productivity but reduced the productivity of Laguncularia racemosa (Snedaker and Araújo,
1998). Increased CO2 increased the transpiration efficiency, reduced the stomatal conductance and
transpiration of all four species (Snedaker and Araújo, 1998).

Relative to ambient pCO2 (350 ppm), elevated pCO2 (500 ppm) had no effect on the total cover of
algal epibiont on mangrove roots but its interacting effect with a 1.2◦ C temperature increase reduced
epibiont diversity and increased the total algal epibiont cover (Walden et al., 2019).

These findings suggest that CO2 enrichment will enhance mangrove production, but the composition
and structural complexity of mangrove communities will most likely be altered due to the species-specific
responses to the interacting effects of CO2 enrichment and other biotic and abiotic factors.

2.3.5.7 Kelp responses

Kelp canopy effectively removes inorganic carbon from water column during photosynthesis and accu-
mulates fixed carbon in its biomass. Seasonal carbon storage and increased photosynthetic material are
provided by dense kelp canopy for more carbon uptake. Ocean acidification has been shown to have
little or no effect on kelp (Fernández et al., 2015; Leal et al., 2017; Mora-Soto et al., 2020; Fernández
et al., 2021). Reducing the pH from 8 to 7.59 had no effect on the photosynthesis and growth of giant
Macrocystis pyrifera, but the combined effects of pCO2, nutrient availability and temperature could
change M. pyrifera physiological responses to pCO2 enrichment (Fernández et al., 2015). M. pyrifera
is the most widely distributed kelp species in the world’s temperate shorelines (Mora-Soto et al., 2020).
Relative to pH 8.01 and 8.4, low pH 7.2 and 7.65 did not affect the development of M. pyrifera and
Undaria pinnatifida in south-eastern New Zealand (Leal et al., 2017). pCO2 enrichment of juvenile M.
pyrifera had no effect on their photosynthesis and growth but it increased the gene expression of nitrate
reductase (Fernández et al., 2021). However, increased mortality and germination rates of M. pyrifera
spores occurred due to the interacting effects of temperatures (13 and 18◦ C) and pCO2 (400 ppm and
1800 ppm) (Gaitán-Espitia et al., 2014).

These findings indicate that ocean acidification is not a major threat to kelp health but the interact-
ing effects of ocean acidification and other environmental factors could have adverse effects on kelp
ecosystems.

2.3.6 Adaptation of marine organisms to changes in temperature and ocean acidifi-
cation

The potential ability of marine organisms to adapt and acclimate to environmental stressors may reduce
the severity of detrimental effects of a changing environment. Long-term acclimation (e.g. 1–2 weeks
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or a decade) of phytoplankton to high temperatures has been shown to improve their thermal tolerance.
These improvements include reduced respiration rates, increased optimum temperatures for growth and
photosynthesis (Staehr and Birkeland, 2006; Padfield et al., 2016; Schaum et al., 2017), increased
growth rate and cellular pigment content, decreased cell size and Chl a-specific light absorption (Staehr
and Birkeland, 2006). Accordingly, when compared to phytoplankton in ambient conditions, warm-
adapted phytoplankton competes better in warm conditions and loses its competitive fitness in ambient
conditions (Schaum et al., 2017).

Z. muelleri has been identified as the most thermal tolerant seagrass species after a seven-week ex-
posure of different tropical species, namely Cymodocea serrulata and Halodule uninervis to increasing
temperatures and pCO2 under saturating light conditions (Collier et al., 2018). Z. muelleri maximum
net production was positive at 15◦C to 35◦C, while rapid declines in growth, production and shoot
density exacerbated by high pCO2 at 35◦C were reported in other species.

Enhanced thermal tolerance of heat-evolved strains of coral microalgal endosymbiont at 31◦C increased
the bleaching tolerance of coral host larvae when symbiosis is established (Buerger et al., 2020).

Epigenetic effects have the ability to buffer the impacts of changing environmental conditions by gen-
erating phenotypic plasticity. Increased DNA methylation likely reduced ocean acidification effects on
coral, S. pistillata by contributing to its phenotypic acclimation (Liew et al., 2018). Offsprings of indi-
viduals grown in warm temperatures have been shown to grow better in warm temperatures. Warmer
egg production temperature of Acartia copepod induced positive maternal effects which increased the
egg hatching rate in warmer temperatures (Vehmaa et al., 2012).

At the ecosystem level, the low connectivity of coral reefs in Nikko Bay due to the long residence time of
the bay water enables local adaptation of these coral reefs to ocean acidification (Golbuu et al., 2016).

2.4 How well are climate change impacts represented by marine ecosys-
tem response models?

2.4.1 Model performance assessment

Model performance indicates how well model results agree with observational datasets. Model evaluation
provides modellers the needed confidence in model performance. To this end, 107 out of the 131 studies
reviewed reported metrics comparing predicted and measured results. Seventy-six studies had parameter
values fine-tuned to better match observations (i.e. calibration), but only nine studies were validated
using independent datasets. This is consistent with the findings of previous reviews of biogeochemical
model assessment (Arhonditsis and Brett, 2004; Robson, 2014). Although these models have varying
complexity, evaluation was mostly done by comparing model results of physical, chemical and biological
variables against historical observational data.

The physical variables most commonly assessed were salinity (twelve studies), water temperature (four-
teen studies) and water level (sea surface elevation) (five studies), while the most common biogeochem-
ical variables analysed included concentrations of chlorophyll a (Chl a) (twenty-three studies), dissolved
oxygen (DO) (twelve studies), dissolved inorganic carbon (DIC) (seven studies), nitrate and phosphate
(NO3 and PO4) (fifteen studies), total alkalnity (TA) (seven studies), net primary production (NPP)
(eight studies), export fluxes (three studies) and pH (four studies). The biomass of lower and higher
trophic level species, and the annual catch of fisheries were also assessed for model performance in
fourteen studies.
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Multiple metrics were used to assess model performance in twenty studies. These metrics include the
standard deviation (SD), the root mean square error (RMSE), average absolute error (AAE), average
error (AE), the modelling efficiency (MEF), the robustness index, percent model agreement, Spearman
and Kendall tau-b correlation coefficients (Holzwarth and Wirtz, 2018; Lachkar et al., 2018; Irby et al.,
2018; Pilcher et al., 2018; Fulton et al., 2018; Bauer et al., 2018; Bryndum-Buchholz et al., 2019).
However, Suprenand and Ainsworth (2017) calibrated model parameters with trophic vulnerabilities due
to insufficient observational data, although they are less suited for time series fitting when observations
are available. Travers-Trolet et al. (2014) calibrated their model with an automatic method involving
evolutionary algorithms based on the selection of the best set of model parameters that simulate model
results (biomasses) that are closest to observed biomasses. Automatic calibration is more thorough and
less labour-intensive than manual calibration, but is more likely to obtain unrealistic parameter sets
unless parameter ranges and parameter priors are specified carefully (e.g., (Robson et al., 2018)), and
requires greater computational resources.

Multiple metrics are used for thorough model performance assessment because they capture different
aspects of model performance (Stow et al., 2009). For example, AAE, AE and RMSE measure accuracy,
i.e. they measure the difference between model results and observations, while MEF evaluates both
accuracy and precision, but is less sensitive to lack of correlation and should be used with a correlation
metric. Olsen et al. (2016) recommend the use of at least four metrics, namely MEF, RMSE, AAE, and
Spearman rank correlation for effective model performance assessment.

2.4.2 Time period of simulations

The long-term aspects of global climate change prompted sixty-one studies to continuously run their
models from the past to the future with dates ranging between 1850 - 2100 (Meier et al., 2017;
Lefort et al., 2015; Patara et al., 2013; Vancoppenolle et al., 2013; Lehodey et al., 2010) and 1950
- 2100 (Richon et al., 2019; Carozza et al., 2019; Dutkiewicz et al., 2013). However, sixteen models
considered twenty-year or ten-year runs of present and future climate conditions to save computational
cost (Hodgson et al., 2018). Nine studies ran their models for at most two years under future conditions.
In particular, Guyondet et al. (2015) and (Irby et al., 2018) considered a model run in isolation for a year
(2050) of projected future conditions, while Herrmann et al. (2013) considered 7 one-year simulations
under future conditions. Thirty-eight studies performed hindcast runs (Pilcher et al., 2018) and six
studies ran future simulations for over a thousand years (Yamamoto et al., 2018). Marshall et al. (2017)
ran simulations for 100 years, but looped a single year ROMS oceanography 100 times. This was done
to reduce the computational cost, control inter-annual variability of oceanic conditions and isolate the
impacts of distinct drivers of change.

Depending on model formulation, long and continuous runs could allow the simulation of cumulative
climate impacts and assessment of intermediate climate change conditions. However, short runs com-
paring current with future conditions have lower computational costs, therefore they are suitable for
high resolution modelling and multiple scenarios examination.

2.4.3 IPCC Scenarios

IPCC scenarios describe future dynamics of GHG emissions, air pollutant emissions and land use, and
are used to assess how causes of future emissions influence future emission outcomes and examine the
associated uncertainties. Descriptions of IPCC scenarios can be found in (Nakicenovic et al., 2000;
Watson et al., 2001; Pachauri and Reisinger, 2008; IPCC, 2014). Only sixty-two of the 131 selected
studies used IPCC scenarios. Among these sixty-two studies, forty-three used a single scenario and
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nineteen used multiple IPCC scenarios. Twenty-seven studies dynamically downscaled IPCC climate
change predictions with regional ocean models such as the Regional Ocean Modelling System (ROMS) to
get daily local predictions (Carozza et al., 2019; Laurent et al., 2018) and one study considered statistical
downscaling (Brown et al., 2016). Seven studies forced experiments with prescribed atmospheric CO2,
increased by 1% per year to double or quadruple its initial concentration and constant afterwards (Park
et al., 2015; Yamamoto et al., 2018) for future predictions. Eleven studies used prescribed atmospheric
CO2 from observational data (Wallhead et al., 2017; Van Oostende et al., 2018) to force experiments
for hindcast runs.

The use of only one IPCC scenario provides limited information regarding uncertainties, but has a lower
computational cost than using multiple scenarios. Downscaled climate predictions are suitable for policy
decisions as they offer better temporal and spatial resolutions. Downscaling involves the use of informa-
tion from broad-scale (≈ 200km grids) General Circulation Models (GCMs) to predict climate change
impacts on regional scales (≈ 10–50km) (Queensland Water Modelling Network). Dynamical downscal-
ing is the use of high-resolution regional models to simulate broad-scale climate change processes on
regional or local scales. Dynamical downscaling allows explicit representation of physical principles that
influence climate conditions, has high computational cost and is sensitive to large-scale biases (Queens-
land Water Modelling Network). On the other hand, statistical downscaling uses statistical techniques to
relate local climate observations to GCM outputs and produce new environmental conditions. Statistical
downscaling is cost-effective, but is more likely to produce incorrect results than dynamical downscaling
due to the ability of climate change to alter the statistical relationships, or large-scale climate features
used as predictors are not well captured by GCMs or have strong biases (Queensland Water Modelling
Network).

2.4.4 Scenario Analysis

Most studies compared scenarios of baseline reference of natural and current conditions against a group of
scenarios representing perturbed conditions. This comparison isolates the impacts of the perturbations.

2.4.5 Meteorological conditions

2.4.5.1 Air temperature

Twelve studies represented changes in meteorological conditions as projections of climate models under
high air temperatures. Parameters used in two of these studies showed direct increases in air temperature
(Guyondet et al., 2015; Laurent et al., 2018). Laurent et al. (2018) represented changes in meteorological
conditions as projections of a climate model forced with 3◦C warmer air temperature and 10% river
discharge increase. The 3◦C increase in air temperature was projected by the same model used for
the future run under the same IPCC scenario. Likewise, a 4◦C increase in air temperature and a 10%
increase in river discharge were used to force the 2050 scenario run in (Guyondet et al., 2015). This
approach is simple but has the potential to overestimate or underestimate climate change impacts.

2.4.5.2 Wind speed

Changes in wind speed/stress were considered in only five studies. Jiang and Xia (2018) interpolated
wind data from the National Center for Environmental Prediction/North America Regional Reanalysis
(NCEP/NARR) and directly increased/decreased the magnitude of Southerly winds on the shelf for
wind scenarios. In two studies, monthly and daily wind stress climatology were obtained from satellite
data. In particular, Lachkar et al. (2018) forced their model with satellite data under nine wind stress
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scenarios by directly increasing and decreasing wind stress seasonally and annually, while Mogollón and
R. Calil (2018) ran future model runs under increased winds scenario by directly increasing the zonal
and meridional wind stress components. These studies found that changes in wind speed impact marine
ecosystems. Increased wind speed reduced the residence time in coastal regions, increased phytoplankton
production and nutrient export, and expanded offshore plumes (Mogollón and R. Calil, 2018; Jiang and
Xia, 2018). Lachkar et al. (2018) identified the summer monsoon wind as the major driver of change
in the size and intensity of the Arabian Sea oxygen minimum zone (OMZ). Strong monsoon winds
expand the OMZ due to increased oxygen consumption resulting from increased productivity. Further,
changing Indian monsoon influences the biological pump and the nitrogen cycle on a longer timescale,
as intensified winds increased N2O production, thereby exacerbating climate change.

Changes in cloud cover, storm intensity and storm frequency were not considered as forcings for the
biogeochemical models in any of the studies reviewed. This means that the current state of the art in
biogeochemical modelling of climate change impacts considers neither the effects of changes in incident
light on photosynthesis, nor the effects of storms on vertical mixing, sediment resuspension nor shear
stress, which can directly damage benthic habitats.

2.4.6 River flows, sediment and nutrient loads

Of the 131 studies reviewed, forty-nine studies considered the effects of modified river discharge as
boundary conditions and forty examined changes in nutrient loads. Changes in river discharge were
modelled using four main approaches, and changes in nutrient loads using five main methods (Table
2.2). Providing more and better observations of river discharge/nutrient loads will improve the accuracy
of hindcast model predictions and model assessments. Although the use of fixed percent increase or
decrease in river discharge/nutrient loads data based on climate predictions eliminates complexities
and is cost-effective, it can produce unreliable results. Likewise, using statistical models to determine
input river discharge/nutrient loads is cost-effective and can produce unreliable results as the effects of
underlying physical processes are not taken into account. However, the application of a hydrological
model under climate change scenarios to produce input river discharge/nutrient load time series produces
more reliable projections but requires high computational cost.

2.4.7 Ocean transport processes

None of the modelling studies included in the literature reviewed explicitly considered changes in ocean
stratification, upwelling or ocean currents as forcing factors. However, thirteen studies used global or
downscaled Earth System Model outputs to force biogeochemical models (Vancoppenolle et al., 2013;
Hodgson et al., 2018; Park et al., 2015; Kwiatkowski et al., 2019) and may have implicitly taken the
effects of these ocean transport processes into account.

2.4.8 Water temperature

Fifty-five studies simulated changes in water temperature in response to changes in meteorological
conditions represented as IPCC climate change projections from global climate models. Five studies
directly increased water temperature based on future climate predictions. Fulton et al. (2018) applied
0.2◦C, 0.5◦C, 1.0◦C and 2.0◦C water temperature increases simulated under RCP scenarios at the
end of 2050 and Irby et al. (2018) directly applied a 1.75◦C increase in water temperature by mid-
century. Three studies directly applied the time series of monthly water temperature from observational
data (Lachkar et al., 2018; Holzwarth and Wirtz, 2018; Shen et al., 2019). Direct increase of water
temperature by Irby et al. (2018) is consistent with temperature predictions from downscaled global
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Table 2.2: Summary of the approaches used to model the impacts of changes in river discharge and nutrient loads on marine ecosystems.
Consideration Approach Advantages/Disadvantages Number of studies

using this approach Citations

Changes in river
discharge

Application of past river discharge
datasets.

Computationally cost-efficient.
Suitable for hindcast runs and model validation.
Limited observational datasets.

23
(Ruiz et al., 2013), (Guyennon et al., 2015),
(Laurent et al., 2017), (Strååt et al., 2018),
(Holzwarth and Wirtz, 2018).

Fixed percent increase or decrease
in river discharge data based on
climate predictions.

Computationally cost-efficient.
Eliminates complexity and uncertainties associated
with climate model runs such as model and forcing
incompatibilities.
May overestimate/underestimate the impacts of
changes in river discharge.

11
(Tanaka et al., 2013), (Guyondet et al., 2015),
(Wakelin et al., 2015), (Etemad-Shahidi et al., 2015),
(Brown et al., 2016).

Use of a statistical model to
determine input river discharge.

Based on the relationship between observations of inputs
and outputs of the modelled system.
Does not require detailed information on physical processes.
Computationally cost-efficient.
Can omit important factors influencing river discharge
changes.

5 (Allin et al., 2017), (Bauer et al., 2018).

Application of a hydrological model
under climate change scenarios to
obtain input river discharge.

Requires detailed information on physical processes, thus
provides an understanding of hydrological processes affecting
river discharge behaviour.
Captures the impacts of climate variability.
Most accurate in simulating river discharge changes.
Large computational cost.
Existence of complexity and uncertainties associated with
climate model runs.

10
(Lazzari et al., 2014), (Glibert et al., 2014),
(Fernandes et al., 2015), (Feng et al., 2015),
(Ryabchenko et al., 2016).

Changes in nutrient
loads

Application of past river nutrient
loads datasets.

Suitable for hindcast runs and model validation.
Limited observational datasets. 17

(Herrmann et al., 2013), (Bianucci et al., 2015)
(Meier et al., 2017), (Laurent et al., 2017)
(Van Oostende et al., 2018).

Fixed nutrient loads or fixed nutrient
concentrations.

Allows the manifestation of climate change impacts.
May overestimate or underestimate the impacts of climate
change on riverine nutrient loads.

2 (Glibert et al., 2014), (Jiang and Xia, 2018).

Fixed percent increase or decrease
of nutrient loads.

Computationally cost-efficient.
Can overestimate/underestimate the impacts of changes
in nutrient loads.

8 (Hardman-Mountford et al., 2013), (Guyondet et al., 2015)
(Wakelin et al., 2015), (Ryabchenko et al., 2016).

Synthesis of input nutrient loads
using a statistical model

Captures statistical features of nutrient load variability.
Computationally cost-efficient.
Can omit important factors affecting changes in nutrient loads.

3 (Allin et al., 2017), (Bauer et al., 2018).

Application of a hydrological model
under climate change scenarios to
produce input nutrient load time
series.

Captures the impacts of climate variability.
Most accurate in simulating nutrient load changes.
Large computational cost.
Existence of complexity and uncertainties associated with
climate model runs.

10
(Lessin et al., 2014), (Meire et al., 2013),
(Lazzari et al., 2014), (Fernandes et al., 2015),
(Irby et al., 2018).
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climate models (Muhling et al., 2018), but it is greater than observed temperature and slightly lower
than the temperature predictions from a high resolution climate model (Saba et al., 2016). This approach
reduces the complexity and computational cost of creating downscaled climate predictions but has the
potential to produce misleading results by overestimating or underestimating the impacts of warming.
Therefore, for better accuracy, changes in water temperature should ideally be dynamically simulated
when developing scenarios for biogeochemical modelling.

2.4.9 Ocean acidification

As mentioned in Section 2.3.5, increased CO2 ocean uptake alters carbonate chemistry which directly
affects marine calcifiers and indirectly affects their predators. Six studies considered effects of changes
in pCO2 as ocean acidification effects on marine biota. They predict declines in primary production
(Yool et al., 2013), fish and invertebrates growth (Cornwall and Eddy, 2015), the biomass of low pH
sensitive benthic biota and the abundance of demersal fish, sharks and epibenthic invertebrates that
feed on these benthic biota (Marshall et al., 2017; Fay et al., 2017). Van Oostende et al. (2018) project
a shift to a pelagic-oriented marine ecosystem.

2.4.10 Adaptations of biota and ecosystems to climate change

The adaptation of ecosystems to climate change was modelled in three studies as phytoplankton adap-
tation to varying stoichiometry (Glibert et al., 2014; Kwiatkowski et al., 2019) and as the alignment of
whale distribution to changing prey (krill) distributions (Tulloch et al., 2019).

Twelve studies modified their model algorithms to simulate changes in responses in changed-climate
conditions. Tulloch et al. (2018, 2019) introduced a climate-growth parameter and a predator-prey
interaction term to explore krill response to food availability and physical changes, and the effects of
prey availability on the survival of baleen whales, respectively. Kwiatkowski et al. (2019) considered
varying stoichiometry of phytoplankton and the habitat capacity model was incorporated into Ecospace
to describe the response of functional groups to changing environmental drivers (Bauer et al., 2018).
Irby et al. (2018) introduced temperature dependence to rates for phytoplankton/zooplankton growth,
nitrification, detrital solubilisation and remineralisation, while optimum, minimum and maximum tem-
peratures of species were converted to species temperature response functions (Serpetti et al., 2017).
These functions were centred on the optimum temperature and thermal tolerance of species. Finally,
pteropods were considered as individual functional groups to allow the investigation of pteropods as
indicators of trophic shifts under climate change (Suprenand and Ainsworth, 2017).

2.4.11 Sea-level rise

Five studies considered sea-level rise (Etemad-Shahidi et al., 2015; Brown et al., 2016; Wang et al.,
2017; Meier et al., 2017; Irby et al., 2018). In these studies, sea level was directly increased in scenario
runs based on projected sea-level rises. Direct increase of sea level instead of the use of runs with
continuous sea-level rise enables the study of equilibrium conditions without overlying long-term trends.

Depending on location, sea-level rise was found to increase salinity, residence time, sea water intrusion,
the salinity intrusion depth, stratification and phosphate concentration. Increased residence time and sea
water intrusion increased Chl a concentration and decreased total suspended solids (TSS), respectively,
thereby enhancing phytoplankton growth (Wang et al., 2017; Meier et al., 2017). Further, increased
stratification amplified hypoxia in bottom waters (Meier et al., 2017; Irby et al., 2018). On the other
hand, Etemad-Shahidi et al. (2015) suggest that sea-level rise is likely to reduce warming in the lower
part of the estuary because of enhanced inflow of cold bottom ocean waters.
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2.4.12 Human activities

The impacts of climate change on marine ecosystems can be amplified by human activities and it is
sometimes difficult to disentangle the impacts of multiple drivers of change. A combination of well-
managed marine protected areas where human activities are controlled (Rilov et al., 2020) and statistical
modelling (Castro-Sanguino et al., 2021) can be used to separate the impacts of climate change and
anthropogenic stressors. Currently, oceans have active fishing vessels and exploited species are over-
fished, thereby reducing fish stock (Pauly and Zeller, 2016). Untreated sewage discharge and industrial
waste from highly populated, industrialised cities, and nutrients from agricultural land use increase
riverine nutrient loads and chemicals. River flow capture, use and diversion for water management in
highly urbanised areas have greatly modified river discharge, riverine sediment and nutrient loads causing
coastal ecosystem alterations (Cloern et al., 2016; Elliott et al., 2019), which are enhanced by climate
change-related impacts (Elliott et al., 2019).

Therefore, to effectively model the responses of marine ecosystems to impacts of climate change it is
important to consider the direct and indirect effects of population growth, resource demands and use
over model projection time frames. To this end, twenty-nine studies considered the impacts of changes
in fishing efforts, nutrient loads, land-based and marine-based management practices, and fishing vessel
activities alongside climate change impacts (Tian et al., 2015; Bauer et al., 2018; Holzwarth and Wirtz,
2018; Carozza et al., 2019). They found that intense fishing reduced the abundance of high trophic
species and increased the abundance of low trophic species. They suggest that sustainable land use
and effective management policies could help improve marine ecosystem functions under future climate
change. Finally, increased nutrient loads enhanced hypoxia in bottom waters, while reduced nutrient
loads expanded fishing habitats (Bauer et al., 2018).

2.4.12.1 Other forcing factors

Thirty nine studies obtained atmospheric forcing from observational data (Lachkar et al., 2018; Mogollón
and R. Calil, 2018; Laurent et al., 2018) and existing reanalysis datasets, while other studies obtained
atmospheric forcing data from climate model outputs (Barange et al., 2017; Nakamura et al., 2018).
Klein et al. (2018) forced their model with climatological Chl a data from SeaWiFs within the model
domain. Four studies obtained tidal forcing from a tidal model (Wakelin et al., 2015; Brown et al.,
2016; Shen et al., 2019) and observed changes in greenhouse gases and aerosol concentrations were
used to force the climate model in (Richon et al., 2019). Tanaka et al. (2013) scaled surface radiation
by 10% and assumed a 10% decrease in water mixing for future climate predictions. Seven studies
forced ecosystem models with simulated primary production (Suprenand and Ainsworth, 2017; Piroddi
et al., 2017; Stäbler et al., 2019). Ortega-Cisneros et al. (2018) forced the Atlantis model with fish
mortality rates to easily construct multiple scenarios and compare results with the Ecopath with Ecosim
and Ecospace (EwE) model. The integration of simulated primary production eliminates IPCC scenario
complexities associated with data accessibility and model output reliability.

2.5 What has been neglected? Where to from here?
It is important to note that the limits of the distribution and productivity of phytoplankton (the most
important marine organism in the food chain) and other marine organisms depend on their physiological
tolerance to extreme temperatures and elevated pCO2. More experiments need to be carried out by
observational scientists to provide information needed for model parameterisation on the physiological
responses of marine organisms to climate change impacts, particularly in tropical waters. Marine mod-
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ellers need to interact more with observational scientists to ensure that models adequately represent
available understanding of marine ecosystems.

At present, the representation of climate change impacts on marine response models is missing some
key factors. Future models need to include important marine ecosystem parameters that are modified by
climate change. For instance, changes in cloud cover, storm intensity and frequency, ocean stratification,
upwelling and ocean currents were not considered as forcings in the reviewed literature. Few studies
considered sea-level rise and changes in wind speed. It has been shown that reduced sea ice cover
resulting from reduced cloud cover could increase SST (Liu et al., 2009). Also, warming and sea-level
rise have been shown to affect storm intensity and frequency, and exacerbate coastal flooding (Iwamura
et al., 2013; Bhattachan et al., 2018). Therefore, some important aspects of climate change could be
omitted by excluding these changing environmental factors since they have been shown to affect marine
ecosystems.

Better observational datasets are needed for accurate predictions of marine ecosystem responses to
climate change impacts and for model assessment. Limited observational datasets hinder the effective
assessment of models since for better model evaluation and uncertainty analysis calibration datasets
need to be independent of validation datasets (Flynn and McGillicuddy, 2018). Improved collection
of detailed and long-term observational datasets would help improve the assessment, accuracy and
reliability of marine ecosystem response model predictions.

A good number of studies considered IPCC scenarios, but few studies considered the impacts of climate
change under multiple IPCC scenarios. Future studies should where possible include multiple IPCC
scenarios and utilise ensemble modelling approaches to capture essential effects of climate change in
marine ecosystems and for better uncertainty analysis.

Some studies coupled ecosystem/biogeochemical models with physical-ocean-atmosphere models with
reasonable computational efficiency (Richon et al., 2019; Hodgson et al., 2018; Mogollón and R. Calil,
2018). Regional climate models were coupled with hydrological models to represent changes in river dis-
charge and nutrient loads as boundary conditions (Fernandes et al., 2015; Feng et al., 2015; Ryabchenko
et al., 2016). Coupling regional models with hydrological models at catchment scales captures climate
variability and provides information on underlying hydrological processes. Future modelling studies
should continue to follow this modelling practice for improved accuracy of model predictions.

Finally, the adaptation of marine organisms to changing environmental conditions has so far been
considered by very few modelling studies and should be a priority for future model development.



3. eReefs modelling suggests Trichodesmium
may be a major nitrogen source in the Great
Barrier Reef

Summary
Trichodesmium can fix nitrogen that is later released into the water column. This process may be a
major source of ‘new’ nitrogen in the Great Barrier Reef (GBR), but to date this contribution is poorly
resolved. We have estimated the seasonal, spatial and annual contributions of Trichodesmium to the
annual nitrogen budget of the GBR using the eReefs marine models. Models were run for the interval
December 2010 to November 2012. During this period La Niña conditions produced record rainfalls and
widespread flooding of GBR catchments. Model outputs suggest nitrogen fixation by Trichodesmium
in the GBR (which covers about 348,000 km2) contributes approximately 0.5 MT/yr, exceeding the
total average annual riverine nitrogen loads (0.05–0.08 MT/yr). Nitrogen fixation loads are exceeded
by riverine loads only if the comparison is restricted to inshore waters and during the wet season. The
river pollution is likely to have impacts in freshwater wetlands, mangroves, seagrasses and in-shore coral
reefs; while Trichodesmium blooms are likely to be less intense but more widespread and affect offshore
coral reefs and other oceanic ecosystems. Phosphorus and iron are suggested to be potential drivers
of Trichodesmium growth and nitrogen fixation. This result is provisional but reinforces the need for
more detailed assessment and reliable quantification of the annual nitrogen contribution from nitrogen
fixation in the GBR and other coastal waters. Such advances will improve understandings of the role of
terrestrial nitrogen loads in the GBR and of terrestrial phosphorus and iron loads which can modulate
Trichodesmium abundance. These findings will help to broaden the focus of water quality management
programs and support management to improve GBR water quality.
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3.1 Introduction

3.1.1 Trichodesmium and surface blooms

Trichodesmium is a non-heterocystous, nitrogen-fixing (i.e., diazotrophic) cyanobacterium that is com-
mon in the surface waters of tropical and subtropical oligotrophic oceans (Capone et al., 1997; Westberry
and Siegel, 2006). Trichodesmium can form extensive blooms, especially when skies and seas are clear
and calm (Capone et al., 1997). Surface blooms range in colour from yellow to red and have been
observed in the eastern tropical Atlantic Ocean (Ramos et al., 2005), south-western Pacific Ocean
(Dupouy et al., 2011; McKinna et al., 2011), eastern Pacific Ocean, Arabian Sea and southern Indian
Ocean (Westberry and Siegel, 2006). Nitrogen fixed from atmospheric dinitrogen (N2) by Trichodesmium
may later be released into the water column by remineralisation (Mulholland et al., 2006) and may en-
hance the growth of other phytoplankton species (Wang et al., 2019b; Zehr and Capone, 2020) and
cause eutrophication of oligotrophic waters (Higgins et al., 2018).

Trichodesmium cells aggregate and form single trichomes (colonies) or larger colonies (tufts or puffs)
in the water column (Capone et al., 1997). Trichodesmium possess very strong intracellular gas vesicles
that allow them to occur at up to 200 m depth but also enable buoyancy that can lead to surface
blooms in calm conditions (Heimann and Cirés, 2015). Trichodesmium buoyancy allows the shading of
other non-buoyant phytoplankton species in the water column thereby interrupting light influx (Huis-
man et al., 2018). Additionally, Trichodesmium gas vesicles provide a high backscatter cross-section
(Borstad et al., 1992). Trichodesmium possess unique phycobilipigments, phycourobilin (PUB) and
phycoerythrobilin (PEB). PUB has an absorption peak at 495 nm and PEB has absorption peaks at 545
and 565 nm (Subramaniam et al., 1999). These distinctive bio-optical features allow surface blooms
of Trichodesmium to be readily detected and differentiated from unicellular cyanobacteria by satellites
(Subramaniam et al., 1999).

Surface blooms form when Trichodesmium grows rapidly in surface waters due to elevated concentrations
of certain nutrients (especially phosphorus and iron (Rodier and Le Borgne, 2008, 2010; Rahav and Bar-
Zeev, 2017)) and when sea surface temperatures are between 24 ◦C and 28 ◦C (Paerl, 1996; Rodier
and Le Borgne, 2008, 2010). Environmental conditions that favour accumulation at the surface also
promote bloom development (Paerl, 1996; Rodier and Le Borgne, 2008, 2010). For example, low wind
speed (< 4 m s−1) limits vertical mixing and enhances the surface accumulation of Trichodesmium
colonies. However, blooms have also reportedly formed during higher wind conditions (up to 7.3 m
s−1), when temperature is > 26 ◦C (Rodier and Le Borgne, 2008). Low light (< 10 µmol quanta m−2

s˘1) (Bell and Fu, 2005; Breitbarth et al., 2008) and salinity conditions (< 22 PSU) (Fu and Bell,
2003) constrain growth and thus may limit bloom development. High temperatures (> 28 ◦C) also
reduce Trichodesmium growth and nitrogen fixation (Boyd et al., 2013; Hutchins et al., 2019; Ani and
Robson, 2021). During bloom events, reddish-pink discolourations due to the leaching of PEB have
been observed as an early indicator of bloom decay (Padmakumar et al., 2010).

The unique bio-optical properties of Trichodesmium enable the detection and mapping of surface blooms
on marine environments using ocean-colour satellites (Westberry and Siegel, 2006; McKinna, 2015;
Rousset et al., 2018; Blondeau-Patissier et al., 2018; Bell, 2021). The capability of satellites to detect
dispersed single trichomes at greater depths below the water surface is limited, and thus estimates of
Trichodesmium abundance and associated fixed-nitrogen loads calculated from satellite observations
typically only capture surface bloom events (often associated with Trichodesmium senescence rather
than peak growth (Bell et al., 2005; Jyothibabu et al., 2017)).
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3.1.2 The need for quantifying the nitrogen contributed by Trichodesmium to marine
ecosystems

The contribution of Trichodesmium to marine nitrogen budgets must be considered to understand the
potential impacts of blooms on water quality. However, such estimates are difficult to calculate and
are often variable. For example, an early attempt demonstrated that approximately half of the “new”
nitrogen (i.e., nitrogen that is not generated from remineralised organic matter) in the subtropical North
Pacific Ocean was produced by Trichodesmium (Karl et al., 1997). In the same year, Capone et al.
(1997) reported that Trichodesmium added around 80 MT N annually to the world’s tropical oceans
(which cover about 1.5 × 108 km2) during non-bloom conditions. A decade later, Westberry and Siegel
(2006) used satellite ocean-colour data to map Trichodesmium occurrence and estimate the nitrogen
it contributes to the world’s oceans. Using this approach, they calculated that ∼ 42 MT N yr−1 were
added during bloom conditions and ∼ 20 MT N yr−1 during non-bloom conditions. More recently,
Wang et al. (2019b) used an inverse biogeochemical and a prognostic ocean model to calculate a
global nitrogen fixation rate of 163 MT N yr−1, these vastly different loads demonstrate the uncertainty
associated with these estimates. We also note that Trichodesmium influence on coastal waters nitrogen
budgets has received little attention. As eutrophication driven by nitrogen (and other nutrients) is a
major management challenge in many coastal settings (Bell et al., 2014; Damar et al., 2019; Barcellos
et al., 2019; Bonsdorff, 2021), quantifying the nitrogen contributed by Trichodesmium is a fundamental
knowledge gap.

3.1.3 Great Barrier Reef and water quality management

One high value marine ecosystem under pressure from increased nutrient loads is the Great Barrier
Reef (GBR) of north-eastern Australia (Brodie et al., 2011, 2012). The GBR is the world’s largest
coral reef system containing about 3,700 individual reefs and stretching over 2,300 km along the north
Queensland coast. The GBR is approximately 330 km across at its widest point and extends over an
area of 348,000 km2. Enshrined as a World Heritage Area (United Nations Educational, Scientific
and Cultural Organisation), the GBR supports an abundance of marine life, provides economic, social
and recreational services, and is worth about $56 billion (in uncorrected 2013 Australian dollars) to
the Australian economy (Deloitte). However, landuse changes since European settlement in coastal
catchments draining into the GBR have increased riverine nutrient and sediment loads three–fourfold,
reducing GBR water quality (McCloskey et al., 2021b,a). Increased nutrient loads have been linked to
increased phytoplankton growth (Bell et al., 2014) and macroalgal growth (Chen et al., 2019), changes
in the coral community composition (Thompson et al., 2014), increased coral disease (Willis et al.,
2004) and the enhanced growth of crown-of-thorns starfish (COTS) larvae whose adults prey on corals
(Fabricius et al., 2010; Babcock et al., 2016).

Addressing the negative impacts of eutrophication is a priority for the management agency responsible
for the GBR (GBRMPA, 2021). However, monitoring and management programmes implemented over
many years to improve GBR water quality caused by increased riverine nutrient loads have had limited
success (Kroon et al., 2016; Dale et al., 2018). The Reef Water Quality Protection Plan (RWQPP,
2013) focuses on improving water quality by reducing the inflow of sediments and dissolved inorganic
nitrogen to the GBR via the adoption of improved land management practices. The management focus
on riverine nutrient loads exported to the GBR is appropriate, but the dynamics of these loads and
possible interactions with nutrient sources originating within the GBR may have been overlooked. The
possibility that Trichodesmium is a significant source of nitrogen in the GBR and may, in some years
and areas, be more significant than terrestrial sources has long been suggested (Bell et al., 1999; Furnas
et al., 2011; Messer et al., 2017; Erler et al., 2020; Bell, 2021). These studies used various methods to
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estimate nitrogen fixation. Bell et al. (1999) measured concentrations of Trichodesmium and nitrogen
fixation rates from available observations of Trichodesmium whereas Furnas et al. (2011) used weakly-
constrained values for Trichodesmium nitrogen fixation rates and abundance to derive their estimate.
Bell (2021) used satellite ocean-colour data to determine his estimate. None of these studies provide a
detailed understanding of the drivers of Trichodesmium growth and nitrogen fixation, nor of its spatial
and temporal occurrence in the GBR.

To date in situ measurements of nitrogen fixation in the GBR are limited because measurement of
nitrogen fixation has not been done in the region. However, the measurement of nitrogen fixation has
been reported to be challenging and expensive (Mohr et al., 2010; Großkopf et al., 2012; Luo et al.,
2012; Zehr and Capone, 2020). Accurate measurement and reporting of Trichodesmium concentrations
are also challenging. The ability of Trichodesmium to form surface aggregations during bloom events
will make it difficult to meaningfully and consistently quantify its abundance. For example, water quality
sampling in the GBR follows standard oceanic sampling techniques and hence typically takes samples
0.5 m below the sea surface (and approximately 1 m off the seafloor). This routine monitoring approach
is likely to miss surface aggregations of Trichodesmium. Another reason for limited field observations is
the uneven distribution of buoyant surface aggregations of Trichodesmium due to the influence of wind
stress (Capone et al., 1997). The vertical movement of Trichodesmium due to buoyancy changes add
further complexities to the effective monitoring and measurement of Trichodesmium quantities in the
water column. This is because the occurrence of a surface bloom does not indicate Trichodesmium are
abundant at depth and the lack of a surface bloom does not confirm low Trichodesmium concentrations
below the surface. Finally, even when population counts are available, it is unclear how they relate to
the cellular abundance as Trichodesmium colonies range from individual trichomes to larger “puffs" and
“tufts" (Heimann and Cirés, 2015). Clearly, the effective management of water quality on the GBR
must also understand the drivers of Trichodesmium growth and nitrogen fixation, and correctly measure
nitrogen fixation.

3.1.4 The contribution of Trichodesmium to the Great Barrier Reef nitrogen budget

Trichodesmium surface blooms have been detected and mapped on the GBR using ocean-colour satellites
(Rousset et al., 2018; Blondeau-Patissier et al., 2018; Bell, 2021). As indicated above, these estimates
generally omit Trichodesmium growing outside of bloom events, Trichodesmium located below the
surface, and Trichodesmium located in cloud-covered areas. The accuracy of satellite-derived estimates
of Trichodesmium fixed-nitrogen loads in the GBR may be substantially limited by these omissions (Bell,
2021).

Another approach to estimate the contribution of nitrogen fixation to GBR waters is to use a 3D
coupled hydrodynamic-biogeochemical-sediment model that simulates nitrogen fixation as a function
of environmental conditions and numerical representations of the key physical and biological processes
involved. We adopted this approach and applied the eReefs marine modelling suite (Steven et al., 2019)
to estimate the contribution of nitrogen fixation by Trichodesmium to the total annual nitrogen budget
of the GBR. One key advantage of this approach over ocean-colour estimates is that the models allow
a 3D calculation of Trichodesmium dynamics, which is important as Trichodesmium is often distributed
vertically through the water column and not only as surface blooms detected by satellites (Rousset et al.,
2018; Bell, 2021). Furthermore, the models can be used to dynamically calculate changing nitrogen
fixation rates in response to the availability of dissolved inorganic nitrogen in the water, intracellular
nitrogen, phosphorus and carbon stores, and light and temperature conditions. The capacity for such
nuanced analysis is an important advance over coarse estimations. For example, Trichodesmium does not
always fix nitrogen due to the energetic cost of nitrogen fixation relative to taking up available ammonium
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and nitrate (Oliver et al., 2012) and appropriate adjustments can be made with this modelling approach.

Here we use the eReefs marine models to provide more detail of spatial and temporal occurrences of
Trichodesmium in the GBR, and of the contribution of Trichodesmium to the total GBR nitrogen budget.
The eReefs models using the CSIRO-EMS (CSIRO Environmental Modelling Suite) suite of models
(here-after, “EMS") were developed for prediction of ecosystem dynamics in the GBR at broad spatial
(4 km and 1 km nominal grid resolutions ) and temporal scales. EMS is a coupled 3D hydrodynamic,
biogeochemical and sediment modelling system that simulates the physical state and water quality of
the GBR (Steven et al., 2019). The eReefs EMS simulations have been used to study riverine nutrients
exported from coastal catchments (Wolff et al., 2018; Baird et al., 2021), ocean acidification impacts
on the GBR (Mongin et al., 2016, 2021), coral bleaching (Baird et al., 2018) and the redistribution
of sediment loads delivered from terrestrial catchments (Margvelashvili et al., 2018). We use EMS
simulations to quantify the annual nitrogen load produced by Trichodesmium in the GBR for under the
conditions experienced in our model years. Although very few in situ measurements of nitrogen fixation
in the GBR exist, our results support earlier claims (Bell et al., 1999; Furnas et al., 2011; Messer et al.,
2017; Bell, 2021) that in many years Trichodesmium may contribute more to the annual nitrogen budget
of the GBR than riverine runoff.

3.2 Methods

3.2.1 Model

The EMS code is available from https://github.com/csiro-coasts/EMS/ and the algorithms and scien-
tific basis of its biogeochemical model are fully described by Baird et al. (2020). Details of its application
to the GBR are well described in many references (Herzfeld, 2006; Margvelashvili et al., 2018; Baird
et al., 2018, 2021; Mongin et al., 2016, 2021). A detailed skill assessment and model evaluation for the
biogeochemical model are given by Skerratt et al. (2019) and Robson et al. (2020). The hydrodynamic
model (SHOC — Sparse Hydrodynamic Ocean Code (Herzfeld, 2006)) uses a curvilinear orthogonal
grid in the horizontal and fixed ‘z’ coordinates in the vertical. SHOC simulates the physical conditions
of the GBR. The biogeochemical model simulates nutrient cycles, optical conditions, plankton (two
size-based phytoplankton groups plus, Trichodesmium and two size-based zooplankton groups), benthic
organisms (coral metabolism and symbionts, three seagrass groups, microalgae and macroalgae), de-
tritus and sediment dynamics in the GBR. The sediment transport model simulates sinking, deposition
and resuspension of suspended sediments and other particulate materials, and the vertical movements
of Trichodesmium due to buoyancy changes.

In the version of EMS described by Baird et al. (2020), the temperature dependence of Trichodesmium
physiological processes is assumed to increase exponentially with increasing temperature. However, the
exponential parameterisation in the EMS is no longer suitable for the ongoing temperature increases
in the GBR because high temperatures (> 28 ◦C) reduce Trichodesmium growth and nitrogen fixation
(Boyd et al., 2013; Ani and Robson, 2021). To accurately capture the effects of extreme temperatures
occurring in the GBR, the temperature dependence of Trichodesmium physiological processes is optimally
parameterised using the function developed by Norberg (2004):

µmax
T richo =

(
1 −

(T − Topt

0.5w

)2)
0.059e0.0633T . (3.2.1)

µmax
T richo is a fraction reduction from the maximum physiological rate at temperature T, Topt is the

optimum temperature at which µmax
T richo is maximal (µmax

T richo decreases when T > Topt) and w is the

 https://github.com/csiro-coasts/EMS/
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width of the thermal niche of Trichodesmium. The values of w and Topt used in the model are 18 ◦C
and 26 ◦C, respectively.

From (Baird et al., 2020), Trichodesmium growth rate is defined in the EMS as

∂Tricho

∂t
= µmax

T richoP ∗N∗C∗. (3.2.2)

See Tables 3.1 and 3.2 for variable and parameter descriptions. Nitrogen fixation by Trichodesmium
occurs when dissolved inorganic nitrogen (DIN) is less than a critical threshold DINcrit. In the EMS, it
is assumed that DIN = NO3 + NH4. As a result, nitrogen fixation rate (Nfix) per cell is defined as:

Nfix = max
(
4πrDNO3DINcritC

∗P ∗(
1 − N∗)

− 4πrDNO3

[
NO3 + NH4

](
1 − N∗)

, 0
)
. (3.2.3)

The energetic cost of nitrogen fixation is given as a fixed proportion of fixed carbon (fNfix
) equivalent

to a reduction in quantum efficiency, and as a proportion, fnitrogenase, of fixed nitrogen:

∂CR

∂t
= −
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1 − fNfix
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1 − fnitrogenase

)
kI . (3.2.4)

The buoyancy adjustment of Trichodesmium in the water column is represented as the density difference
between the cell (ρc) and the water (ρw). By Stoke’s law approximation,

∂Tricho

∂t
= −

2gr2
col

(
ρc − ρw

)
9µ

∂Tricho

∂z
, (3.2.5)

where
ρc = ρmin + C∗(

ρmax − ρmin
)
, (3.2.6)

z is the distance in the vertical and µ is the dynamic viscosity of water. Detailed descriptions of the
EMS Trichodesmium growth model are available in Robson et al. (2013) and Baird et al. (2020).

Table 3.1: State and derived variables for the Trichodesmium growth model.

Variable Symbol Units

Structural Trichodesmium biomass Tricho mg N m−3

Nitrogen reserves NR mg N cell−1

Carbon reserves CR mg C cell−1

Phosphorus reserves PR mg P cell−1

Maximum nitrogen reserves Nmax
R mg N cell−1

Maximum carbon reserves Cmax
R mg C cell−1

Maximum phosphorus reserves P max
R mg P cell−1

Normalised nitrogen reserves N∗ = NR/Nmax
R –

Normalised carbon reserves C∗ = CR/Cmax
R –

Normalised phosphorus reserves P ∗ = PR/P max
R –

Molecular diffusivity of NO3 DNO3 m2 s−1

Photon absorption rate kI mol photon cell−1 s−1
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Table 3.2: Constants and parameters for the Trichodesmium growth model.

Variable Symbol Units Reference

Acceleration due to gravity g 9.81 m s−2 –
Trichodesmium cell radius r 5 µm (Robson et al., 2013)
Trichodesmium colony radius rcol 5 µm (Robson et al., 2013)

Minimum cell density ρmin 900 kg m−3
Calculated from observed
sinking rates in
(Villareal and Carpenter, 2003)

Maximum cell density ρmax 1050 kg m−3
Calculated from observed
sinking rates in
(Villareal and Carpenter, 2003)

Critical threshold for N fixation DINcrit 10 mg N m−3 (Robson et al., 2013)
Fraction of energy used for nitrogenase fnitrogenase 0.07 (Robson et al., 2013)
Fraction of energy used for N fixation fNfix

0.33 (Robson et al., 2013)

3.2.2 Model forcing

The regional hydrodynamic model was forced with outputs from a global circulation model, the 10
km Ocean Modelling Analysis and Prediction System (OceanMAPS — https://researchdata.edu.au/oce
anmaps-analysis/1440629), meteorological data obtained from the 12 km Australian Community Climate
and Earth-System Simulator (ACCESS-R — http://www.bom.gov.au/nwp/doc/access/NWPData.shtml)
and observations of 22 river flows. Simulated physical conditions used to drive the biogeochemical model
included: a) wave data (wave amplitude, direction and period from the Bureau of Meteorology (BoM)
regional wave model AUSWAVE-R (which is a 0.1◦ regional configuration of WAVEWATCH III)); and b)
P2R GBR Dynamic SedNet with 2019 catchment conditions of nutrient and sediment loads (McCloskey
et al., 2017, 2021b,a).

The EMS hydrodynamic model configured at 4 km resolutions (GBR4 grid) with the modified temper-
ature response function described above was used in this study. The GBR4 grid extends from 7.518◦

S to 28.679◦ S (Figure 3.1) and has 600 × 180 grid cells in the horizontal, with 47 vertical layers.
The 4km resolution EMS has been thoroughly validated for the GBR region by Skerratt et al. (2019)
and Robson et al. (2020), but the Trichodesmium growth model has not been evaluated against field
observations due to a scarcity of relevant observational data. The model was run for two years from
December 1, 2010 to November 30, 2012 because during this period, La Niña conditions were estab-
lished and peaked between late 2010 and early 2011. Northern and eastern Australia, including the GBR
catchments experienced severe storms and record high rainfall causing widespread flooding. As a result,
most rivers discharging into the GBR lagoon experienced large flood flows, particularly in the southern
half of the GBR causing increased riverine nutrient and sediment loads. The storms damaged 15% of the
total coral reef area within the GBR, with approximately 4% experiencing structural damage (Beeden
et al., 2015). Likewise, about 16% of mangroves in Hinchinbrook Island experienced severe windthrow
(Asbridge et al., 2018) and seagrass habitats declined (Mckenzie and Unsworth, 2011; McKenna et al.,
2015).

https://researchdata.edu.au/oceanmaps-analysis/1440629
https://researchdata.edu.au/oceanmaps-analysis/1440629
http://www.bom.gov.au/nwp/doc/access/NWPData.shtml
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Figure 3.1: Map showing the GBR4 domain (orange), the Great Barrier Reef Marine Park (GBRMP)
Boundary (soft blue and green) and Central GBR (green).
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Figure 3.2: Map showing the cross-shelf waterbodies in the Great Barrier Reef Marine Park (GBRMP)
boundary (grey). Inner-shelf is 0–20 m deep, mid-shelf is 20–40 m deep and outer-shelf is 40–80 m
deep (Belperio, 1983). The black line represents a transect on the cross-shelf waters that starts from
the geolocation (20◦S,148.5◦E) and ends at (20◦S,150.5◦E).

3.2.3 Quantification of nitrogen load from nitrogen fixation

R software version 4.0.5 (R Core Team, 2021) was used for simulated data extraction, analysis and
visualisation. The depth-integrated cumulative moving mean of the Trichodesmium nitrogen fixation
rate (Nfixrate — mg N m−3 s−1) of Trichodesmium was extracted from simulated data using the
eReefs R package (Robson, 2018). The fixed-nitrogen load was calculated for the area of the Great
Barrier Reef Marine Park (GBRMP) rather than the whole 4km EMS domain (Figure 3.1). Modelled
nitrogen fixation was calculated daily and integrated over the 3D volume of the GBRMP, obtained from
https://www.gbrmpa.gov.au/about-us/resources-and-publications/spatial-data-information-services.

To estimate the total annual fixed-nitrogen loads in the GBR cross-shelf waterbodies, Nfixrate was
extracted from simulated data using the three cross-shelf waterbodies defined by Belperio (1983). The
waterbodies distinguished by Belperio (1983) include: the inner-shelf between 0–20 m deep dominated
by terrigenous sedimentation; mid-shelf between 20–40 m deep characterised by palimpsest sedimentary
zone; and the outer-shelf between 40–80 m deep where reefal sediments dominate. Figure 3.2 shows
the cross-shelf waterbodies in the GBR based on our extracted simulated datasets. As the size of cross-
shelf waterbodies varies significantly (inner-shelf ∼ 25,390 km2; mid-shelf ∼ 64,180 km2; outer-shelf ∼
92,360 km2) the total annual fixed-nitrogen load is estimated in both kg m−2 and tonnes.

3.2.4 Statistical models

Generalised additive models (GAMs) were used to relate simulated Trichodesmium concentrations and
nitrogen fixation rates to environmental factors. While EMS provides a complex mechanistic model to
predict Trichodesmium, statistical analysis of the results can provide a simpler predictive model and shed
light on environmental drivers of Trichodesmium growth. GAMs were used to identify the emergent
properties/patterns of simulated results.

https://www.gbrmpa.gov.au/about-us/resources-and-publications/spatial-data-information-services
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Emergent properties are relationships or patterns observed in nature that occur as ecosystem functions
and are key indicators to assess that models correctly capture important biogeochemical processes. To
create simulated datasets of Trichodesmium concentrations and nitrogen fixation rates that are used
for GAM analyses, 15,000 depth-integrated data points were randomly selected from GBRMP grid
coordinates. The GAMs implemented in R (R Core Team, 2021) using the splines package are defined
as:

lm(Trichodesmium N ∼ ns(DIN, df = 5) + ns(SST, df = 5) + ns(day, df = 3)
+ ns(salinity, df = 4) + ns(depth, df = 4) (3.2.7)
+ ns(DIP, df = 4) + ns(PAR, df = 5))

and

lm(N-fixation rate ∼ ns(DIN, df = 2) + ns(SST, df = 5) + ns(day, df = 1)
+ ns(salinity, df = 4) + ns(DIP, df = 5)+ (3.2.8)
+ ns(PAR, df = 5)),

where df values represent the degrees of freedom of variables that are statistically significant (p-
value ≤ 0.05) and best fit the data. Depth variable was not included in (3.2.8) because it was non-
significant. Trichodesmium N is the structural Trichodesmium nitrogen indicating Trichodesmium abun-
dance (biomass), day is day of the year (1 to 365) and SST is simulated sea surface temperature. DIN
is the simulated concentration of dissolved inorganic nitrogen, DIP is the simulated concentration of
dissolved inorganic phosphorus, depth is depth of the seafloor at the corresponding latitude/longitude
geolocation and PAR is simulated photosynthetic active radiation at midday.

3.3 Results

3.3.1 Estimated total annual fixed nitrogen for the Great Barrier Reef and for cross-
shelf waters

The annual load of nitrogen fixed by Trichodesmium in the GBRMP estimated using the eReefs marine
models is approximately 0.5 MT/yr; ∼ 0.2 MT/yr is estimated for the Central GBR region alone (Figure
3.3). The highest nitrogen load was fixed during spring (126 KT) and the lowest during summer (118
KT), however seasonal variations were small. In all seasons less nitrogen was fixed in the inner-shelf
waters of the GBR and the highest nitrogen loads were fixed on the outer-shelf (Table 3.3). The total
annual nitrogen load fixed in the inner-shelf is 5.6 × 10−4 kg m−2 or 14 KT, mid-shelf is 1.3 × 10−3

kg m−2 or 83 KT, and outer-shelf is 1.9 × 10−3 kg m−2 or 171 KT. Together these sum to 268 KT
or approximately 0.3 MT/yr, noting that this yield is produced in shelf waters shallower than 80 m and
thus does not include the entire GBRMP (see Figure 3.2), which when included gives the total fixed
nitrogen of 0.5 MT/yr. The total annual nitrogen produced per unit area in the GBR is 1.4 × 10−3 Kg
N m−2 yr−1.

3.3.2 Seasonality of nitrogen fixation and environmental drivers

During summer and spring Trichodesmium is abundant (> 0.8 mg N m−3) in coastal (inner-shelf) areas
especially in the Central and Southern GBR (Figures 3.4 and 3.5). Fixed-nitrogen loads are also highest
in the inner-shelf during summer and spring (Table 3.3). Mean SSTs range from 28 ◦C to 31 ◦C in
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Figure 3.3: EMS estimates of seasonal contribution of Trichodesmium nitrogen fixation to the nitrogen
budget of the Great Barrier Reef and Central Great Barrier Reef from December 1, 2010 to November
30, 2011. Seasons are defined as summer (from December 2 to March 1), autumn (from March 2 to
June 1), winter (from June 2 to September 1) and spring (from September 2 to December 1).

Table 3.3: EMS estimates of the seasonal differences in annual total (tonnes (T)) and per unit surface
area (kg m−2) Trichodesmium nitrogen fixation contributions to the nitrogen budget within inner-, mid-
and outer-shelf waters of the Great Barrier Reef from December 1, 2010 to November 30, 2011. The
total N load (T) values consider area and depth (volume) differences between the different water bodies.
Inner-shelf is 0–20 m deep, mid-shelf is 20–40 m deep and outer-shelf is 40–80 m deep. Seasons are
defined as summer (from December 2 to March 1), autumn (from March 2 to June 1), winter (from
June 2 to September 1) and spring (from September 2 to December 1).

Waterbody Season Total N yield
(KT)

N production per
unit area (kg m−2)

Inner-shelf

Summer 3.7 1.5 × 10−4

Autumn 3.3 1.3 × 10−4

Winter 3.1 1.2 × 10−4

Spring 4.0 1.6 × 10−4

Mid-shelf

Summer 21.0 3.3 × 10−4

Autumn 21.1 3.3 × 10−4

Winter 19.1 3.0 × 10−4

Spring 22.2 3.5 × 10−4

Outer-shelf

Summer 36.3 3.9 × 10−4

Autumn 45.5 4.9 × 10−4

Winter 44.4 4.8 × 10−4

Spring 45.2 4.9 × 10−4
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summer (Figure 3.4) and between 24 ◦C and 28 ◦C in spring (Figure 3.5) in the regions where modelling
indicates abundant Trichodesmium.

Simulated DIP is ≤ 25 mg P m−3 (0.807 mol L −1) in regions of high Trichodesmium concentrations
(> 0.8 mg N m−3) during summer in the GBR (Figure 3.4). In contrast, during spring, simulated
concentrations of DIP in most parts of the northern inner-shelf areas are ≤ 4 mg P m−3 (0.129 mol L
−1) (Figure 3.5).

Trichodesmium concentrations decreased with depth across the cross-shelf waterbodies (Figure 3.6).
This is supported by the emergent patterns of the simulated data in Figure 3.7 as Trichodesmium
concentrations (biomass) decreased with depth (i.e., 0–200 m deep). Figure 3.7 also shows that DIP
predicts Trichodesmium concentrations in the GBR and that Trichodesmium concentrations slightly
peak at 26 ◦C and increased in 34 ppt sea water salinity. The emergent relationships in Figure 3.8 show
that Trichodesmium nitrogen fixation rate increased with DIP, PAR, in 32 ppt seawater salinity and at
temperatures between 20 and 30 ◦C whereas elevated DIN concentrations inhibit nitrogen fixation rates
(Figure 3.8).
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Figure 3.4: Spatially-resolved simulated mean Trichodesmium concentrations, sea surface temperature
and Dissolved Inorganic Phosphorus (DIP) during summer (from 2 December 2010 to 1 March 2011)
in the Great Barrier Reef.
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Figure 3.5: Spatially-resolved simulated mean Trichodesmium concentrations, sea surface temperature
and Dissolved Inorganic Phosphorus (DIP) during spring (from 2 September 2011 to 1 December 2011)
in the Great Barrier Reef.
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Figure 3.6: The vertical distribution of simulated Trichodesmium concentrations observed along a tran-
sect on the cross-shelf waters of the Great Barrier Reef (see Figure 3.2) on 10-08-2011. The transect
starts from the geolocation (20◦S,148.5◦E) and ends at (20◦S,150.5◦E).
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Figure 3.7: Additive effects plots from the generalised additive model (GAM) of simulated depth-
integrated environmental variables relative to simulated Trichodesmium biomass (concentrations —
mg N m−3) (Adjusted R2 = 0.94). DIN is dissolved inorganic nitrogen, DIP is dissolved inorganic
phosphorus, PAR is photosynthetic active irradiance, SST is sea surface temperature, depth is depth
of the bathymetry at the corresponding geolocation and R2 is coefficient of determination. To avoid
fitting to outliers the x-axis of DIP and DIN were limited to a maximum of 30 mg P m−3 and 200 mg
N m−3, which correspond to about 95% of the simulated data.
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Figure 3.8: Additive effects plots from the generalised additive model (GAM) of simulated depth-
integrated environmental variables relative to simulated Trichodesmium nitrogen fixation rate (10−6

mg N m−3 s−1) (Adjusted R2 = 0.8). DIN is dissolved inorganic nitrogen, DIP is dissolved inorganic
phosphorus, PAR is photosynthetic active irradiance, SST is sea surface temperature and R2 is coefficient
of determination. To avoid fitting to outliers the x-axis of DIP and DIN were limited to a maximum of
30 mg P m−3 and 200 mg N m−3, which correspond to about 95% of the simulated data.
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3.4 Discussion

3.4.1 Comparison of the contribution of Trichodesmium and river-derived nutrients
to the annual nitrogen budget of the Great Barrier Reef

The annual nitrogen load produced by Trichodesmium nitrogen fixation within the GBRMP calculated
using our method was ∼ 0.5 MT, with a smaller load of ∼ 0.3 MT estimated for the restricted area
included in the cross-shelf waterbodies which do not include the outer shelf waters exceeding 80 m
depth. Importantly, both estimates are markedly larger than the 2010-2011 annual total nitrogen load
of ∼ 0.1 MT exported to the GBR from its catchments (Turner et al., 2013). Similarly, the annual
nitrogen load contributed to the GBR by nitrogen fixation of 0.5 MT is well above published estimates
of mean-annual riverine nitrogen load to the GBR of 0.08 MT estimated by Kroon et al. (2012) and 0.05
MT modelled by McCloskey et al. (2017, 2021b,a). Kroon et al.’s (2012) estimate is at the higher end
compared to McCloskey et al.’s (2017; 2021b; 2021a) because the particulate nitrogen loads they used
relied on an earlier and less accurate soil database. Although our model-derived fixed nitrogen loads
for the entire GBR significantly exceed earlier estimates of mean-annual riverine loads of nitrogen, the
fixed load added by Trichodesmium in inner-shelf areas (∼ 14 KT) is less than the catchment-derived
nitrogen load. It is, nonetheless, “new" nitrogen which to date has not been reliably quantified, and in
dry years with limited runoff may comprise the major nitrogen source.

Our eReefs model-derived annual estimate of 200 KT/yr of Trichodesmium fixed nitrogen within the
Central GBR also markedly exceeds the 14 KT estimated by Bell (2021) using ocean-colour satellite
estimates of surface Trichodesmium distribution. Bell (2021) assumed a concentration of 20 mg m−3

over a 1 m surface mixed layer where surface blooms were observed, and that most nitrogen contained
within Trichodesmium is derived from nitrogen fixation. Although Bell’s (2021) estimate is comparable
to earlier average fixed-nitrogen load estimates (Bell et al. (1999) ∼ 3.3 KT/yr; Erler et al. (2020) ∼
6.7 KT/yr), he acknowledged his approach did not include variations in Trichodesmium concentrations
with depth which would significantly influence load outputs. The eReefs model simulations applied here
capture vertical distributions of Trichodesmium in GBR waters (Figure 3.6). This important difference
accounts for the much higher nitrogen yields calculated in this study compared to those derived from
surface observations only.

3.4.2 Comparison of EMS simulations and satellite-derived and field observations of
Trichodesmium bloom dynamics in the Great Barrier Reef

Our EMS simulated results are consistent with satellite and field observations of Trichodesmium bloom
dynamics in the GBR. Satellite observations from Blondeau-Patissier et al. (2018) showed increases in
bloom sizes from the northern to southern GBR and specifically more frequent surface blooms of Tri-
chodesmium during July–August in the northern GBR and during November–December in the southern
GBR. They also showed that the largest and most frequent surface blooms occurred in the southern GBR
at temperatures > 24 ◦C and suggested that the increased bloom frequency observed in 2009–2011 could
be attributed to the strong La Niña phases in 2010–2011 when temperatures were relatively high. Al-
though Blondeau-Patissier et al. (2018) reported a clear seasonal pattern in Trichodesmium surface
blooms in the GBR, our model suggests little seasonal variability. This may be because Trichodesmium
are less concentrated at the surface and more evenly distributed with depth outside these months, or it
may indicate an important missing environmental driver of bloom variability in the model. Our results
agree with the latitudinal patterns reported by Blondeau-Patissier et al. (2018), which showed an in-
crease in bloom sizes from the northern to southern GBR and the occurrence of the largest blooms at
temperatures > 24 ◦C. Davies et al. (2020) showed that the two tropical Integrated Marine Observing
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System (IMOS) National Reference Stations (NRS), Yongala and North Stradbroke Island, experienced
higher Trichodesmium abundance relative to NRS in Australian coastal locations outside the GBR. High
Trichodesmium abundance was observed at Yongala during September–November and March–May, and
lowest abundance during June–July. A decadal decline in Trichodesmium abundance was observed at
North Stradbroke Island. Although Davies et al. (2020) showed decreased Trichodesmium abundance
from the northern to southern GBR, they showed maximum Trichodesmium abundance at temperatures
> 24 ◦C.

3.4.3 Environmental factors that influence Trichodesmium abundance and nitrogen
fixation in the Great Barrier Reef

Our results suggest seasonal, spatial and emergent patterns of Trichodesmium abundance and nitro-
gen fixation in the GBR. The emergent relationships suggested by the GAM analyses indicate that the
observed spatial and temporal patterns of Trichodesmium abundance and nitrogen fixation reflect a
range of environmental factors. Simulated Trichodesmium concentrations and distribution are greatest
during spring when mean temperatures range from 24 ◦C to 28 ◦C and the emergent patterns show
peak Trichodesmium concentrations at 26 ◦C and increased nitrogen fixation at temperatures between
20 ◦C and 30 ◦C. Field observations in the GBR by Davies et al. (2020) note abundant Trichodesmium
at temperatures between 24 ◦C and 26 ◦C and Blondeau-Patissier et al. (2018) established that larger
Trichodesmium blooms were more probable as sea temperatures warm. Trichodesmium abundance may
be increasing globally with climate change. Global warming has been projected to increase ocean strati-
fication and reduce the mixed layer depth (Capotondi et al., 2012). These factors have been associated
with surface blooms of Trichodesmium and may increase the frequency of future blooms (Bergman
et al., 2013). Increased temperatures (up to a threshold) will likely result in more frequent surface
blooms and increased fixed-nitrogen loads in the GBR. This will have implications for nutrient cycling
and other ecosystem processes such as phytoplankton growth.

In the GBR Trichodesmium grows best when DIP concentrations are between 0.08 and 0.12 µmol
L−1 (Furnas, 1997) and fixes nitrogen at increased rates in conditions of elevated DIP concentrations
(Erler et al., 2020). Our simulations indicate that the spatial distribution and timing of Trichodesmium
abundance coincide with the seasons and regions (i.e., inner-shelf) of higher DIP concentrations (mostly
> 0.12 µmol L−1) (Figures 3.4 and 3.5). This is supported by the emergent patterns in Figures 3.7 and
3.8 that indicate DIP is a predictor of Trichodesmium concentrations and nitrogen fixation. Summer
has the second highest contribution of fixed nitrogen on the inner-shelf regions (Table 3.3). This trend
is likely driven by the higher DIP loads supplied from rivers during the summer wet season months which
may reduce the inhibiting effect of high temperatures on Trichodesmium growth and nitrogen fixation
(Mulholland and Bernhardt, 2005). Elevated DIP concentrations during summer in our models are likely
due to increased and widespread river flows associated with Tropical Cyclone Tasha (December–January
2010/2011), Tropical Cyclone Anthony (January 2011) and severe Tropical Cyclone Yasi (February
2011) in northern Queensland. Frequent Trichodesmium blooms in the GBR have been attributed to
the interacting effects of optimal temperature range and DIP availability (Davies et al., 2020). Therefore,
the abundance of Trichodesmium in conditions of high temperatures and DIP concentrations suggest
that temperature or the availability of DIP alone does not control Trichodesmium blooms. There are
complex interactions, and more favourable conditions in one environmental variable may offset less
optimal conditions in others so that predicting Trichodesmium bloom occurrence using single factors
can be problematic.

Dust storms and atmospheric input of nutrients via rainfall also deliver nutrients to the world’s oceans
(Herut and Krom, 1996). In particular, aeolian additions of iron and phosphorus are known to influ-



53

enceTrichodesmium growth and distribution. For example, high iron concentrations in the North Atlantic
Ocean and Arabian Sea have been linked to Trichodesmium abundance (Sohm et al., 2011) and phy-
toplankton community composition has been shown to shift from small to large phytoplankton groups
(e.g., Trichodesmium and diatoms) following episodes of dust influx (Shaw et al., 2008). In waters
with low nitrogen concentrations but rich in iron and phosphorus Trichodesmium have a competitive
advantage over other phytoplankton (Huisman et al., 2018). The dynamics of iron and phosphorus in
the GBR are thus likely to influence Trichodesmium and associated fixed nitrogen loads. However, at
present they remain poorly known and cannot yet be included in our model or estimates of nitrogen
fixation.

Our results suggest that the highest fixed-nitrogen loads on the GBR occur in spring, when usually winds
are relatively light and seawater salinities are normal. High loads of fixed nitrogen in the mid- and outer-
shelf during spring (Table 3.3) suggest shelf-edge upwelling as a possible source of the phosphorus and
iron needed for Trichodesmium nitrogen fixation. Upwelling is known to occur on the shelf adjacent to
the Central GBR (Berkelmans et al., 2010) and may contribute to the high fixed nitrogen loads indicated
for this region by our modelling. The emergent patterns show that in the model normal seawater salinity
favours Trichodesmium growth and nitrogen fixation. Our results also indicate that the lowest nitrogen
load from Trichodesmium occurs during the summer (wet season) months (Figure 3.3). It is possible
that the stronger winds (> 6 m s−1) and low light and salinity conditions (<< 33 PSU due to flood
events) that often accompany wet season storms contribute to this outcome; Blondeau-Patissier et al.
(2018) noted such conditions are suboptimal for Trichodesmium bloom formation.

3.4.4 Comparison of the spatial and temporal variation of river-derived and Tri-
chodesmium-derived nitrogen in the Great Barrier Reef

We note that while our estimate of the annual nitrogen contributed by Trichodesmium to the GBR is
around fivefold greater than that delivered by rivers from the adjacent catchments, there are spatial
and temporal (and possibly bioavailability) differences that warrant further appreciation. Firstly, much
of the terrestrial nitrogen load is generally delivered to the GBR over a short period (typically weeks)
over the summer wet season (December to April) (Brodie et al., 2011). Hence the ∼ 100 KT of
nitrogen contributed by terrestrial inputs in the 2010-2011 year (Turner et al., 2013) is comparable to
the nitrogen contribution of 120 KT from Trichodesmium during the summer months. Secondly, the
riverine flood plumes, which disperse the terrestrial nitrogen loads, cover a much smaller spatial area of
the GBR. Because of these localised areas (particularly the nearshore areas) the inner-shelf (Table 3.3)
may be exposed to more terrestrially derived nitrogen than Trichodesmium during the summer months
(∼ 3.7 KT), although the annual loads are comparable. Thirdly, the period of assimilation of nitrogen
in the GBR from the terrestrial and Trichodesmium sources may be different, although Trichodesmium
is very bioavailable. For example, the DIN component of terrestrial runoff is immediately bioavailable
and triggers widespread algal growth (Brodie et al., 2011) that can be observed as green colouring in
satellite images of flood plumes (Devlin and Schaffelke, 2009; Brodie et al., 2010). These features only
persist while the plumes remain intact, but our modelling indicates nitrogen from Trichodesmium clearly
dominates the nitrogen loadings from external sources over the remaining seasons and is an essential
component of nitrogen cycling in the GBR.

The much higher river-derived nitrogen concentrations in nearshore areas of the GBR will have more
direct impacts on nearshore reefs. Since the vast majority of fixed nitrogen occurs in the mid- and
outer-shelf waters, the potential increase in Trichodesmium-derived nitrogen loads due to increased
bloom frequency could be important for the long-term health of offshore reefs in the GBR. However,
high DIN concentrations have been reported to enhance coral heterotrophy and reduce bleaching (Ezzat
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et al., 2019). About 80–90% of nitrogen fixed by Trichodesmium is released as DIN in seawater during
the exponential growth and surface accumulation phases (Mulholland and Bernhardt, 2005). The con-
centration of DIN may not always be high within and around areas where surface blooms occur if the
released DIN is rapidly taken up by other nearby phytoplankton. During and after surface bloom demise,
Trichodesmium mortality produces large dissolved or particulate organic matter that is most likely buried
in sediments (Furnas et al., 2011) or remineralised by bacteria (Furnas et al., 2005; Lønborg et al., 2018)
both with potential oxygen-demand implications. Furthermore, nutrients stored in sediments may be
released and transported to the water column to again promote Trichodesmium bloom formation and
the growth of other phytoplankton species (Garzon-Garcia et al., 2021). Thus, the river pollution is
likely to have impacts in freshwater wetlands, mangroves, seagrasses and in-shore coral reefs; while
Trichodesmium blooms are likely to be less intense but more widespread and affect offshore coral reefs
and other oceanic ecosystems.

3.4.5 Limitations of the EMS Trichodesmium growth model

The EMS allows the calculation of the vertical distribution of Trichodesmium dynamics and the rate of
change of nitrogen fixation in response to changing environmental conditions. These are key advantages
over satellite image informed estimates of Trichodesmium contributions to the annual nitrogen budget
of the GBR. However, there are several areas where the model could be improved, most particularly
by including physiological features not yet considered by the EMS Trichodesmium growth model. The
physiological features include but are not limited to:

• Salinity effects on Trichodesmium growth, nitrogen fixation and pigmentation (Fu and Bell, 2003).

• Variations of phycobilipigments and their influence on light absorption and photoprotection (Sub-
ramaniam et al., 1999).

• Iron as a limiting nutrient for growth and nitrogen fixation (Sohm et al., 2011).

• Wind effects on the occurrence of surface aggregates of Trichodesmium (Capone et al., 1997).

• CO2 effects on Trichodesmium nitrogen and carbon fixations (Hutchins et al., 2007).

We acknowledge that the EMS Trichodesmium growth model has not been evaluated against field
observations in the GBR because very few in situ observations of Trichodesmium concentrations or
nitrogen fixation rates are available. Despite these limitations, EMS simulated results are in accord with
satellite-derived and field observations of Trichodesmium bloom dynamics in the GBR as indicated in
Section 3.4.2. Our total-annual-production-per-unit-area estimate of 1.4 × 10−3 Kg N m−2 yr−1 is also
comparable to global fixed nitrogen estimates. These global estimates include Capone et al.’s (1997)
estimate of 0.53 × 10−3 Kg N m−2 yr−1 in the world’s tropical oceans and Wang et al.’s (2019b) 0.61
× 10−3 Kg N m−2 yr−1 and 0.45 × 10−3 Kg N m−2 yr−1 estimates in the Pacific Ocean and global
oceans, respectively. Thus although validation of the model must be a priority, we are nonetheless
confident that the outputs discussed here are reasonable.

3.5 Conclusions and implications for GBR management
This study provides a new line of evidence supporting the conjectured role of Trichodesmium as a
major contributor to the nitrogen budget of the GBR. We quantified the annual nitrogen budget from
Trichodesmium nitrogen fixation using the 3D EMS and showed that the total annual fixed-nitrogen load
is much greater than the riverine nitrogen input. It is not yet possible to validate the Trichodesmium
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model and resulting nitrogen budget with currently available data, but our results highlight the need
for further monitoring and measurement of Trichodesmium and nitrogen fixation in the GBR. We also
identified key environmental factors that predict Trichodesmium growth and nitrogen fixation in the
GBR (e.g., phosphorus). Our model results, which support estimates based on satellite observations
suggest iron and phosphorus in catchment runoff may be more important drivers of nitrogen fixation in
the GBR than previously understood. Validation of these results will enable managers to better target
activities to reduce the influence of these nutrients and excess nitrogen loads.

Understanding the drivers of Trichodesmium growth and nitrogen fixation is essential for GBR water
quality management. The modelling approach used in this study provides a valuable perspective on
spatial and temporal variability critical for targeted monitoring and management —- from assessing
exposure and risks to developing adaptive management approaches. Targeted monitoring will help
provide field observations for the evaluation of the accuracy of EMS and satellite-derived estimates
of fixed nitrogen, measurements of iron riverine loads and will help commence iron studies in the
GBR. Adaptive management plans and catchment regulations may need to change by incorporating the
management of terrestrial phosphorus and iron loads if our findings of phosphorus and iron as important
drivers of Trichodesmium growth and nitrogen fixation prove to be correct.

These recommendations will help inform management to better detect, monitor, and manage the occur-
rence and impacts of Trichodesmium blooms in the GBR. Our findings will enable a more holistic under-
standing of nitrogen budgets and cycling in the GBR and recognise the importance of Trichodesmium
growth and nitrogen fixation as well as other nutrient sources such as dust storms and upwelling. Our
findings will help broaden the focus of water quality management programmes in providing more informa-
tion on improving GBR water quality. We recommend that future modelling studies on the contribution
of nitrogen fixation by Trichodesmium should focus on understanding the spatial and inter-annual vari-
ability of Trichodesmium nitrogen and other nutrient sources, their impacts across the GBR and the
drivers of Trichodesmium growth and nitrogen fixation.



4. Modelling buoyancy-driven vertical movement
of Trichodesmium application in the Great
Barrier Reef

Summary
Trichodesmium cells aggregate and form single trichomes or larger colonies and possess strong intracel-
lular gas vesicles that generate strong positive buoyancy and facilitate the vertical migration of colonies.
Trichodesmium is proposed to be an important source of nitrogen in the Great Barrier Reef (GBR) with
implications for nutrient cycling and eutrophication. To understand the dynamics of Trichodesmium in
the GBR ecosystem, reliable model predictions of Trichodesmium growth, nitrogen fixation and distri-
bution are required. The sinking rates of Trichodesmium colonies have been reported to be dependent
on the shape and size of colonies, and the orientation of colonies in seawater. Therefore, to better sim-
ulate the vertical movement of Trichodesmium in the GBR, and subsequent biogeochemical dynamics,
the Trichodesmium processes in the eReefs biogeochemical model was modified by applying the form
resistance factor to the sinking velocities of tuft-shaped Trichodesmium colonies. Our model results
compare well with observations from the Australian Institute of Marine Science Marine Monitoring Pro-
gram sensor network sites and capture the emergent patterns of phytoplankton size spectrum observed
in nature. The modified model formulations improve the physiological realism of the Trichodesmium
growth submodel of the eReefs marine biogeochemical models, and can help to improve the understand-
ing of Trichodesmium dynamics for effective GBR water quality management.

This chapter is under review for journal publication:

Ani, C.J., Baird, M., Robson, B. Modelling buoyancy-driven vertical movement of Trichodesmium
application in the Great Barrier Reef. Ecological Modelling.
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4.1 Introduction
Trichodesmium is a unique diazotrophic marine cyanobacterium that is widely spread in tropical and
subtropical oceans. Trichodesmium cells aggregate and form single trichomes or larger colonies and
form extensive surface blooms when conditions are favourable (Capone et al., 1997). Trichodesmium
colony morphology include puff colony, tuft colony, raft colony and bowtie colony (Janson et al., 1995;
Hynes et al., 2012). One important and unique characteristic of Trichodesmium is its ability to regulate
the vertical movement of its colonies in the water column. This process, also known as buoyancy, is
facilitated by the strong gas vesicles possessed by Trichodesmium (Walsby, 1978; Heimann and Cirés,
2015). These gas vesicles allow Trichodesmium to survive in poor nutrient conditions.

In the euphotic zone, Trichodesmium fixes and stores carbon and nitrogen (Romans et al., 1994; Held
et al., 2022), sinks with this carbon ballast into deep waters where phosphorus can be assimilated
(Villareal and Carpenter, 2003; Hewson et al., 2009). Trichodesmium gas vesicles are adapted to
withstand high pressure experienced in deep waters so that turgor pressure collapse of gas vesicles does
not occur (Walsby, 1978). In deep waters, the carbon ballast is metabolised and since gas vesicles are
not collapsed, lighter Trichodesmium colonies are able to regain buoyancy and float back to surface
waters. This enables them to spend more time in the euphotic zone while optimising its access to
light and nutrients and may outcompete other phytoplankton species for light and nutrients needed
for growth (Huisman et al., 2018). Thus, Trichodesmium buoyancy allows Trichodesmium to occur in
conditions of varying irradiance and nutrient availability common in tropical and subtropical oceans.

The sinking rates of Trichodesmium colonies depend on the shape and size of colonies (Walsby,
1992). Reynolds and Walsby (1975) suggest that larger colonies may sink to greater depth than small
colonies due to high sinking velocities. However, Kromkamp and Walsby (1992) reported that larger
colonies did not migrate to greater depth: rather they sank faster and the number of colonies that mi-
grated vertically increased. Trichodesmium buoyancy varies as a function of the varying balance between
gas vesicles and carbohydrate ballast due to changing light conditions, nutrients and other environmental
conditions (Kromkamp and Walsby, 1992; Oliver, 1994) or by consuming carbohydrate ballast through
the supply of energy to nitrogenase for nitrogen fixation (Held et al., 2022). Trichodesmium colonies
become more buoyant in low light conditions (because they consume intracellular carbon stores to fuel
respiration) and gradually lose their buoyancy in high light conditions (because photosynthesis increases
carbon stores) (Walsby, 1969).

Surface Trichodesmium bloom is formed as a result of the occurrence of buoyancy in very calm con-
ditions (Capone et al., 1997). At the surface Trichodesmium photosynthesise and shade out other
phytoplankton species, and experience increased mortality due to UV exposure and spread of viral
phages through the population. Thus, the persistence of Trichodesmium in surface waters demonstrates
that Trichodesmium is not able to perfectly regulate buoyancy. Trichodesmium buoyancy variations can
impact marine ecosystems as they can facilitate optimal utilisation of light while preventing cell damage
due to high irradiance (Subramaniam et al., 1999; Ueno et al., 2016). Buoyancy variations also influence
Trichodesmium dispersal and distribution in sea waters (Capone et al., 1997; Heimann and Cirés, 2015).

Trichodesmium is proposed to be an important source of nitrogen in the Great Barrier Reef (GBR) — the
world’s largest coral reef system — with implications for nutrient cycling and eutrophication (Bell, 2021;
Ani et al., 2023). Effective GBR water quality management requires an understanding of the contribution
of Trichodesmium to the total annual nitrogen budget of the GBR. Satellite ocean-colour data (Bell,
2021) and the eReefs models (coupled hydrodynamic-biogeochemical model (Baird et al., 2020)) (Ani
et al., 2023), have been used to estimate the annual contribution of Trichodesmium fixed nitrogen to the
nitrogen budget of the GBR. Both approaches suggested that the nitrogen fixed by Trichodesmium was
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greater than riverine nitrogen loads exported to the GBR. Therefore, an understanding of Trichodesmium
buoyancy regulation is important to improve the understanding of Trichodesmium dynamics in GBR
ecosystems.

In this study, the influence of Trichodesmium colony shape and orientation in seawater on Trichodesmium
buoyancy was parameterised in the Trichodesmium growth submodel of the eReefs biogeochemical
models by applying the form resistance factor to the sinking velocities of tuft-shaped Trichodesmium
colonies found in the GBR (Bell et al., 2005). This would help to provide reliable model simulations
of Trichodesmium growth, nitrogen fixation and distribution, which are important for improved under-
standing of Trichodesmium dynamics in GBR ecosystems.

4.2 Methods

4.2.1 Trichodesmium buoyancy

The sinking velocity of particles is influenced by cell size, shape and density. For a spherical particle,
Stoke’s law is applied to the sinking velocity, which is given as

µ = 2gr2(ρc − ρw)
9η

, (4.2.1)

where r is the cell radius, g is gravity, ρw is the water density, ρc is the cell density and η is the coefficient
of the dynamic viscosity of the water. The version of the Trichodesmium growth model described by
Robson et al. (2013); Baird et al. (2020) assumes a spherical Trichodesmium colony with radius r = 5
µm and used (4.2.1) to represent Trichodesmium sinking velocity. However, Trichodesmium erythraeum
colonies in the GBR have been reported to be tuft shaped (Bell et al., 2005).

McNown and Malaika (1950) applied the form resistance factor Φ to the sinking velocity of non-spherical
cells. The sinking velocity of non-spherical cells with volume V is defined as

µ = 2gr2
e(ρc − ρw)

9ηΦ , (4.2.2)

where re is the effective radius given by
re =

(3V

4π

) 1
3
. (4.2.3)

The form resistance factor is the factor by which the sinking velocity of a non-spherical particle differs
from that of a sphere of equal volume and density. A spherical cell has Φ = 1. At low Reynolds number,
symmetrically weighted non-spherical objects remain in their original orientation when sinking and the
settling velocity of a cylindrical object is similar to that of an ellipsoid of the same axial ratio, density
and volume (McNown and Malaika, 1950).

Here, we represent Trichodesmium tufts as ellipsoids. Although in reality, tufts do not have the smooth
surface of an ellipsoid, given the small size of the tufts and laminar fluid dynamics involved, this surface
roughness will not significantly affect form resistance.

Following (Walsby and Holland, 2006), the form resistance coefficient of an ellipsoid with semi-axes a,
b and c is given as

Φ = 16
3D(Ψ + Ω) , (4.2.4)



59

where Ψ is a shape factor independent of orientation, Ω is an orientation-dependent shape factor relative
to the direction of movement, and D = 2(abc)

1
3 is the nominal diameter. The filaments of a cylindrical

cell of width w and length l have volume

V = π
(w

2
)2

l (4.2.5)

and from (4.2.3), the effective radius

re =
( 3

16w2l
) 1

3
. (4.2.6)

For a vertically oriented cell (Figure 4.1),

a > b = c, a = l

2 , b = w

2 , Ψ = Ψvert, Ω = Ωvert.

A horizontally oriented cell (Figure 4.1) has

a = c < b, b = l

2 , a = w

2 , Ψ = Ψhor, Ω = Ωhor.

See (Walsby and Holland, 2006) for detailed derivations of Ψvert, Ψhor, Ωvert and Ωhor. The form
resistance coefficient and effective radius of a tuft-shaped Trichodesmium erythraeum colony with length
1000–2000 µm and width (diameter) 50–150 µm (Post et al., 2002) are calculated using (4.2.4) where

Ψ = Ψvert + Ψhor

2 (4.2.7)

and
Ω = Ωvert + Ωhor

2 . (4.2.8)

Using (4.2.2) the buoyancy regulation of Trichodesmium in the water column is represented by the
model as

∂Tricho

∂t
= −

2gr2
e

(
ρc − ρw

)
9ηΦ

∂Tricho

∂z
, (4.2.9)

where
ρc = ρmin + R∗

C

(
ρmax − ρmin

)
, (4.2.10)

z is the distance in the vertical. The parameters ρmin and ρmax constrain the calculation of Tri-
chodesmium colony density and R∗

C represents carbon reserves. These modified formulations increase
the sinking rate of a Trichodesmium colony in the model and are in the range −0.8 to 0.8 mm s−1

reported by Walsby (1978). Figure 4.2 shows the relationship between the sinking velocity, the effective
radius and the form resistance factor of a tuft-shaped Trichodesmium colony in the model. Detailed
descriptions of the EMS Trichodesmium growth model are available in (Robson et al., 2013) and (Baird
et al., 2020).

4.2.2 Model forcing

The eReefs hydrodynamic model was forced with outputs from the 10 km Ocean Modelling Analysis and
Prediction System (OceanMAPS – https://researchdata.edu.au/oceanmaps-analysis/1440629), the 12
km Australian Community Climate and Earth-System Simulator (ACCESS-R – http://www.bom.gov.au/
nwp/doc/access/NWPData.shtml) and river flow data from 22 rivers. The biogeochemical model was
forced with simulated hydrodynamic model outputs, wave data from the Bureau of Meteorology (BoM)

https://researchdata.edu.au/oceanmaps-analysis/1440629
http://www.bom.gov.au/nwp/doc/access/NWPData.shtml
http://www.bom.gov.au/nwp/doc/access/NWPData.shtml
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Figure 4.1: Theoretical streamlines for flow around a sinking ellipsoid. The insets at the left show the
perspective of the flow. Horizontally oriented sinking ellipsoid (left) and a vertically oriented sinking
ellipsoid (right).

Figure 4.2: Relationships between the sinking velocity and the effective radius (left), the sinking velocity
and the form resistance factor (right) of a tuft-shaped Trichodesmium colony of length 1000–2000 µm
and width (diameter) 50–150 µm (Post et al., 2002).
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Table 4.1: Constants and parameters for the Trichodesmium growth model.

Variable Symbol Units Reference
Constants
Acceleration due to gravity g 9.81 m s−2 –
Dynamic viscosity of water at 20 ◦C µ 0.001 Pa.s –

Parameters
Trichodesmium cell radius r 5 µm (Robson et al., 2013)
Trichodesmium colony effective radius re 140 µm –
Trichodesmium form resistance factor Φ 0.61 –

Minimum cell density ρmin 1010 kg m−3
Calculated from observed
maximum rising rates in
(Walsby, 1978)

Maximum cell density ρmax 1030 kg m−3
Calculated from observed
maximum sinking rates in
(Walsby, 1978)

regional wave model AUSWAVE-R and P2R GBR Dynamic SedNet with 2019 catchment conditions
of nutrient and sediment loads (McCloskey et al., 2017, 2021b,a). The eReefs hydrodynamic model
(version 2.0) configured at 4 km resolutions (GBR4 grid) with the modified sinking velocity and the
Trichodesmium growth model in (Ani et al., 2023) was run from December 1, 2010 to November 30,
2012. The modified model is denoted as GBR4-BGC-cyl.

4.2.3 Model evaluation

Fourteen observation sites from the Australian Institute of Marine Science (AIMS) Marine Monitoring
Program (MMP) sensor network sites (Australian Institute of Marine Science , AIMS) (Figure 4.2)
sampled tri-annually and time series of simulated model outputs from version 3.2 of the biogeochemical
model of the eReefs model described in (Baird et al., 2020) (hereafter referred to as GBR4-BGC-
sph) were used to evaluate the modified model. Observations obtained from the fourteen monitoring
sites were available throughout the period of model simulation (See (Skerratt et al., 2019) for more
information on AIMS MMP sites).

The variables considered for validation include Chl-a extractions, dissolved inorganic phosphorus (DIP),
ammonium (NH4) and nitrate + nitrite [NOx]. The skill metrics used to validate the modified model
include, bias, Willmott score, root mean square error (RMS) and mean absolute error (MAE). Bias
examines the model’s over- or under-prediction of observations. The Willmott score varies between 0
and 1 and is a ratio of the mean square error and the mean absolute deviation about the observed mean
(Willmott et al., 1985). A Willmott score of 1 indicates a perfect match and 0 indicates no match.
For this study, following Skerratt et al. (2019); Robson et al. (2020), a Willmott score of 0.6 against
simulated water quality variables was used as a benchmark for excellent model fit. RMS measures model
accuracy, i.e., the difference between model predictions and observations. An RMS of 0 indicates perfect
fit.
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Figure 4.3: Sample sites: the Australian Institute of Marine Science (AIMS) Marine Monitoring Program
(MMP) sensor locations (black symbol) and towns (blue symbol).
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The emergent properties of phytoplankton community structure were assessed using 15,000 randomly
sampled simulated surface data points from December 2010 to November 2012. The variation of
the percentage of chlorophyll a contained in large phytoplankton (including Trichodesmium) and small
phytoplankton as a function of chlorophyll were examined. These relationships were compared with
observed relationships reported by Brewin et al. (2010); Hirata et al. (2011) from analyses on a global
marine phytoplankton database. Additionally, the relationship between simulated zooplankton biomass
and chlorophyll a were compared with that of GBR4-BGC-sph using 15,000 randomly sampled surface
data points.

4.3 Results

4.3.1 Skill assessment

Simulated GBR4-BGC-sph Chl-a extractions and observations of Chl-a extractions had an average Will-
mott index of 0.47 and mean bias of 0.12 mg Chl-a m−3 (Figure 4.4). Chl-a extractions from samples
at MMP sites and simulated Chl-a extractions from GBR4-BGC-cyl had a lower average Willmott index
(0.43) and higher bias of 0.18 mg Chl-a m−3 when compared to the GBR4-BGC-sph Chl-a extractions
at the same sites. Both models overestimate Chl-a extractions at all sites except at Yorkey’s knob, Dunk
Island Pandora Island which are in waters very close to the mainland and are surrounded by shallow and
muddy seabed.

Figure 4.5 shows that the comparison of simulated GBR4-BGC-sph NH4 and NH4 observations had an
average bias of −0.36 mg N m−3 and Willmott index of 0.39. Simulated NH4 from the modified model
had a lower average Willmott index (0.37) and mean bias −0.36 mg N m−3. Both GBR4-BGC-sph and
GBR4-BGC-cyl underestimate NH4 at all the sites expect at Fitzroy Reef and Pelorus Island.

Simulated NO3 from GBR4-BGC-sph and GBR4-BGC-cyl were compared with tri-annually sampled NO3
and had an average Willmott index of 0.25 and −0.07 mg N m−3 bias (Figure 4.6). On the other hand,
simulated NO3 from GBR4-BGC-cyl model had a mean Willmott index (0.25) and lower mean bias
(−0.19 mg N m−3). NO3 was underestimated by both models at 65% of the MMP sites.

The comparison of simulated GBR4-BGC-sph DIP and DIP observations from the MMP sites had an
average Willmott index of 0.29 and bias 1.16 mg P m−3 (Figure 4.7). Simulated DIP from the modified
GBR4-BGC-cyl had a higher mean Willmott index (0.30) and a higher bias (1.31 mg P m−3). DIP
concentrations were overestimated by both models.

Overall, simulated Chl-a extractions, NH4, NO3 and DIP concentrations during 2011/2012 wet season
(from December to February) were higher when compared with the 2010/2011 wet season (Figure 4.8).
This is likely due to La Niña conditions peaked between late 2010 and early 2011 and caused record
high rainfall in north and eastern Australia.

4.3.2 Emergent relationships and Trichodesmium dynamics

Emergent relationships are system-level patterns observed in nature that occur as ecosystem functions
and are used as indicators to assess that models accurately capture important biogeochemical processes
especially when there are limited observations for model assessment (Robson et al., 2017a; Hipsey
et al., 2020; Robson et al., 2020). Emergent relationship between the percentage of small vs large
phytoplankton and chlorophyll a in global ocean data sets (Brewin et al., 2010; Hirata et al., 2011) was
used by Robson et al. (2017a, 2020) to provide an additional layer for the assessment of the eReefs
marine models.
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Figure 4.4: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated cholorophyll a (Chl-a) versus monthly observations of surface Chl-a pigment concentrations
from December 2010 to November 2012 (Moran et al., 2022). Sites are arranged from North to South
and locations are shown in Figure 4.3. Water quality sampling was done at more than one depth at
some sites. The x-axis labels represent the short form of the station name followed by the depth in
metres below the surface. Index of short names to full station names: CapeT = “Cape Tribulation";
PortD = “Port Douglas"; DblI = “Double Island"; Green = “Green Island"; York = “Yorkeys Knob";
Fairl = “Fairlead Buoy"; Fitz = “Fitzroy Reef"; High = “High Island"; Russ = “Russell Island"; Dunk
= “Dunk Island"; Pelo = “Pelorus Island"; Pand = “Pandora Island"; Geoff = “Geoffery Bay"; Pine
= “Pine Island". “GBR4-BGC-sph" corresponds to the version of the model described in (Baird et al.,
2020) whereas “GBR4-BGC-cyl" is the modified model.
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Figure 4.5: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated ammonium versus monthly observations from December 2010 to November 2012. Sites
are arranged from North to South and locations are shown in Figure 4.3. “GBR4-BGC-sph" corresponds
to the version of the model described in (Baird et al., 2020) and “GBR4-BGC-cyl" is the modified model.
See Figure 4.4 for more information on sites.
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Figure 4.6: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated nitrate versus monthly observations from December 2010 to November 2012. Sites are
arranged from North to South and locations are shown in Figure 4.3. “GBR4-BGC-sph" corresponds to
the version of the model described in (Baird et al., 2020) and “GBR4-BGC-cyl" is the modified model.
See Figure 4.4 for more information on sites. See Figure 4.4 for more information on sites.
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Figure 4.7: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated dissolved inorganic phosphorus (DIP) versus monthly observations from December 2010
to November 2012. Sites are arranged from North to South and locations are shown in Figure 4.3.
“GBR4-BGC" corresponds to the version of the model described in (Baird et al., 2020) and “modified
GBR4-BGC" is the modified model. See Figure 4.4 for more information on sites.
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(a) Total chlorophyll a concentrations.

(b) NH4 concentrations.

(c) NO3 concentrations.

(d) DIP concentrations.

Figure 4.8: Comparison of the time series of simulated and observed chlorophyll a extractions, NH4,
NO3 and DIP at 15 m Port Douglas. GBR4-BGC (orange), modified GBR4-BGC (blue) and observations
(black).
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Figure 4.9 shows the relationship between small and large phytoplankton and total chlorophyll from
GBR4-BGC-sph, GBR4-BGC-cyl and observations. GBR4-BGC-cyl better captures the emergent pat-
terns observed in nature. This increases our confidence that the model is correctly simulating the
processes that underlie competition and co-existence of phytoplankton of different size classes. Figure
4.10 shows that both models are similar with respect to their ability to reproduce the expected emergent
relationship between zooplankton concentrations and chlorophyll a concentrations.

The difference between mean surface Trichodesmium concentrations from GBR4-BGC-cyl and GBR4-
BGC-sph during summer is shown in Figure 4.11. GBR4-BGC-cyl Trichodesium concentrations are
slightly higher than that of GBR4-BGC-sph in southern GBR cross-shelf waters, lower in central and
northern cross-shelf waters and northern GBR domain, and are similar to GBR4-BGC-sph Trichodesium
concentrations in other parts of the GBR domain.

The modified model simulates the vertical distribution of Trichodesmium. Intracellular Trichodesmium
total nitrogen are highest at the surface (Figure 4.12a) but intracellular Trichodesmium chlorophyll a
concentrations are higher at intermediate depths (Figure 4.12b). Intracellular Trichodesmium carbon
reserves and nitrogen fixation rates are lowest in deep and dark conditions (Figures 4.12c and 4.12d).

(a) GBR4-BGC-sph. (b) GBR4-BGC-cyl.

Figure 4.9: Relationship between the percentage of randomly sampled simulated surface large phyto-
plankton and chlorophyll a concentrations (top), simulated surface small phytoplankton and chlorophyll
a concentrations (bottom). Dots represent randomly sampled simulated data points and lines show fits
to observations from a global marine database taken from Brewin et al. (2010); Hirata et al. (2011).
Large phytoplankton comprises microphytoplankton and Trichodesium and small phytoplankton consists
of nano- and pico-phytoplankton.
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Figure 4.10: Relationship between 15,000 randomly sampled simulated surface zooplankton and chloro-
phyll a concentrations. The smoothing functions applied to the data are represented by lines and
grey-shaded confidence intervals.

Figure 4.11: Spatially-resolved GBR4-BGC-sph mean surface Trichodesmium concentrations (left), and
the difference between GBR4-BGC-cyl and GBR4-BGC-sph mean surface Trichodesmium concentrations
(right) during summer (from 2 December 2010 to 1 March 2011) in the Great Barrier Reef.
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(a) Trichodesmium total nitrogen. (b) Trichodesmium chlorophyll a concentrations.

(c) Trichodesmium carbon reserves. (d) Trichodesmium nitrogen fixation rate.

Figure 4.12: Depth profile over time of simulated intracellular Trichodesmium nitrogen store (combina-
tion of nitrogen and nitrogen reserves), intracellular chlorophyll a concentrations, intracellular carbon
reserves, and Trichodesmium nitrogen fixation rate at the geolocation (17.75◦S, 146.6◦ E) from midday
10/12/2010 to midday 22/12/2010.
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4.4 Discussion
The vertical distribution of Trichodesmium dynamics is influenced by buoyancy regulation. The inter-
actions between buoyancy regulation and changing environmental conditions such as light, temperature
and nutrient availability can alter the occurrence of Trichodesmium and other marine organisms. Be-
navides et al. (2022) suggest that increased sinking of Trichodesmium colonies can increase the growth
of other phytoplankton species due to increased influx of light and nutrient availability for other phyto-
plankton growth. Buoyancy regulation allows Trichodesmium colonies to overcome the inhibiting effect
of low phosphorus concentration on growth in oligotrophic waters by migrating to deeper waters to
assimilate both inorganic and organic phosphorus (Beversdorf et al., 2010; White et al., 2010). Thus,
the reduced DIP concentrations from the modified GBR4-BGC at 15 m below the sea surface shown in
Figure 4.8d could be due to increased phosphorus uptake by fast-sinking Trichodesmium colonies.

Trichodesmium colonies mostly photosynthesise and fix nitrogen at the surface under high irradiance.
Decreased mean surface GBR4-BGC-cyl Trichodesmium concentrations during summer (wet season)
shown in most parts of the GBR cross-shelf waters and northern GBR domain (Figure 4.11) is likely
due to increased number of sinking Trichodesmium colonies, which sink faster to deep waters where
reduced carbon and nitrogen fixation occur (Benavides et al., 2022; Ani et al., 2023). This agrees
with Kromkamp and Walsby’s (1992) report that large Trichodesmium colonies sink faster and the
number of colonies that migrate vertically increased. However, increased mean surface GBR4-BGC-cyl
Trichodesmium concentrations shown in southern cross-shelf waters could be as a result of increased
number of trapped colonies due to the inadequacy of Trichodesmium to perfectly regulate buoyancy
and the effects of high DIP concentrations from river discharge on Trichodesmium growth.

The decrease in simulated Trichodesmium total nitrogen with depth (Figure 4.12a) is likely influenced by
the inhibiting effects of low irradiance on Trichodesmium growth. However, Trichodesmium chlorophyll
a concentrations are higher at intermediate depths (Figure 4.12b) because the model’s production
of chlorophyll is stimulated in low light conditions when sufficient intracellular carbon, nitrogen and
phosphorus are available. The model results suggest that the dynamics of Trichodesmium nitrogen and
chlorophyll stores may be quite different and cannot be assumed to covary.

Trichodesmium colonies in deep waters will continue to fix nitrogen, but at a reduced rate because
nitrogen fixation is inhibited by high DIN concentrations (Benavides et al., 2022; Ani et al., 2023). This
is supported by the reduced Trichodesmium nitrogen fixation rate in deep waters shown in Figure 4.12d.
Below the euphotic zone, Trichodesmium uses carbon stores acquired before sinking to fix nitrogen and
can also obtain carbon from dissolved organic matter. This can reduce Trichodesmium growth in deep
waters and is evident in Figure 4.12a as the structural Trichodesmium nitrogen indicating Trichodesmium
abundance decreased with depth. Our model results show the reduction of intracellular carbon reserves in
deep and dark conditions (Figure 4.12c). Also, Figures 4.12c and 4.12d show that nitrogen fixation rate
is highest when intracellular carbon reserves are high. This is because of the energetic cost of nitrogen
fixation as Trichodesmium utilizes fixed carbon to fix nitrogen from atmospheric dinitrogen (Oliver et al.,
2012). The decrease in temperature in deep waters (which reduces Trichodesmium metabolism (Boyd
et al., 2013; Ani and Robson, 2021)), increased oxygen saturation at depth and reduced nitrogen fixation
reduce the consumption of fixed carbon, thus allowing Trichodesmium to survive below the euphotic
zone before recovering buoyancy. Moreover, the ability of Trichodesmium to occur in lower temperature
conditions (White et al., 2006) can allow them survive in deep and dark conditions.

It is important to note that the model developed here does not consider all phenomena relevant to
Trichodesmium buoyancy regulation. For example, the model formulations used in this study do not
include effects of obliquely oriented colonies on Trichodesmium sinking rates or variations in tuft size
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and shape. Obliquely oriented non-spherical colonies or cells have been shown to drift sideways while
sinking thereby enhancing their lateral dispersion (Holland, 2010). In addition, Trichodesmium colonies
were assumed to be symmetrically weighted. However, all asymmetrically weighted colonies have been
reported to sink in one orientation (McNown and Malaika, 1950) and can alter their sinking rates.

4.5 Conclusions
The model formulations developed in this study improve the physiological realism of the Trichodesmium
growth submodel of the eReefs marine biogeochemical models, and should therefore improve the accuracy
of the model outputs. However, the skill assessment results show that the modified model’s skill is similar
to that of the version of the model in (Baird et al., 2020) and where it is different it is slightly worse,
although the modified model better captures the emergent patterns of phytoplankon size spectrum
observed in nature, thus increasing our confidence in the model’s predictions. Therefore, there is need
to validate Trichodesmium concentrations or nitrogen fixation rates against observations but at present,
very limited observational data are available.

Finally, our model results suggest that observations of the presence or absence of Trichodesmium surface
blooms are not sufficient to characterise the role of this cyanobacterium in the GBR.



5. Modelling Trichodesmium photophysiology in
the Great Barrier Reef using the eReefs models

Summary
The nitrogen-fixing cyanobacterium, Trichodesmium, is proposed to be a major source of nitrogen in
the Great Barrier Reef (GBR). Effective GBR water quality management requires an understanding of
the contribution of Trichodesmium to the total annual nitrogen budget of the GBR. Reliable model
simulations of Trichodesmium growth, nitrogen fixation and distribution are required to understand
the dynamics of Trichodesmium in the GBR ecosystem. The variation of the major light-harvesting
Trichodesmium phycobilipigments (phycourobilin (PUB) and phycoerythrobilin (PEB)) under varying
light conditions was represented in the Trichodesmium growth submodel of the eReefs biogeochemical
model. This involved parameterising the interconversion between PUB and PEB, and the photosystem II
reaction centre dynamics. Our model formulations provide improved representations of Trichodesmium
photophysiology and can help to improve the understanding of Trichodesmium dynamics for effective
GBR water quality management.

This chapter is under preparation for journal publication:

Ani, C.J., Baird, M., Robson, B.. Modelling Trichodesmium photophysiology in the Great Barrier Reef
using the eReefs models.
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5.1 Introduction

5.1.1 Trichodesmium phycobilipigments

Trichodesmium is a diazotrophic cyanobacterium that occurs in fields of dynamic light conditions and has
developed intracellular mechanisms for optimal light harvesting and utilisation. Trichodesmium possess
light-harvesting phycobilisomes made up of phycobilipigments, which are the main contributors to light
absorption and photosynthesis (Subramaniam et al., 1999; Hynes et al., 2012). The phycobilipigment
phycoerythrin (PE) dominates Trichodesmium phycobilisomes. PE comprises phycourobilin (PUB) and
phycoerythrobilin (PEB). PUB has absorption peaks at 490–500 nm and PEB has absorption peaks at
545–565 nm (Hynes et al., 2012) (Figure 5.1). The phycobilisomes also consist of phycocyanin (PC)
with absorption peak at ∼ 620 nm and allophycocyanin (APC), which has an absorption peak at 650
nm (Hynes et al., 2012). The ratio of PE to chlorophyll a (Chl-a) in Trichodesmium has been reported
to be between 2.8 and 4 and is influenced by light intensity and other environmental factors (Hogetsu
and Watanabe, 1975; Bell and Fu, 2005).

Light-harvesting phycobilisomes absorb light over a wide range of wavelengths and transfer the absorbed
energy to photosynthetic reaction centres, photosystems I and II (PSI and PSII), thereby increasing the
absorption cross-section of Trichodesmium. A large fraction of absorbed energy is transferred from PSII
to PSI and utilised for nitrogen fixation resulting in reduced oxygen evolution and growth (Subramaniam
et al., 1999).

Figure 5.1: Pigment-specific absorption coefficients for Trichodesmium phycoerythrin (phycourobilin +
phycoerythrobilin) and chlorophyll a pigments. The absorption peaks of phycourobilin and phycoery-
throbilin are at 495 nm and 565 nm, respectively. See (Baird et al., 2020) for details on the laboratory
standards used to determine the absorption coefficients.

Subramaniam et al. (1999) suggested that changes in Trichodesmium PE concentrations occur via the
rapid interconversion between PUB and PEB under varying light conditions, which corresponds to the
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transfer of absorbed energy between PSII and PSI in Trichodesmium (Andresen et al., 2010). In high
light conditions, PSII is greatly reduced causing a reduction in PEB concentrations and an increase in
PUB concentrations. Light absorbed by PUB is emitted at 565 nm, whereas energy absorbed by PEB
is efficiently transferred to PSII through PC and APC. Contrarily, at low irradiance, PEB concentrations
increase and are greater than PUB concentrations, which are greatly reduced. Light absorbed by both
PUB and PEB is efficiently transferred to PSII for photosynthesis. The absorbed energy transfer pathway,
phycobilisomes→PSII→PSI (also called “spillover"), suggested by Subramaniam et al. (1999) (Figure
5.2) is supported by other research studies (Vernotte et al., 1990; Olive et al., 1997; Ueno et al., 2016).
The increase in PUB concentrations and the emission of absorbed light at high irradiance have been
likened to the photoprotective xanthophyll cycle in phytoplankton and higher plants (Rodriguez, 1998;
Cai et al., 2015).

Figure 5.2: Schematic showing the photosynthetic energy transfer from phycobilisomes to the photo-
synthetic reaction centres in Trichodesmium. Blue arrows depict fluxes of absorbed energy. Low light
conditions (top) and high light conditions (bottom). Adapted from (Subramaniam et al., 1999).

5.1.2 Trichodesmium dynamics in the Great Barrier Reef

Trichodesmium is proposed to be a major source of nitrogen in the Great Barrier Reef (GBR) with
implications for nutrient cycling and eutrophication (Messer et al., 2017; Bell, 2021; Ani et al., 2023).
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To effectively manage GBR water quality it is essential to understand the contribution of Trichodesmium
to the total annual nitrogen budget of the GBR. Previous work by Bell (2021); Ani et al. (2023) used
satellite ocean-colour data and the eReefs models to quantify the annual contribution of Trichodesmium
fixed nitrogen to the nitrogen budget of the GBR. In both studies, Trichodesmium nitrogen estimates
over the GBR and Central GBR were reported to be greater than riverine nitrogen loads exported to the
GBR.

The Trichodesmium growth model (Robson et al., 2013) incorporated into the eReefs biogeochemical
model (https://research.csiro.au/ereefs/), an application of the CSIRO Environmental Modelling Suite
(CSIRO EMS) (Baird et al., 2020), simulates Trichodesmium dynamics in the GBR. The eReefs marine
model is a coupled hydrodynamic, biogeochemical and sediment model that simulates the environmental
conditions of the GBR at multiple temporal and spatial scales.

To understand the dynamics of Trichodesmium in the GBR ecosystem, reliable model simulations of
Trichodesmium growth, nitrogen fixation and distribution are required. Although the eReefs models
have been used to provide detailed spatial and temporal occurrences of Trichodesmium in the GBR
and quantify its contribution to the total annual nitrogen budget of the GBR (Ani et al., 2023), not
all important Trichodesmium physiological processes were represented by the Trichodesmium growth
submodel. A key process that was not considered is the variation of Trichodesmium phycobilipigments
under varying light conditions. This study modifies the CSIRO EMS model of Trichodesmium photo-
physiology by parameterising the interconversion between PUB and PEB under varying light conditions,
and photosystem II reaction centre dynamics.

5.2 Methods
To incorporate the variation of Trichodesmium phycobilipigments under varying light conditions in
the eReefs Trichodesmium growth submodel, we adopt the mechanistic approach for zooxanthellae
xanthophyll cycle in (Baird et al., 2018). Trichodesmium light absorption is modelled by considering
concentrations of Chl-a, PUB (TrichoP UB) and PEB (TrichoP EB) as time-varying state variables.
For simplicity, a constant PE (PUB+PEB) to Chl-a ratio, ΘP E2Chl, is assumed by the model and PE
synthesis is a product of ΘP E2Chl and synthesised Chl-a.

5.2.1 Light absorption by Trichodesmium and carbon fixation

To simulate light absorption by Trichodesmium, a spectrally-resolved optical model that resolves the
total rate of light absorption due to photosynthetic pigments across all wavelengths, λ, is used (see
(Baird et al., 2013, 2020) for more details). The model assumes that the ratio of Chl-a and other
photosynthetic pigments is constant and uses it with Trichodesmium Chl-a concentrations and the
number of Trichodesmium cells in the population to calculate the Chl-a specific absorption coefficient
due to all light harvesting pigments. The Chl-a specific absorption coefficient due to all light harvesting
pigments for Trichodesmium, γT richo,λ, in the model is given as

γT richo,λ = 2.5γP E,λ + 0.02γMyxo,λ + 0.09γβ−car,λ + 0.1γZea,λ + γChl−a,λ, (5.2.1)
where Myxo is myxoxanthophyll, β-car is β carotene and Zea is zeaxanthin.

The absorption cross-section of Trichodesmium (αT richo) defined as

αT richo = πr2
[
1 − 2(1 − (1 + 2γT richo,λcir)e−2γT richo,λcir)

(2γT richo,λcir)2

]
(5.2.2)

https://research.csiro.au/ereefs/
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is a function of cell radius (r) and wavelength-dependent absorption coefficient of Trichodesmium,
γT richo,λ, with ci representing intracellular Chl-a concentrations and πr2 corresponding to the projected
area of a spherical cell. When there is no light absorption the expression in square brackets is 0 because
γT richo,λcir = 0 and tends to 1 as the cell becomes fully opaque (i.e., γT richo,λcir → ∞).

The rate of photons absorbed, kI , is given by

kI = (109hc)−1

AV

∫
αT richoEd,λλdλ, (5.2.3)

where h is Planck constant, c is the speed of light, AV is Avagrado constant and Ed is downwelling
irradiance.

The energy transferred to oxidised reaction centres (Qox

QT
) that is used for photosynthesis is

kIfix
= kI

(Qox

QT

)(
1 − R∗

C

)
, (5.2.4)

where R∗
C is intracellular carbon reserves. Oxygen release,

138
106032 kI

(Qox

QT

)(
1 − R∗

C

)
, (5.2.5)

and dissolved inorganic carbon uptake,
106
106012 kI

(Qox

QT

)(
1 − R∗

C

)
, (5.2.6)

are associated with the absorption of photons.

5.2.2 Trichodesmium pigments synthesis

The rate of Chl-a synthesis is based on the incremental benefit of adding pigment to the photosynthetic
rate, the reduced benefits of surplus carbon reserves (1−R∗

C), self-shading χ and the fraction of inhibited
reaction centres (Qin

QT
). Self-shading, χ, is the derivative of αT richo per unit projected area (αT richo

P A )
with respect to ρ, where ρ = γT richo,λcir. Therefore,

χ = 1
PA

∂αT richo

∂ρ
= 1 − e−2ρ(2ρ2 + 2ρ + 1)

ρ3 . (5.2.7)

The rate of Chl-a synthesis is given as
∂ci

∂t
= Chlmax(1 − R∗

C)
(
1 − Qin

QT

)
χ̄ if C:Chl > θmin, (5.2.8)

where χ̄ is the quantum-weighted mean of χ, Chlmax is the maximum rate of Chl-a synthesis and θmin

is the minimum C:Chl ratio below which Chl-a synthesis is zero. Since ΘP E2Chl is 2.5 from (5.2.1) and
PUB:PEB ratio has been reported to be approximately 0.81 (Hynes et al., 2012), the rates of PEB and
PUB syntheses are defined as

∂TrichoP EB

∂t
= 1.38∂ci

∂t
(5.2.9)

and
∂TrichoP UB

∂t
= 1.12∂ci

∂t
, (5.2.10)

respectively.
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5.2.3 The variation of Trichodesmium phycoerythrin under varying light conditions

To simulate the variation of Trichodesmium phycoerythin under varying light conditions, the inter-
conversion between PUB and PEB, and PSII reaction centre dynamics are parameterised by including
time-varying concentrations of oxidised (Qox), reduced (Qred) and inhibited (Qin) reaction centres as
state variables. The rate at which the interconversion between PUB and PEB occurs is assumed to be
relatively fast when compared to the rate of pigments syntheses. This process is reversible and is given
by

∂TrichoP EB

∂t
= −8

(Qin

QT
− 0.5

)3
τP E Φ(TrichoP EB + TrichoP UB) = −∂TrichoP UB

∂t
, (5.2.11)

where τP E is the switching time-scale and Φ is a parabolic term (see (Baird et al., 2018) for detailed
description) that slows down the conversion rate when one pigment pool has near-zero concentration.

Photons are absorbed by phycobiligments in the ratio of their concentrations and transferred to PSII.
Since energy absorbed by PUB at low irradiance have a low quantum yield (Subramaniam et al., 1999),
for model simplicity, we assume that photons absorbed by PUB are emitted whereas photons absorbed
by PEB cause a change in the state of PSII or in R∗

C . If a photon interacts with Qox and R∗
C is

depleted, carbon fixation occurs and R∗
C is increased. If a photon interacts with Qox and carbon fixation

is inhibited, Qox is reduced to Qred. Finally, if a photon interacts with Qin, the reaction centre remains
inhibited. The following equations represent the rates of change of the reaction centres:

∂Qox

∂t
= −kI n mRCII

Qox

QT
(1 − R∗

C), (5.2.12)

∂Qred

∂t
= kI n mRCII

Qox

QT
(1 − R∗

C) − kI n mRCII
Qred

QT
, (5.2.13)

∂Qin

∂t
= kI n mRCII

Qred

QT
. (5.2.14)

n is the number of Trichodesmium cells and mRCII is a stoichiometric coefficient. The amount of
absorbed photon that is not used by Qox for carbon fixation is given by

kIunfix
= kI

(Qin

QT

)
− kIfix

, (5.2.15)

and is used to change an oxidised reaction centre to a reduced reaction centre.

Table 5.1: Model state variables for the Trichodesmium growth model.

Variable Symbol Units
Structural Trichodesmium biomass Tricho mg N m−3

Trichodesmium phycourobilin concentration TrichoP UB mg PUB m−3

Trichodesmium phycoerythrobilin concentration TrichoP EB mg PEB m−3

Carbon reserves R∗
C mg C m−3

Oxidised reaction centre concentration Qox mg m−3

Reduced reaction centre concentration Qred mg m−3

Inhibited reaction centre concentration Qin mg m−3
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Table 5.2: Derived variables for the Trichodesmium growth model.

Variable Symbol Units
Downwelling irradiance Ed W m−2

Wavelength λ m
Intracellular chlorophyll a concentration ci mg m−3

Total reaction centre concentration QT mg m−3

Concentration of Trichodesmium cells n cell m−3

Absorption cross-section αT richo m2 cell−1

Photon absorption rate kI mol photon cell−1 s−1

Maximum chlorophyll a synthesis rate Chlmax mg Chl m−3 d−1

Table 5.3: Constants and parameters for the Trichodesmium growth model.

Variable Symbol Units Reference
Constants
Avagadro constant AV 6.02 × 1024 mol−1 –
Planck constant h 6.626 × 10−34 J s−1 –
Speed of light c 2.998 × 108 m s−1 –

Parameters
Minimum C:Chl ratio θmin 50 g g−1 (Breitbarth et al., 2008)
Trichodesmium cell radius r 5 µm (Robson et al., 2013)
Rate coefficient of phycobilipigment switching τP E 1/600 s−1 (Baird et al., 2018)
Stoichiometric ratio of RCII units to photons mRCII 0.1 mol RCII mol photon−1 (Baird et al., 2018)
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5.2.4 Model forcing

Outputs from the 12 km Australian Community Climate and Earth-System Simulator (ACCESS-R –
http://www.bom.gov.au/nwp/doc/access/NWPData.shtml), the 10 km Ocean Modelling Analysis and
Prediction System (OceanMAPS – https://researchdata.edu.au/oceanmaps-analysis/1440629) and river
flow data from 22 rivers were used to force the eReefs hydrodynamic model. The biogeochemical model
forcing include the hydrodynamic model (SHOC) outputs, wave data from the Bureau of Meteorology
(BoM) regional wave model AUSWAVE-R and P2R GBR Dynamic SedNet with 2019 catchment con-
ditions of sediment and nutrient loads (McCloskey et al., 2017, 2021b,a). The eReefs hydrodynamic
model configured at 4 km resolutions (GBR4 grid) with the model formulations developed here, the
temperature dependence in (Ani et al., 2023) and the buoyancy regulation formulations described in
Chapter 4 was run from December 1, 2010 to November 30, 2012.

5.2.5 Model Validation

To evaluate the model, fourteen observation sites from the Australian Institute of Marine Science (AIMS)
Marine Monitoring Program (MMP) sensor network sites (Australian Institute of Marine Science , AIMS)
(Figure 5.3) sampled thrice yearly and time series of simulated model outputs from the version of the
eReefs model described by Baird et al. (2020) (i.e., version 3.2 of the biogeochemical model run with
version 2.0 of the hydrodynamic model, hereafter referred to as GBR4-BGC) were used to assess the
model. Observational datasets from the AIMS MMP sites used for model assessment were available
throughout the period the model was simulated (For more information on AIMS MMP sites see Skerratt
et al. (2019); Moran et al. (2022)).

The variables considered for model assessment include Chl-a concentrations from pigment extractions,
nitrate + nitrite [NOx], ammonium (NH4) and dissolved inorganic phosphorus (DIP). The skill metrics
bias, Willmott score, root mean square error (RMS) and mean absolute error (MAE) were used to
evaluate the modified model. Bias assesses the model’s capability to under- or over-predict observations.
The Willmott score is a ratio of the mean square error and the mean absolute deviation about the
observed mean, and varies between 0 and 1 (Willmott et al., 1985). A Willmott score of 0 indicates
no match and 1 indicates a perfect match. For this study, a Willmott score of 0.6 against simulated
water quality variables was used as a benchmark for excellent model fit (Skerratt et al., 2019; Robson
et al., 2020). RMS measures the accuracy of the model by calculating the difference between model
predictions and observations. An RMS of 0 indicates perfect fit.

http://www.bom.gov.au/nwp/doc/access/NWPData.shtml
https://researchdata.edu.au/oceanmaps-analysis/1440629
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Figure 5.3: Sample sites: the Australian Institute of Marine Science (AIMS) Marine Monitoring Program
(MMP) sensor locations (black symbol) and towns (blue symbol).

5.3 Results

5.3.1 Skill assessment

The comparison of observations of Chl-a extractions and simulated GBR4-BGC Chl-a extractions had
a mean Willmott index of 0.47 and mean bias of 0.12 mg Chl-a m−3 (Figure 5.4). Simulated modified
GBR4-BGC Chl-a extractions and observations of Chl-a extractions had a lower average Willmott index
of 0.43 and higher mean bias of 0.18 mg Chl-a m−3 (Figure 5.4). Chl-a extractions were overestimated
in both model simulations and at all sites except at sites located in waters very close to the mainland
and are surrounded by shallow and muddy seabed, namely Yorkey’s knob, Dunk Island and Pandora
Island.

Simulated GBR4-BGC NH4 and NH4 observations had an average Willmott index of 0.39 and bias of
−0.36 mg N m−3. (Figure 5.5). Simulated NH4 from the modified model had a lower average Willmott
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index (0.38) and mean bias −0.36 mg N m−3. NH4 concentrations were underestimated by both models
at all the sites expect at Fitzroy Reef and Pelorus Island.

Figure 5.6 shows that simulated GBR4-BGC NO3 had an average Willmott index of 0.25 and −0.07 mg
N m−3 mean bias. Simulated NO3 from the modified GBR4-BGC model had a lower average bias of
−0.19 mg N m−3 and a 0.25 mean Willmott index. Both models underestimated NO3 concentrations
at 65% of the MMP sites.

In Figure 5.7, simulated GBR4-BGC DIP concentrations had a mean Willmott index of 0.29 and 1.16
mg P m−3 bias. Simulated DIP from the modified GBR4-BGC had a higher mean Willmott index (0.30)
and a higher bias (1.31 mg P m−3). Both models overestimated DIP concentrations.

In general, skill metrics for the modified model were similar to those for the original model.

During 2011/2012 wet season (from December to February), simulated Chl-a extractions, NH4, NO3
and DIP concentrations were higher when compared with the 2010/2011 wet season (Figure 5.8). This is
most likely due to record high rainfall in north and eastern Australia caused by peak La Niña conditions
between late 2010 and early 2011. Figure 5.9 shows the difference between the modified GBR4-BGC
and GBR4-BGC simulations, thus highlighting the divergence of the models.

5.3.2 Emergent relationships and Trichodesmium dynamics

Emergent relationships are system-level patterns that arise from underlying processes, often in a way
that is not immediately obvious by inspecting the equations representing those processes. Examining
emergent relationships can be used to provide an enhanced level of model assessment, especially when
observational data are limited (Robson et al., 2017a; Hipsey et al., 2020; Robson et al., 2020). Previous
work by Robson et al. (2017a, 2020) have used the emergent relationship between the proportion of
small vs large phytoplankton and Chl-a in global ocean data sets (Brewin et al., 2010; Hirata et al.,
2011) to provide an additional layer of model evaluation for the eReefs marine models. The relationship
between small and large phytoplankton and total chlorophyll from GBR4-BGC, modified GBR4-BGC
and observations is shown in Figure 5.10. Relative to the modified GBR4-BGC, the GBR4-BGC better
captures the emergent patterns observed in nature. Both models have similar emergent relationships
between zooplankton and chlorophyll as simulated surface zooplankton concentrations increased with
chlorophyll (Figure 5.11).

Figure 5.12a show increased Trichodesmium PUB concentrations under high irradiance (day) and de-
creased PUB concentrations in dark conditions (night). Conversely, simulated Trichodesmium PEB
concentrations increased in deep and dark conditions, and decreased in surface waters (high irradiance)
(Figure 5.12b). Our model results also show the vertical distribution of Trichodesmium. In Figure
5.12c, at intermediate depths intracellular Trichodesmium chlorophyll a concentrations are higher (Fig-
ure 5.12d) whereas Trichodesmium total nitrogen stores are highest at the surface. In the model,
chlorophyll is synthesised in low light and high nutrient conditions.
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Figure 5.4: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated cholorophyll a (Chl-a) versus monthly observations of Chl-a extractions from December
2010 to November 2012. Sites are arranged from North to South and locations are shown in Figure 5.3.
Water quality sampling was done at more than one depth at some sites. The x-axis labels represent the
short form of the station name followed by the depth in metres below the surface. Index of short names
to full station names: CapeT = “Cape Tribulation"; PortD = “Port Douglas"; DblI = “Double Island";
Green = “Green Island"; York = “Yorkeys Knob"; Fairl = “Fairlead Buoy"; Fitz = “Fitzroy Reef"; High
= “High Island"; Russ = “Russell Island"; Dunk = “Dunk Island"; Pelo = “Pelorus Island"; Pand =
“Pandora Island"; Geoff = “Geoffery Bay"; Pine = “Pine Island".
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Figure 5.5: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated ammonium versus monthly observations from December 2010 to November 2012. Sites
are arranged from North to South and locations are shown in Figure 5.3. See Figure 5.4 for more
information on sites.
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Figure 5.6: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated nitrate versus monthly observations from December 2010 to November 2012. Sites are
arranged from North to South and locations are shown in Figure 5.3. See Figure 5.4 for more information
on sites.
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Figure 5.7: From top to bottom: bias, Willmott score, root mean square error and mean absolute error
for simulated dissolved inorganic phosphorus (DIP) versus monthly observations from December 2010
to November 2012. Sites are arranged from North to South and locations are shown in Figure 5.3. See
Figure 5.4 for more information on sites.
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(a) Total chlorophyll a concentrations.

(b) NH4 concentrations.

(c) NO3 concentrations.

(d) DIP concentrations.

Figure 5.8: Comparison of the time series of simulated and observed chlorophyll a extractions, NH4,
NO3 and DIP at 15 m Port Douglas. GBR4-BGC (orange), modified GBR4-BGC (blue) and observations
(black).
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(a) Total chlorophyll a concentrations.

(b) NH4 concentrations.

(c) NO3 concentrations.

(d) DIP concentrations.

Figure 5.9: Difference between the time series of simulated chlorophyll a extractions, NH4, NO3 and
DIP from modified GBR4-BGC and GBR4-BGC at 15 m Port Douglas.
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(a) GBR4-BGC. (b) Modified GBR4-BGC.

Figure 5.10: Relationship between the percentage of randomly sampled simulated surface large phyto-
plankton and chlorophyll a concentrations (top), simulated surface small phytoplankton and chlorophyll
a concentrations (bottom). Dots represent randomly sampled simulated data points and lines show fits
to observations from a global marine database taken from Brewin et al. (2010); Hirata et al. (2011).
Large phytoplankton comprises microphytoplankton and Trichodesium and small phytoplankton consists
of nano- and pico-phytoplankton.



91

Figure 5.11: Relationship between 15,000 randomly sampled simulated surface zooplankton and chloro-
phyll a concentrations. The smoothing functions applied to the data are represented by lines and
grey-shaded confidence intervals.
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(a) Trichodesmium phycourobilin. (b) Trichodesmium phycoerythrobilin.

(c) Trichodesmium chlorophyll a. (d) Trichodesmium total nitrogen store.

Figure 5.12: Depth profile over time of simulated concentrations of intracellular Trichodesmium phy-
courobilin (PUB), phycoerythrobilin (PEB), chlorophyll a and total nitrogen store (combination of
intracellular structural nitrogen and intracellular nitrogen reserves) at the geolocation (17.75◦S, 146.6◦

E) from midday 15/12/2010 to midday 27/12/2010.
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5.4 Discussion
Trichodesmium phycobilipigments enable the maximisation of photosynthetic efficiency, which is impor-
tant for growth and surface bloom formation. Our model results show that Trichodesmium acclimates
to high light conditions obtainable during the day and in surface waters by increasing the concentration
of PUB and decreasing PEB concentrations (Figures 5.12a and 5.12b). Contrarily, in deep waters or dark
conditions, Trichodesmium PUB concentrations decreased and PEB concentrations increased. These
results agree with the suggestions of Subramaniam et al. (1999), which include an increase in PUB con-
centrations and decrease in PEB concentrations when irradiance is high. Additionally, they suggested
that the increase in PUB concentrations when light conditions are high may serve as photoprotection
since the photons absorbed by PUB are emitted.

Simulated Trichodesmium total nitrogen stores are shown to be maximal at the surface and decreased
with depth (Figure 5.12d). This is likely due to the acclimation of Trichodesmium to high irradiance.
Trichodesmium acclimation to high light has been associated with increased growth due to reduced
cell size, reduction of light-harvesting pigments and increased synthesis of light-protective pigments
(Andresen et al., 2010). Furthermore, the interacting effects of other environmental variables in the
GBR such as dissolved inorganic nitrogen (DIN) and temperature on Trichodesmium growth might
have contributed to decreased Trichodesmium biomass in deep waters. This is because increased DIN
concentrations and reduced temperatures have been suggested to inhibit Trichodesmium growth in GBR
deep waters (Ani et al., 2023).

PEB is a major light-harvesting pigment and is essential for photosynthesis. A decrease in PEB concen-
trations in surface waters should lead to reduced light absorption and consequently a decrease in growth.
However, our results show that Trichodesmium nitrogen stores — consist of structural material used for
growth — are highest at the surface. Likewise, increased PEB concentrations in deep and dark condi-
tions should enhance Trichodesmium growth but simulated Trichodesmium nitrogen stores are shown
to reduce with depth. These could be due to the influence of a combination of various environmental
factors such as temperature, nutrient availability and light on Trichodesmium growth. Therefore, while
changes in PEB concentrations will impact growth, this impact can be offset by the interacting effects
of other important environmental factors.

The model formulations developed in this study more accurately presents what is known about Tri-
chodesmium photophysiology and have been shown to alter simulated Trichodesmium dynamics. How-
ever, some important processes that drive Trichodesmium dynamics have not been implemented in our
model. For example, the limitation of Trichodesmium growth by iron (Sohm et al., 2011), effects of
salinity on Trichodesmium growth, nitrogen fixation and pigmentation (Fu and Bell, 2003), and wind
effects on Trichodesmium vertical movement (Capone et al., 1997) are not represented in the model.

5.5 Conclusions
In this study, new formulations for Trichodesmium optics were developed for improved parameterisation
of the Trichodesmium growth submodel of the eReefs marine biogeochemical models. Although these
new formulations should improve model predictions and have been shown to modify the dynamics of
simulated Trichodesmium populations, we do not have sufficient Trichodesmium observational data to
assess whether this has made the model more accurate. The skill of the modified model when compared
against available monitoring data (surface chlorophyll a and nutrient concentrations) is similar to that
of the version in (Baird et al., 2020) and is slightly worse where it is different.
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To increase our confidence in the modified model’s predictions, it is critical to validate Trichodesmium
concentrations, PEB or PUB concentrations, and/or nitrogen fixation rates against observations. Ad-
ditional improvements to the model could include representing the role of iron in nitrogen fixation or
simulating the dynamics of Trichodesmium colony formation and growth, however both of these would
require additional observational and experimental data.



6. Summary and Conclusions
The previous chapters of this thesis presented an effort to modify EMS-BGC and apply the EMS for
efficient spatial management by investigating Trichodesmium dynamics in the GBR.

In the first chapter, the parameterisation of important biogeochemical processes in EMS-BGC was com-
pared with three other leading coastal biogeochemical models, namely ERSEM, AED and GEM. The
study reported that EMS-BGC does not consider the impacts of extreme events and the adaptation of
marine organisms to climate change impacts and presented important biogeochemical processes that
need to be improved. The use of exponential temperature response functions for all physiological rates
of marine organisms modelled in EMS-BGC is not suitable for the reoccurring extreme temperature
conditions in the GBR and the use of optimum response functions was recommended. The study high-
lighted the importance of incorporating the effects of ocean acidification on the physiology of marine
organisms modelled in EMS-BGC as ocean acidification has been suggested to affect the physiology of
some marine organisms. A further recommendation includes the incorporation of the adaptation of ma-
rine organisms to changing environmental conditions in EMS-BGC as these marine organisms have been
reported to possess the potential to adapt to extreme environmental conditions. These findings helped
set the context for the improvement of EMS-BGC and the application of EMS to the investigation of
nutrient cycling and climate change impacts on the GBR ecosystem.

Chapter 2 presented a review on marine ecosystem parameters and processes that are modified by
climate change and their representations in biogeochemical ecosystem models. The study found that
the limits of the distribution and productivity of phytoplankton and other marine organisms depend on
their physiological tolerance to extreme temperatures and elevated pCO2. The study results indicated
the need for more experimental studies and observational datasets, and synergy between experimental
(observational) scientists and marine modellers for adequate model parameterisation. This is because
improved collection of detailed and long-term observational datasets would help improve the assessment,
accuracy and reliability of marine ecosystem response model predictions. The review study recommended
the inclusion of important marine ecosystem parameters that are modified by climate change in marine
response models and the use of ensemble modelling approaches for better uncertainty analysis. Future
modelling studies were recommended to continue coupling regional models with hydrological models
at catchment scales to capture climate variability and provide information on underlying hydrological
processes. These recommendations would help improve the assessment, accuracy and reliability of marine
ecosystem response model predictions of climate change impacts.

The Trichodesmium growth model of EMS-BGC was modified by optimally parameterising the temper-
ature dependence of Trichodesmium physiological processes in Chapter 3, with knowledge gained from
Chapter 2 since Trichodesmium dynamics is likely to change due to climate change impacts. This cap-
tured the ongoing temperature increases occurring in the GBR. The contribution of Trichodesmium to
the total annual nitrogen budget of the GBR was estimated for the areas of GBRMP and GBR cross-shelf
waters. The model results suggested that nitrogen fixation by Trichodesmium in the GBR contributed
approximately 0.5 MT/yr, exceeding the total average annual riverine nitrogen loads (0.05–0.08 MT/yr).
Nitrogen fixation loads are exceeded by riverine loads only if the comparison is restricted to inshore wa-
ters and during the wet season. The river pollution was suggested to likely impact freshwater wetlands,
mangroves, seagrasses and in-shore coral reefs; while Trichodesmium blooms are likely to be less intense
but more widespread and affect offshore coral reefs and other oceanic ecosystems. Phosphorus and iron
were identified as potential drivers of Trichodesmium growth and nitrogen fixation. Although the model
result is provisional due to limited observations for model assessment, the model outputs reinforced the
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need for more detailed assessment and reliable quantification of the annual nitrogen contribution from
nitrogen fixation in the GBR and other coastal waters. Such advances will improve understandings of
the role of terrestrial nitrogen loads in the GBR and of terrestrial phosphorus and iron loads which can
modulate Trichodesmium abundance. The model findings will help to broaden the focus of water quality
management programs and support management to improve GBR water quality.

In Chapter 4, the Trichodesmium growth submodel of the eReefs biogeochemical models was modified
by applying the form resistance factor to the sinking velocities of tuft-shaped Trichodesmium colonies
in the GBR. The improved model results compared well with observations from the Australian Institute
of Marine Science Marine Monitoring Program sensor network sites and captured the emergent patterns
of phytoplankton size spectrum observed in nature. The modified model formulations improved the
physiological realism of the Trichodesmium growth submodel of the eReefs marine biogeochemical
models, and can help to improve the understanding of Trichodesmium dynamics for effective GBR water
quality management. The model results suggested that observations of the presence or absence of
Trichodesmium surface blooms are not sufficient to characterise the role of this cyanobacterium in the
GBR and highlighted the need for enhanced Trichodesmium monitoring for better model evaluation.

The variation of the major light-harvesting Trichodesmium phycobilipigments (phycourobilin (PUB)
and phycoerythrobilin (PEB)) under varying light conditions was represented in the Trichodesmium
growth submodel of the eReefs biogeochemical model in Chapter 5. This involved parameterising the
interconversion between PUB and PEB, and the photosystem II reaction centre dynamics. The new
formulations should improve model predictions and have been shown to modify the dynamics of simulated
Trichodesmium populations. However, due to limited availability of Trichodesmium observational data
the accuracy of the improved model was not assessed. The skill of the modified model when compared
against available monitoring data (surface chlorophyll a and nutrient concentrations) was similar to that
of the original eReefs model. Also, the model results support previous findings on the need for sufficient
Trichodesmium observations for model validation.

In conclusion, the modelling approach used in this study provides a valuable perspective on spatial and
temporal variability of Trichodesmium, which is critical for targeted monitoring and management —-
from assessing exposure and risks to developing adaptive management approaches. Targeted monitoring
will help provide field observations for the evaluation of the accuracy of EMS and satellite-derived
estimates of fixed nitrogen, measurements of iron riverine loads and will help commence iron studies in
the GBR, whereas targeted management will help increase the impacts of spatially limited GBR water
quality management plans. Finally, this research work recognises that the EMS is not a perfect model
and recommends continuous model improvement and validation for reliable and accurate predictions of
climate change impacts on the GBR.
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