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ARTICLE INFO ABSTRACT

Dataset link: Trichodesmium-buoyancy (Origin
al data)

Trichodesmium cells aggregate and form single trichomes or larger colonies and possess strong intracellular 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

I;z:s;z‘;nmm nutrient cycling and eutrophication. To understand the dynamics of Trichodesmium in the GBR ecosystem,
Buoyancy reliable model predictions of Trichodesmium growth, nitrogen fixation and distribution are required. The
Sinking velocity sinking rates of Trichodesmium colonies have been reported to be dependent on the shape and size of
eReefs colonies, and the orientation of colonies in seawater. Therefore, to better simulate the vertical movement

Great Barrier Reef 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 Program 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 understanding of Trichodesmium dynamics for effective GBR water quality management.

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 ex-
tensive 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 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. Other colony forming cyanobacteria such as Microcystis also
utilise intracellular gas vesicles for buoyancy (Yu et al., 2018; Wei et al.,
2021; Li et al., 2022). Additionally, bloom-forming diatoms such as
Thalassiosira enhance photosynthesis via a robust carbon concentrating
mechanism (CCM) or C4-like pathway (Clement et al., 2017; Qiu et al.,
2022) and Phaecocystis have been assumed to develop a defensive

mechanism against predators by increasing its colony size (Kuhlisch
et al., 2020; Ryderheim et al., 2022).

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).
This agrees with Wu et al.’s (2023) suggestion that Phaecocystis colony
formation provides a competitive advantage over other phytoplankton
species for nutrients and light. Thus, Trichodesmium buoyancy allows
Trichodesmium to occur in conditions of varying irradiance and nutrient
availability common in tropical and subtropical oceans.

* Corresponding author at: College of Science and Engineering, James Cook University, Townsville, QLD 4811, Australia.

E-mail address: chinenye.ani@my.jcu.edu.au (C.J. Ani).

https://doi.org/10.1016/j.ecolmodel.2023.110567

Received 10 August 2023; Received in revised form 25 September 2023; Accepted 13 November 2023

Available online 18 November 2023

0304-3800/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/ecolmodel
http://www.elsevier.com/locate/ecolmodel
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
https://github.com/Chinenyeani1986/Trichodesmium-buoyancy
mailto:chinenye.ani@my.jcu.edu.au
https://doi.org/10.1016/j.ecolmodel.2023.110567
https://doi.org/10.1016/j.ecolmodel.2023.110567
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2023.110567&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C.J. Ani et al.

The sinking rates of Trichodesmium colonies depend on the shape
and size of colonies (Walsby, 1992). Reynolds and Walsby (1975) sug-
gest 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 migrated vertically
increased. Previous studies on the buoyancy regulation of freshwater
diazotrophic Microcystis colonies suggest a weak relationship between
the size and sinking velocity of colonies when there is increased colony
size (Den Uyl et al.,, 2021) and that variations in Microcystis buoy-
ancy could be influenced by irradiance through colony morphology
especially under high irradiance (Xu et al., 2023).

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 (be-
cause photosynthesis increases carbon stores) (Walsby, 1969). This is
consistent with a previous study on the vertical movement of Micro-
cystis colonies as high irradiance reduced buoyancy (Den Uyl et al.,
2021). Toxin producing Nodularia spumigena have been reported to
experience decreased buoyancy in high salinity conditions with im-
plications for the uptake and distribution of nodularian in benthic
communities (Carlsson and Rita, 2019).

Surface Trichodesmium bloom is formed as a result of the occurrence
of buoyancy in very calm conditions (Capone et al., 1997). At the sur-
face Trichodesmium photosynthesise and shade out other phytoplankton
species, and experience increased mortality due to UV exposure and
spread of viral phages through the population. This agrees with Yu
et al.’s (2018) suggestion that the vertical distributions of freshwater
cyanobacteria influence their competition for light as highly buoyant
Microcystis outcompete less buoyant Chlorella in conditions of low
turbulence, high nutrient concentrations and suitable temperatures.
Thus, the persistence of Trichodesmium in surface waters demonstrates
that Trichodesmium is not able to perfectly regulate buoyancy. Tri-
chodesmium buoyancy variations can impact marine ecosystems as they
can facilitate optimal utilisation of light while preventing cell dam-
age 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 greater than riverine nitrogen loads exported to
the GBR. Therefore, an understanding of the variations inTrichodesmium
buoyancy 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 veloc-
ities 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 understanding of Trichodesmium dynamics in
GBR ecosystems.
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2. Methods
2.1. Trichodesmium buoyancy

The sinking velocity of particles is influenced by cell size, shape and
density. For a spherical particle, Stokes’ law (Stokes, 1850) is applied
to the sinking velocity, which is given as

_ 2gr2(pc - pw)
H=—g—
where r is the cell radius, g is gravity, p,, is the water density, p. is
the cell density and # is the coefficient of the dynamic viscosity of
the water. The version of the Trichodesmium growth model described
by Robson et al. (2013) and Baird et al. (2020) assumes a spherical
Trichodesmium colony with radius r = 5 pm and used (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 @
to the sinking velocity of non-spherical cells. The sinking velocity of
non-spherical cells with volume V is defined as

(€8]

28r2(pe = pu)

, 2
u ond (2)
where r, is the effective radius given by
1
NEAY
Te = (4727 ) ’ @)

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 @ = 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 coeffi-
cient of an ellipsoid with semi-axes a, b and ¢ is given as
&= 16 )

3D¥ + Q)

where ¥ is a shape factor independent of orientation, £ is an
orientation-dependent shape factor relative to the direction of move-

G

ment, and D = 2(abc)3 is the nominal diameter. The filaments of a
cylindrical cell of width w and length / have volume

2
w
V= 7r< E) I 5)
and from (3), the effective radius
1
(3,23
’“(16”’1) ' (6)

For a horizontally oriented cell (Fig. 1(a)),

! w
=c<bb=—-,a=—
a=c 2a 2

A vertically oriented cell (Fig. 1(b)) has

’l{/ = l’uhor’ Q= ‘Qhor'

asb=ca=tp=Yw-y 0=0

2 2 vert> vert*

See Walsby and Holland (2006) for detailed derivations of ¥,,,;, ¥j,rs
2,,, and Q. The form resistance coefficient and effective radius
of a tuft-shaped Trichodesmium erythraeum colony with length 1000—
2000 pm and width (diameter) 50-150 pm (Post et al., 2002) are
calculated using (4) where

lpuert + lphar

Y= e @
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(a) Horizontally oriented sinking ellipsoid.
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Drag force

Force due to gravity

(b) Vertically oriented sinking ellipsoid.

Fig. 1. Theoretical streamlines for flow around a sinking ellipsoid. The thickness of the force arrows indicates the magnitude of the forces. For example, relative to the horizontally
oriented sinking ellipsoid, the magnitude of the drag force reduced when the sinking ellipsoid is vertically oriented whereas the force due to gravity remained constant and is

greater than the drag force in both scenarios.

sinking velocity p (1(]"J m s‘w)
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(a) Sinking velocity versus effective radius.

sinking velocity 1 (10 ms™")
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form resistance factor @

(b) Sinking velocity versus form resistance factor.

Fig. 2. Relationships between the sinking velocity (2) and the effective radius (3), the sinking velocity and the form resistance factor (4) of a tuft-shaped Trichodesmium colony

of length 1000-2000 pm and width (diameter) 50-150 pm (Post et al., 2002).

and
Q= ‘Quert '2" Qhor. 8)

Using (2) the buoyancy regulation of Trichodesmium in the water col-
umn is represented by the model as

oTricho _ _2gr§ (Pe = Puw) oTricho

= 9

ot oo 0z ©)
where

Pc = Pmin + R*C (pmax - pmin)’ (10)

z is the distance in the vertical. The parameters p,,;, and p,,,, constrain
the calculation of Trichodesmium colony density and Ry 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~! reported by Walsby (1978). Fig. 2 shows the rela-
tionship 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) (see Table 1
for constants and parameters for the Trichodesmium growth model).

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) regional wave model AUSWAVE-R and P2R
GBR Dynamic SedNet with 2019 catchment conditions of nutrient and
sediment loads (McCloskey et al., 2017, 2021a,b). The eReefs hydrody-
namic 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.

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), 2023) (Fig. 3)
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).


https://researchdata.edu.au/oceanmaps-analysis/1440629
http://www.bom.gov.au/nwp/doc/access/NWPData.shtml
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Fig. 3. Sample sites: the Australian Institute of Marine Science (AIMS) Marine Monitoring Program (MMP) sensor locations (black symbol) and towns (blue symbol).

Table 1
Constants and parameters for the Trichodesmium growth model.
Variable Symbol Units Reference
Constants
Acceleration due to gravity g 9.81 m s72 -
Dynamic viscosity of water at 20 °C u 0.001 Pa s -
Parameters
Trichodesmium cell radius r 5 pm Robson et al. (2013)
Trichodesmium colony effective radius r, 140 pm -
Trichodesmium form resistance factor [ 0.61 -
Minimum cell density Prnin 1010 kg m=3 Calculated from observed maximum rising rates in Walsby (1978)
Maximum cell density Prmax 1030 kg m=3 Calculated from observed maximum sinking rates in Walsby (1978)
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Fig. 4. 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 (Moran et al., 2022). Sites are arranged from North to South and locations are shown in Fig. 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”; Dbll = “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.

The variables considered for validation include chlorophyll-a (Chl-
a) extractions, dissolved inorganic phosphorus (DIP), ammonium (NH,)
and nitrate + nitrite [NO,]. 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 O indicates no match. For
this study, following Skerratt et al. (2019) and 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 accu-
racy, i.e., the difference between model predictions and observations.
An RMS of 0 indicates perfect fit.

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 Chl-a contained in large phytoplankton (including Tri-
chodesmium) and small phytoplankton as a function of chlorophyll were
examined. These relationships were compared with observed relation-
ships reported by Brewin et al. (2010) and Hirata et al. (2011) from
analyses on a global marine phytoplankton database. Additionally, the
relationship between simulated zooplankton biomass and Chl-a were
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Fig. 5. Comparison of the time series of simulated and observed DIP concentrations at 15 m Port Douglas. GBR4-BGC (orange), modified GBR4-BGC (blue) and observations

(black).

compared with that of GBR4-BGC-sph using 15,000 randomly sampled
surface data points.

3. Results
3.1. Skill assessment

The comparison of simulated GBR4-BGC-sph DIP and DIP obser-
vations from the MMP sites had an average Willmott index of 0.29
and bias 1.16 mg P m~3 (Fig. 4). 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.

Simulated GBR4-BGC-sph Chl-a extractions and observations of Chl-
a extractions had an average Willmott index of 0.47 and mean bias of
0.12 mg Chl-a m™3 (Supplementary Information — Figure S1). 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 S2 (Supplementary Information) shows that the comparison
of simulated GBR4-BGC-sph NH, and NH, observations had an average
bias of —0.36 mg N m~3 and Willmott index of 0.39. Simulated NH,
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 NH, at all the sites expect at Fitzroy Reef and Pelorus
Island.

Simulated NO; from GBR4-BGC-sph and GBR4-BGC-cyl were com-
pared with tri-annually sampled NO; and had an average Willmott
index of 0.25 and —0.07 mg N m~3 bias (Supplementary Information
— Figure S3). On the other hand, simulated NO; from GBR4-BGC-cyl
model had a mean Willmott index (0.25) and lower mean bias (—0.19
mg N m~3). NO; was underestimated by both models at 65% of the
MMP sites.

The model simulations capture the impacts of record high rainfall
experienced in north and eastern Australia during the 2010,/2011
wet season (from December to February — caused by peak La Nifia
conditions) as simulated DIP, NH, and NO; concentrations, and Chl-
a extractions during the 2010/2011 wet season were higher when
compared with the 2011/2012 wet season (Fig. 5 and Figure S4 —
Supplementary Information).

The representation of nitrogen and phosphorus cycles in the model
is complex, so the systematic overestimation of DIP and (at some sites)
underestimation of Chl-a could have a range of possible causes. For
example, the models’ overestimation of DIP could reflect an underes-
timation of the adsorption of phosphorus to sediment particle surfaces
due to an error in the parameter controlling adsorption—desorption, or
an error in the net balance between phytoplankton uptake and mor-
tality (or grazing) and subsequent remineralisation of organic matter,
or an error in the parameters defining sediment remineralisation rates,
or from an underestimation of uptake by benthic organisms. Similarly,
the underestimation of NH, and NO; at most sites could be from an
error in the net balance between phytoplankton uptake and mortality
(or grazing) and subsequent remineralisation of organic matter in the
water column, or an overestimation of uptake by benthic biota, or in the
balance between nitrification, denitrification and anaerobic ammonium
oxidation rates, and nitrogen fixation rates. The conceptual diagrams
summarising the nitrogen and phosphorus fluxes in the eReefs model
can be found in the Supplementary Information (Figures S5 and S6).

3.2. Emergent relationships and trichodesmium dynamics

Emergent relationships are system-level patterns observed in na-
ture 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., 2017; 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. (2017, 2020)
to provide an additional layer for the assessment of the eReefs marine
models.

Fig. 6 shows the relationship between small and large phytoplank-
ton and total chlorophyll from GBR4-BGC-sph, GBR4-BGC-cyl and ob-
servations. GBR4-BGC-cyl better captures the emergent patterns ob-
served 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. Fig. 7 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
Fig. 8. GBR4-BGC-cyl Trichodesium concentrations are slightly higher
than that of GBR4-BGC-sph in the southern GBR cross-shelf waters,
lower in central and northern cross-shelf waters and northern GBR
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Fig. 6. Relationship between the percentage of randomly sampled simulated surface large phytoplankton 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 Hirata et al. (2011). Large phytoplankton comprises microphytoplankton and Trichodesium and small phytoplankton consists of nano- and pico-phytoplankton.

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 (Fig. 9(a)) but intracellular Trichodesmium chlorophyll
a concentrations are higher at intermediate depths (Fig. 9(b)). Intra-
cellular Trichodesmium carbon reserves and nitrogen fixation rates are
lowest in deep and dark conditions (Figs. 9(c) and 9(d)).

4. Discussion

4.1. The impacts of variations in buoyancy on trichodesmium distribution
in the GBR

The vertical distribution of Trichodesmium dynamics is influenced
by variations in buoyancy. The interactions between variations in buoy-
ancy and changing environmental conditions such as light, temperature
and nutrient availability can alter the occurrence of Trichodesmium and
other marine organisms. In calm, temperature-suitable and nutrient-
rich conditions, Trichodesmium blooms, dominates the surface layer
and shades out other phytoplankton species. On the contrary, in calm
and stratified waters diatoms and green algae sink beneath the strat-
ified layer where light intensity is low and zooplankton grazing is
high due to their small sizes (Yu et al., 2018). These processes allow
Trichodesmium to outcompete other phytoplankton species for light
and nutrients required for growth. However, increased sinking of Tri-
chodesmium colonies can increase the growth of other phytoplankton
species due to increased influx of light and nutrient availability for
other phytoplankton growth (Benavides et al., 2022).

Variations in buoyancy allow 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.,

12
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Fig. 7. Relationship between 15,000 randomly sampled simulated surface zooplankton
and chlorophyll a concentrations. The smoothing functions applied to the data are
represented by lines and grey-shaded confidence intervals.

2010). Thus, the reduced DIP concentrations from the modified GBR4-
BGC-cyl at 15 m below the sea surface shown in Fig. 5 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
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Fig. 8. Spatially-resolved GBR4-BGC-sph mean surface Trichodesmium concentrations (Fig. 8(a)), and the difference between GBR4-BGC-cyl and GBR4-BGC-sph mean surface
Trichodesmium concentrations (Fig. 8(b)) during summer (from 2 December 2010 to 1 March 2011) in the Great Barrier Reef.

in most parts of the GBR cross-shelf waters and northern GBR domain
(Fig. 8) 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.

4.2. The impacts of variations in buoyancy on trichodesmium physiology

The decrease in simulated Trichodesmium total nitrogen with depth
(Fig. 9(a)) is likely influenced by the inhibiting effects of low irradiance
on Trichodesmium growth. However, Trichodesmium chlorophyll a con-
centrations are higher at intermediate depths (Fig. 9(b)) because the
model’s production of chlorophyll is stimulated in low light conditions
when sufficient intracellular carbon, nitrogen and phosphorus are avail-
able. 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 Fig. 9(d). 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 Fig. 9(a) as the structural
Trichodesmium nitrogen indicating Trichodesmium abundance decreased
with depth. Our model results show the reduction of intracellular car-
bon reserves in deep and dark conditions (Fig. 9(c)). Also, Figs. 9(c) and
9(d) show that nitrogen fixation rate is highest when intracellular car-
bon reserves are high. This is because of the energetic cost of nitrogen
fixation as Trichodesmium utilises fixed carbon to fix nitrogen from at-
mospheric 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.

4.3. Model limitations

It is important to note that the model developed here does not con-
sider all phenomena relevant to variations in Trichodesmium buoyancy.
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 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.

5. Conclusions

The model formulations developed in this study improve the phys-
iological realism of the Trichodesmium growth submodel of the eReefs
marine biogeochemical models, and should therefore improve the accu-
racy 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 phytoplankton 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.

Furthermore, our model findings show that variations in
Trichodesmium buoyancy influences the vertical distribution of Tri-
chodesmium in the GBR and its interaction with changing environmental
conditions can modify the occurrence of Trichodesmium and other
marine organisms in the GBR. Finally, our model results suggest that
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Fig. 9. Depth profile over time of simulated intracellular Trichodesmium nitrogen store (combination 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.

observations of the presence or absence of Trichodesmium surface
blooms are not sufficient to characterise the role of this cyanobacterium
in the GBR.
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