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Abstract

The capacity of many macroalgae to rapidly absorb soluble inorganic nutrients and convert
them into primary biomass provides opportunities for their use in the bioremediation of
nutrient-enriched waters. Marine-based macroalgal cultivation has the potential to target
diffuse source nutrient discharges and produce valuable bioproducts such as fertiliser, soil
conditioning agents and agricultural feed additives and phycocolloids. Whilst macroalgal
diversity offers benefits for improving and maintaining healthy marine ecosystems, it also
presents a challenge for determining the best candidate species for cultivation as a nutrient
biofilter and, ultimately, a source of bioproducts. We developed and applied a multi-criteria
selection model to identify likely candidate macroalgal species for cultivation in Queens-
land’s coastal waters for biofiltration and bioproduct development, focusing on native spe-
cies and product development for the agronomical and horticultural sectors. From a spe-
cies database of 1380 macroalgal species, candidates were initially selected based on their
regional abundance, distribution and morphological characteristics considered amenable to
in-situ cultivation and harvesting. From a resulting shortlist of 17 species, five systematic
literature searches were applied to identify biofilter potential, bioproduct potential and cur-
rent cultivation status. Of the shortlisted species, Ulva lactuca, Gracilaria edulis and Hyp-
nea cervicornis ranked most highly in the multi-criteria analysis, with several other species
showing good potential, but requiring further investment in understanding key biological
processes and the development of cultivation protocols.

Keywords Algaculture - Biofilter - Great Barrier Reef - Mariculture - Species selection -
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DIN Dissolved inorganic nitrogen
DIP  Dissolved inorganic phosphorous
PP Particulate phosphorus

Introduction

Marine macroalgae are ubiquitous and essential components of coastal environments, cre-
ating important habitats for a diverse community of marine species (Fulton et al. 2019;
Ravaglioli et al. 2021) while also providing foundational energy resources that support
complex food webs (Vinagre et al. 2018; Zheng et al. 2020). Macroalgae often exhibit
rapid and opportunistic growth, particularly in response to the enrichment of water col-
umn inorganic nutrients (Vaughan et al. 2021; Mercado et al. 2022). This capacity of many
macroalgae to rapidly absorb inorganic nutrients and convert them into biomass provides
opportunities for their use in the bioremediation of eutrophic waters, both in coastal zones
and in ponds as part of integrated aquaculture operations (Xiao et al. 2017; Aquilino et al.
2020). This same capacity can also lead to some species of macroalgae bioaccumulating
water-borne contaminants such as heavy metals, arsenic, pesticides and herbicides (Holdt
and Kraan 2011; Devault et al. 2021). As such, in-situ bioaccumulation of such compounds
should be assessed and considered with respect to their intended end-use, particularly with
respect to food and feed applications.

Macroalgal biomass has successfully been converted into valuable bioproducts, such as
the use of Asparagopsis spp. as a functional feed supplement for cattle to mitigate enteric
methane (CH,) emissions (Roque et al. 2019; Ridoutt et al. 2022), and the application of
macroalgal fertilisers as biostimulants in horticulture and agronomy (El Boukhari et al.
2020). The broad range of secondary metabolites produced by macroalgae, coupled with
the relatively new exploration of macroalgae in the context of bioprospecting, suggests
that many additional, and potentially valuable biotechnological applications of macroalgae
remain to be discovered and developed (Pereira and Costa-Lotufo 2012). However, it is
crucial that macroalgal bioprospecting also considers the amenability of candidate species
to cultivation, to help promote the sustainable development of these emerging industries.

Cultivation of macroalgae needs to be economically viable to be successful (Kang et al.
2013). A comprehensive modelling exercise for the economic, social and environmental
opportunities for macroalgal culture in Australia was carried out, suggesting the potential
for a AUD $1.5 billion industry by 2040 (Kelly 2020). Australia boasts an enormous diver-
sity of marine macroalgae with over 2000 species currently recorded, many of which are
endemic (Huisman 2018; Hurd et al. 2023; Guiry and Guiry 2024). Such diversity offers
benefits for maintaining healthy marine ecosystems (Stachowicz et al. 2008; D’Archino and
Piazzi 2021) and developing mariculture, but also presents a challenge in identifying the
most promising native species for cultivation as a nutrient biofilter and, ultimately, a source
of bioproduct. Ideally, species used for biofiltration should remove a significant fraction of
the pollutant of concern at a high areal rate, produce a high yield of biomass, have a nutri-
tional profile or bioactive compounds applicable to an end-user product and should have
established techniques in place for life-cycle control (Neori et al. 2004).

In the state of Queensland, financial incentives in the form of nitrogen credits are avail-
able for the provision of bioremediation solutions for the Great Barrier Reef (GBR) World
Heritage Area (Kelly 2020). In the GBR, mean-annual nutrient loads from land-based run-
off have increased following widespread immigration of European settlers in the 1860s
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(Furnas 2003). River-nutrient loads are estimated to have increased by a factor of 5.7 for
total nitrogen and 8.9 for total phosphorous, rising from respective pre-European levels
of 14,000 and 1,800 tonnes per year to recent levels of 80,000 and 16,000 tonnes per year
(Kroon et al. 2012). In recent years, nutrient loads to the GBR in the form of dissolved
inorganic nitrogen (DIN) and dissolved inorganic phosphorous (DIP), the forms most read-
ily available for algal growth (Hurd et al. 2014), accounted for 22% and 16% of total nitro-
gen and total phosphorous discharges (Bartley et al. 2017). Excess nitrogen and phospho-
rous loading may have negative effects on reef calcification rates (Silbiger et al. 2018),
while excess nitrogen has been suggested to exacerbate the severity of coral bleaching
by lowering the temperature threshold for severe bleaching events (Donovan et al. 2020).
However, further research is needed to quantify the effects of catchment loads on the sus-
ceptibility to, and recovery from, coral bleaching (Hughes et al. 2017; Baird et al. 2021).
Increased nutrient loading can also compromise coral health by enhancing macroalgal and
turf algal growth on coral boundaries and bleached coral, resulting in competition with, or
overgrowth of corals, particularly in habitats of low herbivory (McCook 1999; Williams
et al. 2019; Adam et al. 2021). Elevated nutrients have also been linked to outbreaks of
crown-of-thorns starfish Acanthaster planci, a significant contributor to the loss of hard
coral cover in the GBR (Brodie et al. 2017). These collective impacts associated with
excessive nutrient loading from land-based runoff have the potential to impact the health of
the GBR and its resilience to stress events, potentially rendering the reef more vulnerable
to impacts associated with ocean acidification and extreme weather events (Waterhouse
et al. 2017).

Elevated nutrients in flood plumes as a result of heavy rainfall in GBR catchments can
lead to temporary eutrophic conditions, associated with noticeable surface phytoplankton
blooms (McKinnon et al. 2013). The development of ocean-based macroalgal cultivation
in the GBR lagoon may represent a commercially viable mechanism for the mitigation of
coastal nutrient enrichment associated with excess runoff, via the biofiltration of excess
nutrients (Kim 2014; Xiao et al. 2017). Despite the fact that algaculture has been identi-
fied as a key emerging industry for Queensland (Naughtin et al. 2021), at present there
are no commercial ocean-based algaculture operations and only two land based facilities
located there (Kelly and Macleod 2023). As a form of extensive aquaculture in which inter-
ventions such as supplemental feeding and aeration are not required (Martinez-Curci et al.
2023), algaculture in the GBR may be permitted within designated zones under a Marine
Parks permit from the Great Barrier Reef Marine Park Authority (Queensland Government
2024b). These designated areas are classified as General Use, Habitat Protection and Con-
servation Park zones, accounting for approximately 32.6%, 28.0% and 1.5% respectively
of the 345,000 km? marine park (Queensland Government 2024a). Marine spatial plan-
ning for algaculture in the GBR will also need to consider bathymetry and environmen-
tal parameters to maximise biofiltration services (Roleda and Hurd 2019), avoid conflict
with existing industries such as shipping, and minimise potential environmental impacts
(Racine, Marley, Froehlich et al. 2021).

Land-based algaculture represents an alternative means for the biofiltration of nutrients
from estuarine and marine sources in areas of the GBR which experience high nutrient
runoff. Land-based cultivation offers the potential to achieve high yields of commercially
valuable species and the benefits of traceability and consistent biomass and product quality
(Mata et al. 2016; Wu et al. 2022). The Queensland Department of Agriculture and Fisher-
ies (2018) has identified six potential sites for locating and operating land-based aquacul-
ture facilities in Queensland based on a range of economic, environmental and constraints
mapping, spanning a total of 7,048 ha. Despite the benefits associated with land-based
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algaculture, this mode of cultivation requires access to water and significant investment in
infrastructure, maintenance and energy and thus poses significant technical, logistical and
economic constraints (Kelly 2020). Therefore, the scope of this review and analysis will
focus on ocean-based cultivation. Ocean-based cultivation accounts for the majority of sea-
weed production globally, and typically focuses on low-cost production of large quantities
of monospecific harvestable biomass for feed or food. However, with a growing market for
bioactive algal compounds, ocean-based cultivation may be better suited to the grow-out of
large mature fronds than land-based systems (Hafting et al. 2015).

Achieving meaningful nutrient reductions in the GBR will be largely dependent on
significant development of ocean-based algaculture (Kelly 2020) with an estimated col-
lective macroalgal cultivation footprint of 87.7 km? required to meet respective DIP and
DIN reduction targets in GBR catchments (Table 1). The estimates provided in Table 1
are based on calculations of nutrient removal capacity per km? of macroalgal cultivation
for total macroalgal culture in China, with species composition dominated by Saccharina
Japonica (69.4%) and to a lesser extent, Gracilariopsis species (13.4%) (Xiao et al. 2017).
However, in-situ nutrient uptake rates in the GBR will be dependent on cultivation spe-
cies and local conditions, including temperature, irradiance, stocking density, hydrody-
namics and herbivory pressure (Roleda and Hurd 2019); therefore, refining these estimates
will require consideration of these factors, for example within a numerical ocean model
approach.

Here, we present the results of a three-phased methodology for the selection of can-
didate, native macroalgal species for the purposes of biofiltration and bioproduct devel-
opment, with a focus on (a) product development for the agronomical and horticultural
sectors; and (b) species with demonstrated presence of bioactive metabolites or evidence
of bioactivity, with potential to span a range of product areas in major markets, includ-
ing pharmaceuticals, feed additives, manufacturing, food processing and cosmetics
(Buschmann et al. 2017; Kelly 2020).

Characterisation of Queensland’s coastal waters

Located in northeast Australia, Queensland’s mainland coastline extends from latitude 28°
to 10° south, spanning 6,967 km with a further 6,385 km of island coastline, including the
GBR (Geoscience Australia 2024). Whilst Queensland’s seafood aquaculture industry is
valued at AUD $94.5 million, there are no ocean-based macroalgal culture operations and
only a small number of land-based operations in the region (Department of Agriculture
and Fisheries 2016a; Kelly 2020; FAO 2022). Queensland’s coastal climate ranges from
sub-tropical to tropical, with average water temperatures ranging 23-31 °C in the north
to 19-27 °C in the south (Bureau of Meteorology 2001; Meynecke and Lee 2011). The
wet season occurs primarily from October—April with average annual rainfall ranging from
700 to 1,500 mm (Meynecke and Lee 2011). Much of this rainfall is channelled to the
GBR lagoon through sizeable river catchments that have seen expansive land modifica-
tion for agricultural and horticultural purposes, e.g. approximately 40% land clearance for
cattle grazing and sugarcane farming (Furnas 2003). Sugarcane farming is the primary
contributor of dissolved inorganic nitrogen to GBR catchments, and cattle grazing is the
primary contributor of sediment and particulate nutrient discharge through sub-surface
erosion (Waterhouse et al. 2017). Catchment modelling estimates that 55.0 kt of total nitro-
gen and 13.4 kt of total phosphorous are delivered to the GBR per year, of which 53%
and 66% respectively is attributed to anthropogenic changes in land use and management
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(Waterhouse et al. 2017). This land modification, paired with the region’s seasonal and
highly variable runoff and groundwater, has led to a substantial increase in the discharge of
fertilisers, sediment, freshwater, pesticides and herbicides and increased exposure of acidic
soil over the last 50-150 years, impacting the water quality of GBR lagoon (Hutchings
et al. 2005). Intensive agriculture is largely responsible for pesticide loading in the GBR
catchments; predominantly sugarcane, which contributes the majority of photosystem II
inhibiting herbicides (ametryn, atrazine, diuron and hexazinone) and, to a lesser extent, cat-
tle grazing (tebuthiuron) (Devlin et al. 2015).

The GBR region contains a diverse and complex assemblage of macroalgae, with spe-
cies assemblage and macroalgal cover linked to variation in the physical environment of
the seabed and environmental conditions (Diaz-Pulido et al. 2016; Fabricius et al. 2023).
Within the GBR region, macroalgae occupy a wide range of habitats, including shallow
and deep coral reefs, deep inter-reef areas, seagrass beds, mangrove forests, sandy bottoms
and rocky intertidal zones (Diaz-Pulido et al. 2007).

Materials and methods

A three-phased methodological approach for selection of marine macroalgal species for
nutrient biofilter and bioproduct trials in Queensland’s coastal waters was developed as
outlined below.

Phase 1: assembling the species database

A database of all marine macroalgae recorded in Queensland’s waters as of November
2020 was amalgamated from online databases maintained by AlgaeBase and Atlas of Liv-
ing Australia (Atlas of Living Australia 2024; Guiry and Guiry 2024). Database records
were searched by defining the geographic area as ‘Queensland’ and habitat as ‘marine’ and
the species group as ‘algae’. Duplicate records among online databases were removed and
non-native species were excluded. Selecting only native species for cultivation in the GBR
may help to maintain biodiversity by minimising the risk of of disease and pest transfer
associated with the cultivation of non-native or invasive species (Campbell et al. 2019).

Phase 2: multi-criteria selection of species

The second phase of the selection process was the application of multi-criteria to the data-
base to identify potential candidate macroalgal species suitable for commercial ocean-
based cultivation in Queensland using a series of pre-requisite criteria. The criteria were
determined through consultation with an independent science panel with significant expe-
rience in phycology, policy, sustainability, fisheries resource management, business strat-
egy and commercialisation. The selection criteria were endorsed by industry partner The
Australian Seaweed Institute and advocacy group The Australian Sustainable Seaweed
Alliance. Using a quantitative approach, criteria were designed to ensure that the short-
listed species possessed sufficient biomass to maximise the commercial viability of ocean-
based cultivation and were relatively abundant and widely distributed, to enable cultivation
within the GBR at a wide special scale.
The following criteria were sequentially applied to the species database (Fig. 1):
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Criteria for selection of species: Number of
species retained:
Species database of all marine algae recorded in Queensland’s waters 1,380
!
a) Euglenophyta, diatoms, dinoflagellates and microalgae removed 1,021
]
b) Species with < 30 records removed 120
¢
c¢) Calcified and turf-forming species removed 101
‘
d) Taxonomic synonyms consolidated 920
e) Species occurring in < 4 IBRA 7.0 regions removed 52
]
f) Species with thallus length <20 cm removed 17

Fig.1 Flowchart of multi-criteria selection process (Phase 2) for the identification of potential candidate
species suitable for commercial macroalgal cultivation in Queensland’s coastal water

(a).

(b).

(c).

(D).
(e).

Must be a marine macroalgal species; this excludes euglenophyta, diatoms, dinoflagel-
lates and microalgae which are not amenable to ocean-based cultivation.

Species must be relatively abundant throughout Queensland’s coastal waters, defined
by an arbitrary cut-off of > 30 records from Queensland waters (The Australasian
Virtual Herbarium 2024). According to the Great Barrier Reef Marine Park Author-
ity (2004), broodstock must be collected from the nearest viable population, taking
account of cross-shelf, latitudinal and bioregional differences. To improve the likeli-
hood of reliable access to source material for research and establishing nurseries, a
cut-off of > 30 records from Queensland’s waters was selected. This cut-off was based
on the distribution of the data by visualising the spread of values on a histogram; 57.3%
of species had less than 10 records in Queensland’s waters, with the number of records
ranging from 1 to 365 and the average number of records per species being 18.
Species must not have a calcified thallus (e.g. encrusting coralline algae, Halimeda)
or be turf-forming (e.g. Feldmannia, Ceramium). Although turf-forming algae are
capable of acquiring a significant proportion of nutrients from episodic runoff events
and are thus a crucial component of nutrient recycling in coral reef ecosystems (den
Haan, Huisman, Brocke et al. 2016), their morphology and small biomass is not suited
to ocean-based aquaculture.

Taxonomic synonyms checked and consolidated.

Species must be relatively widespread throughout Queensland’s waters to enable
widespread cultivation across varying water temperatures, and reduce the risks associ-
ated with translocation activities (Great Barrier Reef Marine Park Authority 2007).
Therefore, a cut-off was imposed, requiring the availability of species records in > four
biogeographic regions, out of a maximum of six such regions in Queensland’s coastal
waters. Regions were defined by the Interim Biogeographic Regionalisation for Aus-
tralia version 7.0 (IBRA). IBRA represents a landscape-based approach to classifying
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Australian habitats, with each region reflecting a unifying set of major environmental
influences which shape biodiversity and its interaction with the physical environment
(NSW Government 2016). The cutoff of > four biogeographic regions was selected
based on the distribution of the data by visualising the spread of values on a histo-
gram; retaining species with a distribution spanning of > four biogeographic regions
preserved 58.2% of the species remaining in the database.

(f). Species must possess an average thallus length of > 20 cm, with thallus length acting
as an indication of biomass, given that thallus length and biomass have been shown
to be highly correlated (r=0.90) in a number of phylogenetically distinct macroalgae
(Scrosati 2006).

Phase 3: systematic review of shortlisted species

The third phase of the selection process was to systematically review the existing body of
literature for each of the species shortlisted in Phase 2 (n=17), with respect to five research
areas: (1) nutrient uptake rates; (2) growth rates; (3) bioproduct potential, with a focus on
applications in agronomy and horticulture; (4) identification of bioactive primary and sec-
ondary metabolites; and (5) current status and scale of cultivation. Searches for the above
research areas were conducted between April 2021 and May 2023 using the online data-
base Scopus by searching within article title, abstract and keywords (Table 2). Duplicate
records were removed from the database. Peer-reviewed journals and industry or govern-
ment reports were eligible for inclusion in the review. A date cut-off or geographical limi-
tation was not applied. Searches were carried out on both the accepted name of the species
and homotypic and heterotypic synonyms, as defined by the World Register of Marine Spe-
cies (2024) and Guiry and Guiry (2024); note, references to the shortlisted species hereaf-
ter include eligible records pertaining to synonymous species. In cases where more than 50
records were returned from a single search, results were sorted according to the ‘relevance’
function in Scopus and the first 50 records were screened for eligibility according to crite-
ria detailed in Table 2. Although the focus of this study is on the development of ocean-
based cultivation, cultivation studies conducted on land were eligible for inclusion, in order
to capture reproductive biology and nursery studies, and experimental-scale cultivation
studies conducted in tank-based systems.

For each research area, specific metrics were extracted from the eligible literature
records. For research area one (nutrient uptake), the extracted metrics were tissue nutri-
ent content (nitrogen and phosphorous) on a dry weight (DW) basis, nutrient uptake rate
(ammonium, nitrate and phosphate) on a DW and fresh weight (FW) basis, the experimen-
tal setting (tank, field or pond-based) and the inclusion of additional explanatory variables.
Extracted metrics for research area two (growth rate) were peak relative growth rate, peak
biomass on a FW and DW basis, the experimental setting and the inclusion of additional
explanatory variables. Ideally, records pertaining to nutrient uptake and growth would be
restricted to in-situ studies of ocean-based cultivation, preferably within the GBR, as varia-
tion in temperature, among other factors such as irradiance and stocking density will affect
these metrics (Roleda and Hurd 2019). Even on a small geographic scale, site-specific vari-
ation, seasonality and differences in cultivation techniques will affect nutrient uptake and
growth rates among studies. However, further refinement of the selection criteria was not
possible due to a scarcity of eligible records for these research areas with respect to the
shortlisted species. For research area three (applications within agronomy and horticul-
ture), data were collected on the range of applications identified and the scale of study
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(laboratory scale, greenhouse scale or in-situ field scale). Within research area four (evi-
dence of bioactive metabolites), data were collected on the range of bioactive primary and
secondary metabolites reported and the associated applications that were demonstrated.
Finally, within research area five (current status and scale of cultivation), data were col-
lected on the range of response and explanatory variables assessed, the experimental scale
(laboratory or pilot) and the experimental setting (ocean, pond or tank based). Data visuali-
sation and figure creation was conducted in R version 4.0.4 (R Core Team 2021) using the
ggplot2 package (Wickham 2009).

Finally, all shortlisted species were scored within a multi-criteria analysis with respect
to the five key research areas, to aid decision in prioritising which species to carry forward
to cultivation trials in the GBR as biofilters and for bioproduct development. The scor-
ing criteria used in the multi-criteria analysis framework are presented in Supplementary
Information Table S1. The weighting of the multi-criteria analysis considers the strength
of advantageous metrics within each of the five key research areas (accounting for 66.6%
of weighting per research area). To a lesser extent, the weighting considers the availability
of scientific data within the five key research areas (accounting for 33.3% of weighting per
research area) to account for the robustness of conclusions drawn. Furthermore, an addi-
tional weighting was applied to each research area, placing emphasis on the suitability of
a given species for biofiltration and commercial cultivation, the key focus of this study. In
research area one (nutrient uptake), only four eligible records were identified with respect
to phosphate uptake rate; therefore, this variable was not included in the multi-criteria
analysis as it would not provide a meaningful comparison, although these records were
included in the total numbers of studies identified.

Results
Phase 1: assembling the species database

Searches of Algaebase and Atlas of Living Australia yielded 1,375 and 348 results respec-
tively. The amalgamation of these records without duplicates resulted in a working data-
base of 1,380 species.

Phase 2: multi-criteria selection of species

The number of species retained in the database throughout the multi-criteria selection pro-
cess is displayed in Fig. 1. Seventeen species remained (Table 3) at the end of Phase 2.
Regarding global marine macroalgal cultivation of these shortlisted species, at the family
level, only Bonnemaisoniaceae, Caulerpaceae, Gracilariaceae, Sargassaceae, Solieriaceae
and Ulvaceae have been cultivated to date (note that FAO (2022) production statistics are
only classified to a family level for some entries, inhibiting the ability for direct species
comparisons). The historical global production of these families, in terms of volume and
value, is outlined in Fig. 2, and shows a particularly strong increase in both volume and
value for Solieriaceae, and, to a lesser extent, Gracilariaceae, over the past 20 years. Of the
Solieriaceae cultivated in 2020 for which a species name was reported, Kappaphycus alva-
rezii accounted for 92% on a wet weight basis, Eucheuma denticulatum for 8% and Eucheu-
matopsis isiformi for less than 1% (FAO 2022). All of the Gracilariaceae cultivated in 2020
belonged to the genus Gracilaria, although species names were not reported (FAO 2022).
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Table 3 The shortlisted species remaining at the end of the Phase 2 multi-criteria selection process outlined
in Fig. 1. Note that species are listed alphabetically and in no way reflect any selection preference with

respect to suitability as candidate species for cultivation in Queensland’s coastal waters

Species name (authority)  Family Taxonomic phylum Thallus morphology

Asparagopsis taxiformis Bonnemaisoniaceac Rhodophyta Erect

Caulerpa taxifolia Caulerpaceae Chlorophyta Erect, foliose

Cladophoropsis vaucherii- Boodleaceae Chlorophyta Branched, filamentous
Sformis

Gracilaria edulis Gracilariaceae Rhodophyta Erect, simple terete

branching

Halymenia durvillei Halymeniaceae Rhodophyta Erect, foliose, branched

Hormophysa cuneiformis ~ Sargassaceae Ochrophyta; Phaeophyceae Erect, branching

Hydroclathrus clathratus ~ Scytosiphonaceae Ochrophyta; Phaecophyceae Spherical

Hypnea cervicornis Hypneaceae Rhodophyta Erect, branching

Laurencia obtusa Rhodomelaceae Rhodophyta Branched

Sarconema filiforme Solieriaceae Rhodophyta Erect, branched

Sargassopsis decurrens Sargassaceae Ochrophyta; Phacophyceae Erect, branched

Sargassum baccularia Sargassaceae Ochrophyta; Phacophyceae Erect, branched

Sargassum polycystum Sargassaceae Ochrophyta; Phaeophyceae Erect, branched

Sirophysalis trinodis Sargassaceae Ochrophyta; Phacophyceae Erect, branched

Solieria robusta Areschougiaceae Rhodophyta Erect, branched

Spyridia filamentosa Callithamniaceae Rhodophyta Erect, branched

Ulva lactuca Ulvaceae Chlorophyta Erect, foliose

Phase 3: systematic review of shortlisted species

Literature searches returned 267 (nutrient uptake), 862 (growth), 593 (bioproduct poten-
tial for agronomy and horticulture), 706 (bioactive metabolites and applications) and 1,888
(current status of cultivation) records for each research area respectively (Table 4). Of
these records, 16, 45, 52, 186 and 57 items met the eligibility criteria for each research
area, respectively and were included in the review. Eligible records were only identi-
fied across all research areas for Ulva lactuca Linnaeus, Gracilaria edulis (S.G.Gmelin)
P.C.Silva 1952 and Hydroclathrus clathratus (C.Agardh) M.Howe. In contrast, no eligible
records were identified within any of the research areas for Cladophoropsis vaucheriiformis
(Areschoug) Papenfuss and Sargassopsis decurrens (R.Brown ex Turner) Trevisan 1843.
Of the eligible records identified with respect to research area one (nutrient uptake),
75% of the studies were conducted within tank-based systems, 13% were conducted
within a combination of tank and field-based systems and 12% were conducted in pond-
based systems or within a combination of tank and pond-based systems. The majority
(94%) of records which assessed nutrient uptake also investigated the effects of nutrient
enrichment on uptake rates. Other variables which were experimentally manipulated with
respect to nutrient uptake were culture density, water temperature, irradiance, salinity and
CO, enrichment (each accounting for 6% of records). Of the species for which eligible
records were returned, on average, Caulerpa taxifolia (M.Vahl) C.Agardh possessed the
highest tissue nitrogen content, with reported values ranging from 1.17 to 5.50% DW as
a percentage of dry weight (DW) (Delgado et al. 1996; Paul and de Nys 2008), whereas
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Fig.2 Historical global produc-
tion in terms of a volume and

b value of Bonnemaisoniaceae,
Caulerpaceae, Gracilariaceae,
Sargassaceae, Solieriaceae and
Ulvaceae. Data source: FAO
(2022)
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U. lactuca possessed the highest tissue phosphorous content, with reported values ranging
from 0.10 to 0.53% DW (Van Alstyne 2018; Bews et al. 2021) (see Table 5; Fig. 3 for mean
values). In terms of nutrient uptake rate on a DW basis, Sargassum baccularia (Mertens)
C.Agardh demonstrated the greatest rates of ammonium uptake, with uptake peaking at
80.00 pumol g~' h™! (Schaffelke and Klumpp 1998b) and U. lactuca demonstrated the
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Table 4 Number of records returned in the systematic review for each research area by species (Phase 3).
Shown in brackets is the number of records retained after screening for eligibility. Heat map is calculated
per research area based on the number of records retained after screening, with red representing minimum
values, yellow representing median values and green representing maximum values, per research area

1: Nutrient | 2: Growth 3: Evidence | 4: Evidence | 5:Current
uptake rate of fertilizer- | of bioactive | status and
rate oriented metabolites | scale of
Species name (authority) bioproducts cultivation
Number of articles returned from searches
(Number of articles retained after screening for eligibility)
Asparagopsis taxiformis 26 (1) 50 (1) 11 (3)
Caulerpa taxifolia 23(2) 19 (1) 85 (10) 141 (2)
Cladophoropsis vaucheriiformis
Gracilaria edulis 4(2) 37(13) 11(10) 9(5)
Halymenia durvillei 4(3) 8(1)
Hormophysa cuneiformis 9 (4) 6 (6) 15(1)
Hydroclathrus clathratus 3(2) 37(2) 31(1) 6(12) 77 (1)
Hypnea cervicornis 36 (6) 52 (26) 181 (11)
Laurencia obtusa 4(2) 25 (6) 102 (1)
Sarconema filiforme 2(2) 3(3) 10(2)
Sargassopsis decurrens
Sargassum baccularia 4(3) 7(2) 5(3)
Sargassum polycystum 42 (4) 4(3)
Sirophysalis trinodis 13 (8)
Solieria robusta 11 (5) 8(7) 18 (1)
Spyridia filamentosa 2(2) 8(1) 9 (5) 29 (4)
Ulva lactuca 326 (27) 1,208 (5)
Total 267 (16) 862 (45) 593 (52) 706 (186) 1,888 (57)

greatest rates of nitrate and phosphate uptake, at 19.08 umol g~' h™! and 4.93 pmol g~' h~!,
respectively (Mhatre et al. 2018; Cartel 2020) (see Table 5 for mean values).

For research area two (growth rate), 43% of eligible studies were conducted within tank-
based systems, 50% of studies were conducted in the field (of which 50% were conducted
in an algaculture setting and 50% were conducted in wild populations) and 7% of stud-
ies were conducted within a combination of tank-based and field systems. The factor most
commonly investigated in relation to growth was nutrient enrichment (30% of records)
and, less frequently, irradiance (18%), salinity (18%), seasonality (16%) and site selection
(11%). For species where data was available, the greatest relative growth rate was reported
in U. lactuca at 54.57% FW per day (Sode et al. 2013), whereas the highest biomass was
reported for Sarconema filiforme (Sonder) Kylin 1932 on a FW basis at 4,240 g m~2 (Gane-
san et al. 2014) and for U. lactuca on a FW basis at 707 g m~2 (Table 6).

Of the eligible records identified for research area three (applications within agronomy
and horticulture), biostimulants accounted for the largest proportion of applications identi-
fied (54% of studies), followed by biofertilisers (40%) and biofungicides (25%) (Fig. 4).
The majority of studies were conducted on a laboratory scale or a small scale (76%) within
pots, seed trays or hydroponic systems. By comparison, few studies assessed the efficacy of
algal applications on a larger scale in-situ (24%). Further details on the applications identi-
fied in the literature concerning agronomy and horticulture are presented in Supplementary
Information Table S2.

Within research area four (evidence of bioactive metabolites), terpenes and terpenoids
accounted for the largest proportion of bioactive secondary metabolites reported (35%),
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a) Ulva lactuca .. Boee
Sargassum baccularia| === femeee oo
(0]
Q2
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2}
Gracilaria edulis {
Caulerpa taxifolia . . | R — y
0 2 4 6
Tissue nitrogen content (% DW)
b) Ulva lactuca | o . 1
Sargassum baccularial == -
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Fig.3 Tissue a nitrogen; b phosphorous content (% dry weight (DW)) according to shortlisted species.
Data points are obtained from the eligible records identified in the systematic review (see Table 5). The
range of values is represented by the grey bar, with the black bar representing the mean

followed by halogenated compounds (16%) (Fig. 5b). References to primary metabolites
with associated bioactivity were also reported but to a lesser extent, including polysac-
charides and fatty acids (28% and 25% of records, respectively, Fig. 5a). However, in the
majority of studies, the bioactivity of these compounds was not examined in isolation,
but as part of an extract of a range of compounds (Fig. 5b). The majority of proposed or
demonstrated applications of these bioactive compounds relate to human health (Fig. 5c),
with reported antibacterial, anticancer, antifungal, antiprotozoal, antiviral, antioxidant and
anti-inflammatory activity. The greatest number of proposed or demonstrated applications
within the human health sector were for U. lactuca (31 reported applications), followed by
Hypnea cervicornis J.Agardh and Laurencia obtusa (Hudson) J.V.Lamouroux (24 and 21
applications respectively). Aquaculture, including finfish, shellfish and prawns, represents
an additional sector for which significant applications have been proposed or demonstrated,
including as an antibacterial agent, immunostimulant and growth promoter (Mani 2021;
Vijayaram et al. 2024).

Of the eligible records identified with respect to research area five (current status and
scale of cultivation), irradiance, nutrient provisioning and water temperature were the
most commonly assessed experimental variables (Fig. 6). Growth rate or yield was the
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Fig. 4 Number of records identified per application (within agronomy and horticulture) per shortlisted spe-
cies

most commonly assessed dependent variable, accounting for 78% of studies, followed
by primary metabolite content (18%), photosynthetic pigment content (12%), secondary
metabolite content (9%) and reproductive output (9%). Morphology, nutrient uptake rate,
herbivory and photosynthetic rate was rarely assessed (collectively accounting for 16%
of records). The majority of studies were conducted on a laboratory scale or within tank-
based systems (64%), with 36% of studies being conducted in pond or ocean-based systems
on a pilot scale. Of the 21 pilot scale studies, 18 were conducted in ocean-based systems,
the largest of which comprised cultivation of S. filiforme on 1,000 m of rope using float-
ing rafts (Ganesan et al. 2014). Three pilot scale studies were conducted in pond-based
systems; the most extensive study comprised of H. cervicornis cultured on ropes and in
baskets, within two ponds with a combined area of 5,400 m? (Friedlander and Zelikovitch
1984).

Within the multi-criteria analysis, U. lactuca ranked most highly with a score of 3.33,
followed by G. edulis and H. cervicornis with respective scores of 3.06 and 2.07 (Fig. 7;
Supplementary Information Table S3). Asparagopsis taxiformis (Delile) Trevisan, S. fil-
iforme, S. baccularia, Spyridia filamentosa (Wulfen) Harvey and Solieria robusta (Gre-
ville) Kylin achieved scores ranging from 0.99 to 1.31. Caulerpa taxifolia, Halymenia dur-
villei Bory, H. cuneiformis, H. clathratus, S. decurrens, Sargassum polycystum C.Agardh
and Sirophysalis trinodis (Forsskal) Kiitzing achieved scores ranging from 0.06 to 0.97.
Cladophoropsis vaucheriiformis scored 0.00 due to data deficiency.
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Fig.6 Independent variables assessed with respect to cultivation per shortlisted species. Variables for
which less than three records were identified were classified as ‘Other’. ‘Other’ included supplementation
with hydrogen peroxide (Asparagopsis taxiformis); provision of low-dose radiation (Ulva lactuca); water
motion (Halymenia durvillei); site and strain selection (Hypnea cervicornis, Gracilaria edulis); fragmen-
tation method (Hormophysa cuneiformis (J.F.Gmelin) P.C.Silva); pH (Hydroclathrus clathratus, Spyridia
filamentosa), agar concentration in axenic culture (H. cervicornis), harvesting method, co-culture with bac-
teria, raft design and presence of epiphytes (G. edulis)

Discussion

Marine-based macroalgal cultivation may represent a commercially viable mechanism
for the bioremediation of eutrophic coastal waters and a source of material for bioprod-
ucts (Neori et al. 2004; Duarte et al. 2021). However, the high degree of algal diversity in
Queensland, coupled with gaps in our understanding of their physiology, presents chal-
lenges to determining the most promising candidate species to take forward for cultivation.
We addressed this issue of species selection using a multi-criteria selection methodology
to shortlist 17 species as potential candidates for cultivation. After conducting systematic
literature searches across these shortlisted species with respect to their cultivation poten-
tial for biofiltration and bioproduct development, we employed a multi-criteria approach
to prioritise these candidates according to the strength of advantageous metrics and, to a
lesser extent, the availability of scientific data in these research areas. The multi-criteria
analysis revealed that U. lactuca, G. edulis, H. cervicornis and L. obtusa appear to show
the greatest promise in terms of their combined attributes of high levels of nutrient uptake,
relatively fast rates of growth and biomass production, their demonstrated or potential
bioproduct applications and the relatively established status of cultivation protocols. The
occurrence records for these species in Queensland’s coastal waters are displayed in Fig. 8.

Taking a quantitative approach to the prioritisation of the shortlisted species based on
the data generated in the literature review enables an objective and transparent decision-
making process with which to inform the subsequent direction of research and develop-
ment and pilot scale cultivation. The engagement of stakeholders in the formulation of
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Fig.7 Scoring of the shortlisted species within the multi-criteria analysis, with respect to the five research
areas. The scoring within each research area has been adjusted by the weighting criteria, displayed in brack-
ets. Species have been split across two graphs a and b to facilitate viewing

criteria is key to account for the preferences and priorities of the industry (Esmail and
Geneletti 2018); in our case, stakeholder consultation ensures that the scope of our analysis
is aligned with the needs of the emerging Australian algaculture industry.

Although the 17 species shortlisted in Phase 2 may hold potential as coastal biofilters
in Queensland’s waters, this conclusion is based only on currently available data and cur-
rent capabilities, and the systematic review process in Phase 3 highlighted the significant
research gaps surrounding a number of these species. For C. vaucheriiformis, H. durvillei,
S. decurrens, S. polycystum and S. trinodis, eligible records were identified for only two or
less of the five key research areas. These data gaps present difficulties in quantifying bio-
filter efficacy and identifying market potential and status of existing cultivation protocols,
thereby rendering commercial cultivation of these species challenging without significant
prior investment in research and development activities. Our review also highlights a scar-
city of ocean-based cultivation trials for many of the shortlisted species. Pond and tank-
based experiments offer a controlled environment for conducting hatchery and nursery-
stage research. Utilising these systems for grow-out trials may be beneficial for early stage
research, as these systems are generally less costly and subject to fewer legislative restric-
tions and infrastructure requirements relative to open-water cultivation. However, ocean-
based cultivation trials are critical to quantify in-situ nutrient uptake and biomass in the
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Fig. 8 Species occurrence records for the top four shortlisted species within Queensland. Multiple records
are indicated with numbered text. Records were obtained from Atlas of Living Australia (2024) and map-
ping was conducted using the Atlas of Living Australia spatial portal. Occurrence records for a Gracilaria
edulis; b Hypnea cervicornis; ¢ Ulva lactuca; d Laurencia obtusa. Images are by K. @sterlund, N.D., J.M.
Huisman, 2011, J.M. Huisman, 2011, and M. Vestjens & A. Frijsinger, 2011, respectively, and were

obtained from Algaebase (Guiry and Guiry, 2024)

ocean grow-out stages. Furthermore, ocean-based cultivation trials are valuable in highlight-
ing areas which require development to enable scaling, from farm management strategies
and grow-out protocols to infrastructure and technology developments (Visch et al. 2023).
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Within the systematic literature review, eligible records were identified across all five
research areas for only three of the shortlisted species; H. clathratus, U. lactuca and G.
edulis. Ulva lactuca represents a promising candidate for development of commercial cul-
tivation in Queensland, ranking most highly within the multicriteria analysis. Ulva lac-
tuca exhibited the greatest biofilter potential of the shortlisted species, ranking highest
in terms of mean nutrient tissue contents, mean nutrient uptake rate and mean relative
growth rate and ranking third in terms of mean peak biomass per m>. Further, U. lactuca
ranked most highly of the shortlisted species in terms of bioproduct applications in agron-
omy and horticulture, with demonstrated activity as a biostimulant, bactericide, fungicide
and biofertiliser (Ibrahim et al. 2014; Amin 2019; Rajan et al. 2020). Bioactivity of U.
lactuca has been demonstrated in a number of species currently cultivated in Queensland,
including corn, tomato, capsicum, wheat and mung bean, with applications in promoting
growth and increasing mineral content and salinity stress tolerance (Ibrahim et al. 2014;
Department of Agriculture and Fisheries 2016b; Castellanos-Barriga et al. 2017; Rajan
et al. 2020; El Boukhari et al. 2021; Hamouda et al. 2022). On a local scale, valorising the
biomass of promising biofilters such as Ulva for biofertiliser applications has the poten-
tial to substitute mineral fertilisers and contribute towards reducing marine and aquatic
enrichment of nitrogen and phosphorus in catchments (Seghetta et al. 2016). However,
achieving a significant contribution to circular nutrient management on a national scale
would require vast macroalgal supply. Furthermore, pre-treatment is generally required to
utilise macroalgae as biofertilisers, the associated costs of which will need to be consid-
ered in economic viability assessments. Pre-treatment steps may include rinsing biomass
to reduce salt content, chopping or further extraction processes to produce enriched sub-
fractions (Nabti et al. 2017).

Ulva lactuca also shows potential outside of the agronomy and horticulture market,
ranking second among the shortlisted species in terms of evidence and applications of bio-
active primary and secondary metabolites, following H. cervicornis (Fig. 7). The human
health and aquaculture sectors represent promising growth areas for U. lactuca bioproduct
development, with studies frequently reporting antioxidant, anticancer, immunostimulatory
and antibacterial activity of U. lactuca extracts (Zhong et al. 2014; Dominguez and Loret
2019). To date, the culture of Ulva spp. has primarily been limited to onshore cultivation in
tanks or ponds, with the entirety of global aquaculture production in 2021 (2,882 tonnes)
occurring in raceway ponds in South Africa in integrated aquaculture with the abalone
Haliotis midae (Steinhagen et al. 2021; FAO 2022; Msuya et al. 2022). Despite this, a
growing number of pilot studies are assessing the feasibility of cultivating Ulva spp. in
coastal or offshore waters using suspended long-lines, nets or cages, suggesting that coastal
cultivation of U. lactuca may be possible following research and development activities
(Chemodanov et al. 2019; Steinhagen et al. 2021). Ulva (also Gracilaria and Sargassum
species) are commonly used in bioplastic production due to their high polysaccharide con-
tent, offering additional commercial bioproduct pathways (Lim et al. 2021).

Within the scope of this review, species names are based on those reported in the lit-
erature. However, misidentification and taxonomic confusion due to variable morpho-
logical characteristics and high phenotypic plasticity are common within complex genera
such as Ulva, particularly among foliose species (Dartois et al. 2021). Indeed, despite the
presence of widespread Australian records of U. lactuca based on morphological identi-
fication, several studies using molecular identification have found U. lactuca to be absent
within surveys (Kraft 2010; Kirkendale et al. 2013), suggesting that U. lactuca may be
frequently misidentified when based on morphology alone (Gabrielson et al. 2024). There-
fore, molecular identification of Ulva, among other candidate species, will be essential to
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allow confident selection of native species and strains prior to the commencement of cul-
tivation trials in Queensland. Although Queensland does not have a history of green tides
(Ye et al. 2011), close monitoring of ocean-based Ulva cultivation and appropriate strain
selection will be essential as some Ulva species are capable of proliferating rapidly under
eutrophic conditions, which can lead to severe environmental and economic issues (Kang
et al. 2021; Han et al. 2022).

Gracilaria edulis ranked second among the shortlisted species in the multicriteria
analysis, placing first in terms of demonstrated techniques for cultivation, third in terms
of nutrient uptake and second in terms of growth. Containing approximately 200 species
(Guiry and Guiry 2024), the genus Gracilaria holds substantial economic importance as an
agarophyte, of which many species are widely exploited for agar production (Vuai 2022).
Further, widespread cultivation of Gracilaria in China has been recognised for its posi-
tive impacts in mitigating eutrophication in coastal areas (Yang et al. 2015). In the ocean,
G. edulis is commonly cultivated using ropes or tube nets suspended close to the surface,
often attached to floating bamboo rafts, although bottom cultivation is also widely prac-
ticed (Yang et al. 2015; Ashok et al. 2016b, a; Mantri et al. 2017). The commercial poten-
tial of G. edulis, paired with established cultivation protocols and demonstrated suitability
as a biofilter in open-ocean environments suggests that G. edulis is a promising candidate
for algaculture development in Queensland.

Following U. lactuca and G. edulis, H. cervicornis ranked third highest among
the shortlisted species within the multi-criteria analysis. Castelar et al. (2016) dem-
onstrated that Hypnea musciformis, synonym of H. cervicornis (Guiry and Guiry
2024), grows well in eutrophic medium and acts as an effective biofilter, achieving
daily growth rates of 10.8% per day in-vitro. Despite ranking second highest among
the shortlisted species in terms of availability of literature on culture methodologies,
ocean-based cultivation of H. musciformis/H. cervicornis has only been attempted on a
pilot scale to date, with methods ranging from racks, mesh bags and nets to line culture
(off-bottom, submerged hanging or floating) (Camacho and Montafia-Fernadndez 2012;
Castelar et al. 2016; Mohiuddin et al. 2023). Selecting the most viable cultivation sys-
tem for H. cervicornis in the coastal waters of the GBR will require consideration of
site-specific parameters (including depth, exposure, nutrient stratification and turbid-
ity), the potential for scaling and mechanisation and the cost of installing and main-
taining infrastructure (Tullberg 2022).

Hypnea cervicornis shows promise for bioproduct development within agronomy and
horticulture, ranking third among the shortlisted species, with demonstrated activity as a
biofertiliser, bio-fungicide and biostimulant (Machado et al. 2014a, b; de Carvalho et al.
2019). Hypnea cervicornis also ranked highest in terms of evidence and applications of
bioactive primary and secondary metabolites, with human health representing a promis-
ing sector for product development, due to the widely reported presence of phenolic com-
pounds and kappa-carrageenan associated with anti-inflammatory and antioxidant activity
(Martins et al. 2012; Brito et al. 2016). Interestingly, despite the widespread availability of
studies, H. clathratus did not score particularly highly in the multicriteria analysis, ranking
eighth out of a total of 17 species (Fig. 7). Although H. clathratus is widely used in tradi-
tional medicine (Dumilag and Javier 2022) and is known to possess a diverse array of sec-
ondary metabolites with demonstrated bioactivity (Salosso and Jasmanindar 2018; Ahmed
et al. 2020), our review identified a lack of studies with respect to nutrient uptake rates and
relative growth rate and only a single study with respect to its cultivation (Kogame 1997)
and horticultural/agricultural applications (Raj et al. 2019), thus contributing towards its
poor performance in the multi-criteria analysis.
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Laurencia obtusa and S. filamentosa may also represent potential candidates for cul-
tivation in Queensland’s coastal waters, ranking fourth and fifth respectively within the
multi-criteria analysis. Of particular note, L. obtusa is a promising source of bioactive
secondary metabolites, primarily sesquiterpenes, a trait shared among the Laurencia
genus for which the presence of unique specialised metabolites with demonstrated cyto-
toxic, anti-inflammatory, antidiabetic, antifungal, antibacterial and anthelmintic activities
is well-documented (Cikos et al. 2021). Whilst significantly fewer bioactive applications
have been reported for S. filamentosa, this species achieved the third-highest ranking
among the shortlisted species in terms of relative growth rate, with peak daily growth of
20% per day reported under controlled conditions, although growth rates for cultivation
of this species under field conditions need assessing (Amado Filho et al. 1997). Devel-
oping protocols for cultivation of S. filamentosa and L. obtusa in Queensland’s coastal
waters would require significant research and development; to date, there are few studies
assessing their cultivation under controlled conditions, and a lack of studies document-
ing ocean-based cultivation, a trend which extends to the entire Laurencia and Spyridia
genera (Nishihara, Terada,Noro 2004).

It is notable that Sargassum and Caulerpa species did not rank particularly highly
within the multicriteria analysis, yet species within these genera are already culti-
vated at scale and have a demonstrated commercial potential (FAO 2022). The fact
that the systematic review identified relatively few studies for C. taxifolia, S. baccu-
laria and S. polycystum across all research areas suggests that considerable industry-
led knowledge is yet to be preserved in the types of scientific literature used in our
review. In 2020, the Philippines and Indonesia collectively produced 1,021 tonnes of
Caulerpa on a fresh weight basis, valued at USD $623,340, and Indonesia and Korea
collectively produced 80,936 tonnes of Sargassum valued at USD $27,317,950 (FAO
2022). Edible species of Caulerpa (such as Caulerpa racemosa and Caulerpa len-
tillifera) are predominantly cultivated for human consumption due to their palatable
taste and nutritional properties, an area which falls outside of the scope of this review.
Nonetheless, in conjunction with the rich chemo-diversity of this genus including bio-
active compounds of nutraceutical and pharmaceutical importance (de Gaillande et al.
2016), C. taxifolia may represent a promising candidate for cultivation in Queens-
land’s coastal waters. Similarly, with a history of traditional consumption for food
(in particular, Sargassum fusiforme) and medicinal value (Kim et al. 2017) and a rich
regional diversity (62 species identified in our Queensland database), Sargassum rep-
resents an interesting candidate for the development of coastal biofilters. However,
despite historic consumption of Sargassum, its relatively high bioaccumulation poten-
tial for arsenic, heavy metals, iodine and organic pollutants may present obstacles to
food and feed valorisation (Devault et al. 2021), requiring downstream processing to
comply with regulations.

There has also been a growing global interest in the cultivation of Asparagopsis, follow-
ing the discovery of its properties as a potent methane release inhibitor in ruminant animals
(Machado et al. 2014a, b). In Australia, ruminants are estimated to account for 10% of
total greenhouse gas emissions (Henry et al. 2012). While cultivation techniques are in
development, further research is needed to identify methods for ocean-based cultivation
of gametophytes, and to facilitate scaling to meet the volumes required for such a large-
scale application (Zanolla et al. 2022). Although nutrient uptake rates for A. taxiformis
were not identified within our systematic review, the tetrasporophyte stage of Asparagopsis
armata has been demonstrated to have excellent capacity for biofiltration, demonstrating
greater biofiltration efficiency than Ulva rigida in land-based culture (Mata et al. 2010).
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The biofiltration capacity of the Asparagopsis genus, paired with the widely demonstrated
applications of bioactive metabolites highlighted in our analysis and a ready market as a
ruminant feed supplement makes A. taxiformis an interesting candidate for open-water cul-
tivation in Queensland (Kelly 2020).

Achieving consistent bioactive profiles will represent a major challenge for producers
targeting higher value markets such as functional foods or feeds, nutraceuticals, cosmeceu-
ticals and pharmaceuticals (Hafting et al. 2015). In the extraction of bioactive metabolites
from macroalgal biomass, the biorefinery concept represents a promising model for opti-
mized valorisation (El Boukhari et al. 2020). Biorefinery processing enables the extrac-
tion and purification of high value bioactive compounds, in addition to the production of
marketable products such as food, animal feed, fertiliser, chemicals, materials and energy
(Filote et al. 2021). However, macroalgal biorefinery technology is still in its infancy and
further research and investment is required to grow this technology beyond a laboratory
scale.

The findings of this study are subject to limitations, most notably the data gaps in
the scientific literature with respect to nutrient uptake rates, growth metrics and agricul-
tural applications for a number of the short-listed species, thereby limiting the evalua-
tive power of the multi-criteria approach. The ability to compare nutrient uptake rates
and growth metrics both within and among species is further confounded by variation
in geography, abiotic conditions and experimental design among primary literature.
Further, the lack of recent studies for some species makes it difficult to draw accurate
comparisons across species, particularly in areas such as nutrient uptake rates. Knowl-
edge relating to growth metrics and cultivation techniques may already be in practice
for some species such as Caulerpa and Sargassum which are already cultivated at scale;
however, the relatively low number of research articles identified suggests that this
knowledge is yet to be captured in the primary scientific literature and was thus missed
by our review methodology. Indeed, expanding the literature review database to canvas
industry reports, if accessible, or data relating to other species within the genus, would
likely see greater confidence in the choosing of candidate species for bioremediation of
eutrophic waters and/ or bioproduct potential. Further development of our multi-criteria
approach could include consideration of additional metrics, such as the nutritional value
of the shortlisted species for the purposes of human consumption and animal feed (e.g.
Asparagopsis and Caulerpa spp.) and the commercial value per unit weight or market
size of each shortlisted species.

An important next step to build upon this work is the identification of potential sites
in the GBR for macroalgal cultivation, considering practical and regulatory constraints
and the primary drivers of growth and nutrient uptake; light, temperature and nutrient
availability (Roleda and Hurd 2019). Establishing pilot scale cultivation of one or more
of the shortlisted species in these potential sites will provide important in-situ data to
ground-truth the findings of our multi-criteria analysis with respect to nutrient uptake
and productivity and will facilitate optimal culture site selection. Such trials should
be conducted over multiple seasons, to account for spatial and temporal fluctuations in
nitrogen and phosphorus, the levels of which may impact the uptake kinetics of culti-
vated macroalgae (Narvarte et al. 2024). Uptake kinetics of inorganic nutrients can have
a direct effect on macroalgal physiology and have been shown to vary among species
and strains (Narvarte et al. 2022). Research will also be needed to develop hatchery and
nursery protocols, strain selection and determine local phenology, harvest schedules and
stocking densities to aid commercialisation and scaling. Given the high levels of cryptic
diversity present in macroalgae (Spalding et al. 2019), the employment of molecular
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techniques for species identification will be crucial in the establishment of new algacul-
ture programs in the GBR, in order to develop a clearer understanding of species distri-
bution and populations and identify promising varieties for cultivation.

To conclude, we demonstrated the value of the multi-criteria selection approach in
the face of high algal diversity to shortlist candidate species for cultivation, for the pur-
poses of mitigating coastal nutrient enrichment in Queensland. Our review identified a
shortlist of 17 species, with U. lactuca, G. edulis and H. cervicornis appearing particu-
larly promising native candidates for biofilter and bioproduct development and a num-
ber of other species with good potential but requiring further investment in the develop-
ment of cultivation protocols. Importantly, our review highlights key candidate species
to be taken forward for pilot-scale cultivation trials in the GBR, in order to quantify
growth and nutrient uptake rates in-situ and inform the business case for future com-
mercial algaculture ventures. We also draw attention to important knowledge gaps for
further research in the areas of nutrient uptake, growth, agricultural applications, bio-
active metabolites and cultivation techniques. Using macroalgal cultivation to achieve
meaningful reductions in nutrient concentrations across a broad ecosystem such as the
GBR will require industrial-scale thinking supported by policy-makers and investors, to
establish multiple cultivation sites and develop nurseries, efficient harvesting methods
and bioproduct processing technologies. In addition, cost-benefit analysis and economic
viability for end-use applications will need to be assessed. Considered site selection,
assessment of environmental contaminants and implementation of biosecurity protocols
and risk mitigation steps will be crucial to maximise the sustainability and commercial
potential of this emerging Australian sector.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10499-024-01632-y.

Acknowledgements This research was gratefully supported and funded by the Reef Trust Program, a
partnership between the Australian Government and the Great Barrier Reef Foundation. A special thanks
goes to the project’s Independent Science Panel—Eva Abal, John Tanzer, Catriona Hurd, Adam Smith
and Charles Yarish, Rocky de Nys at James Cook University and Morgan Parker at CQUniversity for their
advice and knowledge. The authors take this opportunity to respectfully acknowledge the traditional owners
on the Land and Sea Country on which this work was carried out, the Bailai, Taribelang Bunda, Gurang,
and Gooreng Gooreng Peoples. We would like to thank the reviewers for their valuable suggestions and
comments which helped us to improve the standard of the manuscript.

Author contribution Conceptualisation and methodology by E.L.J., A.D.I,, A.C., J.K. and EJ.T., funding
acquisition by E.L.J. and J.K., literature search by EJ.T., AD.I,, A.C., JF.C. and E.L.A., data visualisation
and original draft writing by E.J.T., critical review and editing by EJ.T., E.L.J., AD.I,, A.C. and G.D.P. All
authors reviewed the manuscript.

Funding Open Access funding enabled and organized by CAUL and its Member Institutions. This work was
supported by the Reef Trust Program, a partnership between the Australian Government and the Great Bar-
rier Reef Foundation. CMERC staff and facilities are supported by an investment from Australian Govern-
ment to protect and restore the Great Barrier Reef.

Data availability No datasets were generated or analysed during the current study.

Code availability Not applicable.

Declarations
Ethics approval Not applicable.

Competing interests The authors declare no competing interests.

@ Springer


https://doi.org/10.1007/s10499-024-01632-y
https://doi.org/10.1007/s10499-024-01632-y

9660 Aquaculture International (2024) 32:9631-9669

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abomohra AE, El-Naggar AH, Baeshen AA (2018) Potential of macroalgae for biodiesel production:
screening and evaluation studies. J Biosci Bioeng 125(2):231-237. https://doi.org/10.1016/j.jbiosc.
2017.08.020

Adam TC, Burkepile DE, Holbrook SJ, Carpenter RC, Claudet J, Loiseau C, Thiault L, Brooks AJ, Wash-
burn L, Schmitt RJ (2021) Landscape-scale patterns of nutrient enrichment in a coral reef ecosystem:
implications for coral to algae phase shifts. Ecol Appl 31 (1). https://doi.org/10.1002/eap.2227

Ahmed SA, Rahman AA, Elsayed KNM, Ahmed SA (2020) Comparative biological studies, phytochemi-
cal screening and GC-MS analysis of some Egyptian Red Sea macroalgae. Int J Pharm Res 12
(04).https://doi.org/10.31838/ijpr/2020.12.04.009

Ale MT, Mikkelsen JD, Meyer AS (2010) Difterential growth response of Ulva lactuca to ammonium and
nitrate assimilation. J Appl Phycol 23(3):345-351. https://doi.org/10.1007/s10811-010-9546-2

Amado Filho GM, Karez CS, Andrade LR, Yoneshigue Valentin Y, Pfeiffer WC (1997) Effects on growth
and accumulation of zinc in six seaweed species. Ecotoxicol Environ Saf 37:223-228. https://doi.org/
10.1006/eesa.1997.1541

Amin HH (2019) Ulva lactuca as a cheap and safe biopesticide in fields and its chemical composition (in
vitro). Egypt J Aquat Biol Fish 23:415-428. https://doi.org/10.21608/ejabf.2019.67227

Anderson RJ, Monteiro PMS, Levitt GJ (1966) The effect of localised eutrophication on competition
between Ulva lactuca (Ulvaceae, Chlorophyta) and a commercial resource of Gracilaria verrucosa
(Gracilariaceae, Rhodophyta) Hydrobiologia 326/327:291-296. https://doi.org/10.1007/BF00047821

Aquilino F, Paradiso A, Trani R, Longo C, Pierri C, Corriero G, de Pinto MC (2020) Chaetomorpha linum
in the bioremediation of aquaculture wastewater: optimization of nutrient removal efficiency at the
laboratory scale. Aquac 523.https://doi.org/10.1016/j.aquaculture.2020.735133

Ashok K, Yadav S, Saminathan K, Monisha N, Malarvizhi J, Ganesan M, Mantri VA (2016a) An orthogo-
nal design to optimize seed production, out-planting, and cultivation of the industrially overexploited
red alga Gracilaria edulis (Rhodophyta). J Appl Phycol 28(2):1215-1223. https://doi.org/10.1007/
s10811-015-0647-9

Ashok KS, Harikrishna P, Krishnan MG, Saminathan KR, Monisha N, Malarvizhi J, Veeragurunathan V,
Mantri VA, Rajasankar J (2016b) Does orientation of raft helps in augmenting yield during lean
period?: a case study of Gracilaria edulis cultivation in open sea by vertical raft alignment along the
south-eastern coast of India. Aquac Eng 74:186-197. https://doi.org/10.1016/j.aquaeng.2016.08.005

Atlas of Living Australia (2024) Open access to Australia’s biodiversity data. https://www.ala.org.au/.
Accessed 02 April 2023

Baird ME, Mongin M, Rizwi F, Bay LK, Cantin NE, Morris LA, Skerratt J (2021) The effect of natural and
anthropogenic nutrient and sediment loads on coral oxidative stress on runoff-exposed reefs. Mar Pol-
Iut Bull 168:1124009. https://doi.org/10.1016/j.marpolbul.2021.112409

Bartley R, Waters D, Turner R, Kroon F, Wilkinson S, Garzon-Garcia AK, P., Lewis S, Smith R, Bainbridge
Z, Olley J et al. (2017) Scientific consensus statement 2017: a synthesis of the science of land-based
water quality impacts on the Great Barrier Reef, Chapter 2: Sources of sediment, nutrients, pesticides
and other pollutants to the Great Barrier Reef. State of Queensland, Brisbane, Australia.

Bews E, Booher L, Polizzi T, Long C, Kim JH, Edwards MS (2021) Effects of salinity and nutrients on
metabolism and growth of Ulva lactuca: implications for bioremediation of coastal watersheds. Mar
Pollut Bull 166:112199. https://doi.org/10.1016/j.marpolbul.2021.112199

Brito TV, Barros FCN, Silva RO, Dias Junior GJ, S. CJJ, Franco AX, Soares PMG, Chaves LS, Abreu
CMWS, de Paula RCM, et al (2016) Sulfated polysaccharide from the marine algae Hypnea musci-
formis inhibits TNBS-induced intestinal damage in rats. Carbohydr Polym 151:957-964. https://doi.
org/10.1016/j.carbpol.2016.06.047

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jbiosc.2017.08.020
https://doi.org/10.1016/j.jbiosc.2017.08.020
https://doi.org/10.1002/eap.2227
https://doi.org/10.31838/ijpr/2020.12.04.009
https://doi.org/10.1007/s10811-010-9546-2
https://doi.org/10.1006/eesa.1997.1541
https://doi.org/10.1006/eesa.1997.1541
https://doi.org/10.21608/ejabf.2019.67227
https://doi.org/10.1007/BF00047821
https://doi.org/10.1016/j.aquaculture.2020.735133
https://doi.org/10.1007/s10811-015-0647-9
https://doi.org/10.1007/s10811-015-0647-9
https://doi.org/10.1016/j.aquaeng.2016.08.005
https://www.ala.org.au/
https://doi.org/10.1016/j.marpolbul.2021.112409
https://doi.org/10.1016/j.marpolbul.2021.112199
https://doi.org/10.1016/j.carbpol.2016.06.047
https://doi.org/10.1016/j.carbpol.2016.06.047

Aquaculture International (2024) 32:9631-9669 9661

Brodie J, Devlin M, Lewis S (2017) Potential enhanced survivorship of crown of thorns starfish larvae
due to near-annual nutrient enrichment during secondary outbreaks on the central mid-shelf of the
Great Barrier Reef, Australia. Diversity 9 (1). https://doi.org/10.3390/d9010017

Brundu G, Chindris A (2018) Nutrients uptake and growth of Ulva lactuca (Linnaeus, 1753) in grey
mullet (Mugil cephalus) wastewater versus natural estuarine water. Chem Ecol 34(6):495-505.
https://doi.org/10.1080/02757540.2018.1452918

Bureau of Meteorology (2001) Map of climate zones of Australia.Australian Government. http://www.
bom.gov.au/climate/how/newproducts/images/zones.shtml.

Buschmann AH, Camus C, Infante J, Neori A, Israel A, Hernandez-Gonzalez MC, Pereda SV, Gomez-
Pinchetti JL, Golberg A, Tadmor-Shalev N et al (2017) Seaweed production: overview of the
global state of exploitation, farming and emerging research activity. Eur J Phycol 52(4):391-406.
https://doi.org/10.1080/09670262.2017.1365175

Camacho O, Montafia-Fernandez J (2012) Culture assays in natural environment of the red alga Hypnea
musciformis in Santa Marta, Colombian Caribbean. Boletin De Investigaciones Marinas y Cos-
teras 41(1):29-46

Campbell I, Kambey CSB, Mateo JP, Rusekwa SB, Hurtado AQ, Msuya FE, Stentiford GD, Cottier-
Cook EJ (2019) Biosecurity policy and legislation for the global seaweed aquaculture industry. J
Appl Phycol 32(4):2133-2146. https://doi.org/10.1007/s10811-019-02010-5

Cartel JE (2020) Experimental validation of a performance model of a biofiltration system. Paper pre-
sented at the IEEE 11th International Conference on Humanoid, Nanotechnology, Information
Technology, Communication and Control, Environment, and Management (HNICEM), 2020.
IEEE, pp 1-6. https://doi.org/10.1109/HNICEM48295.2019.9072905

Castelar B, Reis RP, Azeredo F, Mattos P, Berardinelli G (2016) Hypnea musciformis: alternative or
complement to the production of Kappaphycus alvarezii introduced in tropical countries? Aquac
Res 47(11):3538-3550. https://doi.org/10.1111/are.12804

Castellanos-Barriga LG, Santacruz-Ruvalcaba F, Hernandez-Carmona G, Ramirez-Briones E,
Hernandez-Herrera RM (2017) Effect of seaweed liquid extracts from Ulva lactuca on seedling
growth of mung bean (Vigna radiata). J Appl Phycol 29(5):2479-2488. https://doi.org/10.1007/
s10811-017-1082-x

Chévez-Sanchez T, Pifion-Gimate A, Serviere-Zaragoza E, Sanchez-Gonzéilez A, Hernandez-Carmona G,
Casas-Valdez M (2017) Recruitment in Ulva blooms in relation to temperature, salinity and nutrients
in a subtropical bay of the Gulf of California. Bot Mar 60 (3). https://doi.org/10.1515/bot-2016-0066

Chemodanov A, Robin A, Jinjikhashvily G, Yitzhak D, Liberzon A, Israel A, Golberg A (2019) Feasibil-
ity study of Ulva sp. (Chlorophyta) intensive cultivation in a coastal area of the Eastern Mediter-
ranean Sea. Biofuel Bioprod Biorefin 13:864-877. https://doi.org/10.1002/bbb.1995

Chen B, Zou D (2015) Altered seawater salinity levels affected growth and photosynthesis of Ulva fas-
ciata (Ulvales, Chlorophyta) germlings. Acta Oceanol Sin 34(8):108—113. https://doi.org/10.1007/
s13131-015-0654-3

Ciko§ A-M, Jurin M, Co?-Rakovac R, Gaso-Soka& D, Joki¢ S, Jerkovié I (2021) Update on sesquiterpe-
nes from red macroalgae of the Laurencia genus and their biological activities (2015-2020). Algal
Res 56.https://doi.org/10.1016/j.algal.2021.102330

Creed JC, Amado Filho GM (1999) Disturbance and recovery of the macroflora of a seagrass (Halod-
ule wrightii Ascherson) meadow in the Abrolhos Marine National Park, Brazil: an experimental
evaluation of anchor damage. J Exp Mar Biol Ecol 235:285-306. https://doi.org/10.1016/S0022-
0981(98)00188-9

D’Archino R, Piazzi L (2021) Macroalgal assemblages as indicators of the ecological status of marine
coastal systems: a review. Ecol Indic 129. https://doi.org/10.1016/j.ecolind.2021.107835

Dartois M, Pante E, Viricel A, Becquet V, Sauriau PG (2021) Molecular genetic diversity of seaweeds
morphologically related to Ulva rigida at three sites along the French Atlantic coast. Peer]
9:e11966. https://doi.org/10.7717/peerj.11966

de Carvalho RP, Pasqual M, de Oliveira Silveira HR, de Melo PC, Bispo DFA, Laredo RR, de Aguiar
Saldanha Lima L, (2019) “Niagara Rosada” table grape cultivated with seaweed extracts: physi-
ological, nutritional, and yielding behavior. J Appl Phycol 31(3):2053-2064. https://doi.org/10.
1007/s10811-018-1724-7

de Gaillande C, Payri C, Remoissenet G, Zubia M (2016) Caulerpa consumption, nutritional value and
farming in the Indo-Pacific region. J of Appl Phycol 29(5):2249-2266. https://doi.org/10.1007/
s10811-016-0912-6

Delgado O, Rodriguez-Prieto C, Gacia E, Ballesteros E (1996) Lack of severe nutrient limitation in
Caulerpa taxifolia (Vahl) C. Agardh, an introduced seaweed spreading over the oligotrophic
northwestern Mediterranean. Bot Mar 39:61-67. https://doi.org/10.1515/botm.1996.39.1-6.61

@ Springer


https://doi.org/10.3390/d9010017
https://doi.org/10.1080/02757540.2018.1452918
http://www.bom.gov.au/climate/how/newproducts/images/zones.shtml
http://www.bom.gov.au/climate/how/newproducts/images/zones.shtml
https://doi.org/10.1080/09670262.2017.1365175
https://doi.org/10.1007/s10811-019-02010-5
https://doi.org/10.1109/HNICEM48295.2019.9072905
https://doi.org/10.1111/are.12804
https://doi.org/10.1007/s10811-017-1082-x
https://doi.org/10.1007/s10811-017-1082-x
https://doi.org/10.1515/bot-2016-0066
https://doi.org/10.1002/bbb.1995
https://doi.org/10.1007/s13131-015-0654-3
https://doi.org/10.1007/s13131-015-0654-3
https://doi.org/10.1016/j.algal.2021.102330
https://doi.org/10.1016/S0022-0981(98)00188-9
https://doi.org/10.1016/S0022-0981(98)00188-9
https://doi.org/10.1016/j.ecolind.2021.107835
https://doi.org/10.7717/peerj.11966
https://doi.org/10.1007/s10811-018-1724-7
https://doi.org/10.1007/s10811-018-1724-7
https://doi.org/10.1007/s10811-016-0912-6
https://doi.org/10.1007/s10811-016-0912-6
https://doi.org/10.1515/botm.1996.39.1-6.61

9662 Aquaculture International (2024) 32:9631-9669

Delgado O, Lapointe BE (1994) Nutrient-limited productivity of calcareous versus fleshy macroalgae in a
eutrophic, carbonate-rich tropical marine environment. Coral Reefs 13:151-159. https://doi.org/10.
1007/BF00301191

Department of Agriculture and Fisheries (2016a) Queensland Aquaculture Policy Statement.Queensland
Government.

Department of Agriculture and Fisheries (2016b) Queensland fresh produce. Queensland Government, Bris-
bane, Australia.

Department of Agriculture and Fisheries (2018) Methodology for the identification and selection of terres-
trial aquaculture development areas in the coastal zone.

Devault DA, Pierre R, Marfaing H, Dolique F, Lopez P-J (2021) Sargassum contamination and conse-
quences for downstream uses: a review. J Appl Phycol 33(1):567-602. https://doi.org/10.1007/
s10811-020-02250-w

Devlin M, Lewis S, Davis A, Smith R, Negri A, Thompson M, Poggio M (2015) Advancing our under-
standing of the source, management, transport and impacts of pesticides on the Great Barrier Reef.
A report for the Queensland Department of Environment and Heritage Protection.Tropical Water &
Aquatic Ecosystem Research (TropWATER) Publication, James Cook University, Cairns.

Diaz-Pulido G, Cornwall C, Gartrell P, Hurd C, Tran DV (2016) Strategies of dissolved inorganic car-
bon use in macroalgae across a gradient of terrestrial influence: implications for the Great Barrier
Reef in the context of ocean acidification. Coral Reefs 35(4):1327-1341. https://doi.org/10.1007/
s00338-016-1481-5

Diaz-Pulido G, McCook L, Larkun A, Lotze H, Raven J, Schaffelke B, Smith J, Steneck R (2007) Vul-
nerability of macroalgae of the Great Barrier Reef to climate change. In: PA M, J J (ed) Climate
change and the Great Barrier Reef. Great Barrier Reef Marine Park Authority, Townsville, Australia,
pp 153-192.

Dinesh Kumar S, Malar Vizhi J, Abantika M, Dhanya N, Nadukkattu Nayagi N, Satish L (2023) Production
of Ulva fasciata biomass through optimization of culture condition for viable tank-based edible sea-
weed farming. Biomass Convers Biorefin. https://doi.org/10.1007/s13399-023-03966-8

Dominguez H, Loret EP (2019) Ulva lactuca, a source of troubles and potential riches. Mar Drugs
17(6):357. https://doi.org/10.3390/md 17060357

Donovan MK, Adam TC, Shantz AA, Speare KE, Munsterman KS, Rice MM, Schmitt RJ, Holbrook SJ,
Burkepile DE (2020) Nitrogen pollution interacts with heat stress to increase coral bleaching across
the seascape. PNAS USA 117(10):5351-5357. https://doi.org/10.1073/pnas.1915395117

Duarte CM, Bruhn A, Krause-Jensen D (2021) A seaweed aquaculture imperative to meet global sustain-
ability targets. Nat Sustain 5(3):185-193. https://doi.org/10.1038/s41893-021-00773-9

Dumilag R, Javier R (2022) Ethnobotany of Medicinal Seaweeds of Ilocos Norte, Philippines. Philipp J Sci
151 (3). https://doi.org/10.56899/151.03.28

El Boukhari MEM, Barakate M, Choumani N, Bouhia Y, Lyamlouli K (2021) Ulva lactuca extract and frac-
tions as seed priming agents mitigate salinity stress in tomato seedlings. Plants 10 (6). https://doi.org/
10.3390/plants10061104

El Boukhari MEM, Barakate M, Bouhia Y, Lyamlouli K (2020) Trends in seaweed extract based biostimu-
lants: manufacturing process and beneficial effect on soil-plant systems. Plants 9(3):359. https://doi.
org/10.3390/plants9030359

Esmail BA, Geneletti D (2018) Multi-criteria decision analysis for nature conservation: a review of 20 years
of applications. Methods Ecol Evol 9(1):42-53. https://doi.org/10.1111/2041-210x.12899

Fabricius KE, Crossman K, Jonker M, Mongin M, Thompson A (2023) Macroalgal cover on coral reefs:
Spatial and environmental predictors, and decadal trends in the Great Barrier Reef. PLoS ONE
18(1):0279699. https://doi.org/10.1371/journal.pone.0279699

FAO (2022) Fishery and Aquaculture Statistics.Global aquaculture production 1950-2020 (FishStatJ). Rome.

Filote C, Santos SCR, Popa VI, Botelho CMS, Volf I (2021) Biorefinery of marine macroalgae into
high-tech bioproducts: a review. Environ Chem Lett 19(2):969-1000. https://doi.org/10.1007/
s10311-020-01124-4

Friedlander M, Zelikovitch N (1984) Growth rates, phycocolloid yield and quality of the red seaweeds,
Gracilaria sp., Pterocladia capillacea, Hypnea musciformis, and Hypnea cornuta, in field studies in
Israel. Aquacult 40:57-66. https://doi.org/10.1016/0044-8486(84)90216-3

Fulton CJ, Abesamis RA, Berkstrom C, Depczynski M, Graham NAJ, Holmes TH, Kulbicki M, Noble MM,
Radford BT, Tano S et al (2019) Form and function of tropical macroalgal reefs in the Anthropocene.
Funct Ecol 33(6):989-999. https://doi.org/10.1111/1365-2435.13282

Furnas M (2003) Catchments and corals: Terrestrial runoff to the Great Barrier Reef. vol 551.48809943.
Australian Institute of Marine Science, Townsville, Australia.

@ Springer


https://doi.org/10.1007/BF00301191
https://doi.org/10.1007/BF00301191
https://doi.org/10.1007/s10811-020-02250-w
https://doi.org/10.1007/s10811-020-02250-w
https://doi.org/10.1007/s00338-016-1481-5
https://doi.org/10.1007/s00338-016-1481-5
https://doi.org/10.1007/s13399-023-03966-8
https://doi.org/10.3390/md17060357
https://doi.org/10.1073/pnas.1915395117
https://doi.org/10.1038/s41893-021-00773-9
https://doi.org/10.56899/151.03.28
https://doi.org/10.3390/plants10061104
https://doi.org/10.3390/plants10061104
https://doi.org/10.3390/plants9030359
https://doi.org/10.3390/plants9030359
https://doi.org/10.1111/2041-210x.12899
https://doi.org/10.1371/journal.pone.0279699
https://doi.org/10.1007/s10311-020-01124-4
https://doi.org/10.1007/s10311-020-01124-4
https://doi.org/10.1016/0044-8486(84)90216-3
https://doi.org/10.1111/1365-2435.13282

Aquaculture International (2024) 32:9631-9669 9663

Gabrielson PW, Smith AC, Bruno JF, Vision TJ, Brandt M (2024) Taxonomic assessment of blade-forming
Ulva species (Ulvales, Chlorophyta) in the Galadpagos Archipelago, Ecuador using DNA sequencing.
Bot Mar 67:153-164. https://doi.org/10.1515/bot-2023-0079

Ganesan M, Monisha N (2017) Consumption of carrageenophyte Sarconema filiforme by Platynereis insol-
ita (Polychaeta: Phyllodocida: Nereididae)—Ilaboratory experiments and outplanting. J Appl Phycol
29(6):3029-3037. https://doi.org/10.1007/s10811-017-1182-7

Ganesan M, Mairh OP, Eswaran K, Subba Rao PV (1999) Effect of salinity, light intensity and nitrogen source
on growth and composition of Ulva fasciata Delile (Chlorophyta, Ulvales). Indian J Mar Sci 28:70-73

Ganesan M, Sahu N, Eswaran K (2011) Raft culture of Gracilaria edulis in open sea along the south-eastern
coast of India. Aquaculture 321(1-2):145-151. https://doi.org/10.1016/j.aquaculture.2011.08.040

Ganesan M, Meena R, Siddhanta AK, Selvaraj K, Chithra K (2014) Culture of the red alga Sarconema
filiforme in open waters and hybrid carrageenan from the cultivated seaweeds. J Appl Phycol
27(4):1549-1559. https://doi.org/10.1007/s10811-014-0442-z

Ganesan M, Eswaran K, Reddy CRK (2017) Farming of agarophytes in India—a long-time sustainability
for the industry and preserving wild stocks. J Appl Phycol 29(5):2239-2248. https://doi.org/10.1007/
s10811-017-1128-0

Geertz-Hansen O, Sand-Jensen K, Hansen DF, Christiansen A (1993) Growth and grazing control of abun-
dance of the marine macroalga, Ulva lactuca L in a eutrophic Danish estuary. Aquat Bot 46:101-109.
https://doi.org/10.1016/0304-3770(93)90039-y

Geoscience Australia (2024) Border lengths—states and territories. Australian Government. https:/www.ga.
gov.au/scientific-topics/national-location-information/dimensions/border-lengths. Accessed 02 Febru-
ary 2024

Great Barrier Reef Marine Park Authority (2004) Aquaculture within the Great Barrier Reef Marine Park.
https://elibrary.gbrmpa.gov.au/jspui/handle/11017/653. Accessed 04 February 2024

Great Barrier Reef Marine Park Authority (2007) Translocation of species in the Great Barrier Reef Marine
Park. https://elibrary.gbrmpa.gov.au/jspui/handle/11017/825. Accessed 04 February 2024

Guiry MD, Guiry GM (2024) AlgaeBase. National University of Ireland.https://www.algaebase.org.
Accessed 30 January 2024

den Haan J, Huisman J, Brocke HJ, Goehlich H, Latijnhouwers KRW, van Heeringen S, Honcoop SAS,
Bleyenberg TE, Schouten S, Cerli C et al. (2016) Nitrogen and phosphorus uptake rates of different
species from a coral reef community after a nutrient pulse. Sci Rep 6 (1).https://doi.org/10.1038/srep2
8821

Hafting JT, Craigie JS, Stengel DB, Loureiro RR, Buschmann AH, Yarish C, Edwards MD, Critchley AT
(2015) Prospects and challenges for industrial production of seaweed bioactives. J Phycol 51(5):821—
837. https://doi.org/10.1111/jpy.12326

Hamouda RA, Hussein MH, El-Naggar NE, Karim-Eldeen MA, Alamer KH, Saleh MA, Al Masoudi LM,
Sharaf EM, El-Azeem RMA (2022) Promoting effect of soluble polysaccharides extracted from Ulva
spp. on Zea mays L. growth. Molecules 27 (4). https://doi.org/10.3390/molecules27041394

Han H, Li Y, Ma X, Song W, Wang Z, Fu M, Zhang X (2022) Population differentiation in the dominant
species (Ulva prolifera) of green tide in coastal waters of China. Acta Oceanol Sin 41(11):108-114.
https://doi.org/10.1007/s13131-022-1985-5

Henry B, Charmley E, Eckard R, Gaughan JB, Hegarty R (2012) Livestock production in a changing cli-
mate: adaptation and mitigation research in Australia. Crop Pasture Sci 63 (3). https://doi.org/10.
1071/cpl1169

Holdt SL, Kraan S (2011) Bioactive compounds in seaweed: functional food applications and legislation. J
Appl Phycol 23(3):543-597. https://doi.org/10.1007/s10811-010-9632-5

Hughes TP, Kerry JT, Alvarez—Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock RC,
Beger M, Bellwood DR, Berkelmans R et al (2017) Global warming and recurrent mass bleaching of
corals. Nature 543(7645):373-377. https://doi.org/10.1038/nature21707

Huisman JM (2018) Algae of Australia: marine benthic algae of north-western Australia 1, vol 1. CSIRO
Publishing, Melbourne, Australia, Algae of Australia Series

Hurd C, Harrison P, Bischof K, Lobban C (2014) Seaweed ecology and physiology. Cambridge University
Press, Padstow, United Kingdom. https://doi.org/10.1017/CB0O9781139192637

Hurd CL, Wright JT, Layton C, Strain EMA, Britton D, Visch W, Barrett N, Bennett S, Chang KJL, Edgar
G et al. (2023) From Tasmania to the world: long and strong traditions in seaweed use, research, and
development. Bot Mar 66 (1):1-36. https://doi.org/10.1515/bot-2022-0061

Hutchings P, Haynes D, Goudkamp K, McCook L (2005) Catchment to Reef: water quality issues in the
Great Barrier Reef Region - an overview of papers. Mar Pollut Bull 51(1-4):3-8. https://doi.org/10.
1016/j.marpolbul.2004.11.026

@ Springer


https://doi.org/10.1515/bot-2023-0079
https://doi.org/10.1007/s10811-017-1182-7
https://doi.org/10.1016/j.aquaculture.2011.08.040
https://doi.org/10.1007/s10811-014-0442-z
https://doi.org/10.1007/s10811-017-1128-0
https://doi.org/10.1007/s10811-017-1128-0
https://doi.org/10.1016/0304-3770(93)90039-y
https://www.ga.gov.au/scientific-topics/national-location-information/dimensions/border-lengths
https://www.ga.gov.au/scientific-topics/national-location-information/dimensions/border-lengths
https://elibrary.gbrmpa.gov.au/jspui/handle/11017/653
https://elibrary.gbrmpa.gov.au/jspui/handle/11017/825
https://www.algaebase.org
https://doi.org/10.1038/srep28821
https://doi.org/10.1038/srep28821
https://doi.org/10.1111/jpy.12326
https://doi.org/10.3390/molecules27041394
https://doi.org/10.1007/s13131-022-1985-5
https://doi.org/10.1071/cp11169
https://doi.org/10.1071/cp11169
https://doi.org/10.1007/s10811-010-9632-5
https://doi.org/10.1038/nature21707
https://doi.org/10.1017/CBO9781139192637
https://doi.org/10.1515/bot-2022-0061
https://doi.org/10.1016/j.marpolbul.2004.11.026
https://doi.org/10.1016/j.marpolbul.2004.11.026

9664 Aquaculture International (2024) 32:9631-9669

Hwang RL, Tsai CC, Lee TM (2004) Assessment of temperature and nutrient limitation on seasonal dynam-
ics among species of Sargassum from a coral reef in southern Taiwan. J Phycol 40(3):463-473.
https://doi.org/10.1111/j.1529-8817.2004.03086.x

Ibrahim WM, Ali RM, Hemida KA, Sayed MA (2014) Role of Ulva lactuca extract in alleviation of salinity
stress on wheat seedlings. Sci World J 2014:847290. https://doi.org/10.1155/2014/847290

Jones AB, Dennison WC, Preston NP (2001) Integrated treatment of shrimp effluent by sedimentation, oys-
ter filtration and macroalgal absorption: a laboratory scale study. Aquaculture 193:155-178. https://
doi.org/10.1016/S0044-8486(00)00486-5

Kang YH, Hwang JR, Chung IK, Park SR (2013) Development of a seaweed species-selection index for
successful culture in a seaweed-based integrated aquaculture system. J Ocean Univ China 12(1):125—
133. https://doi.org/10.1007/s11802-013-1928-z

Kang EJ, Han AR, Kim J-H, Kim I-N, Lee S, Min J-O, Nam B-R, Choi Y-J, Edwards MS, Diaz-Pulido G
et al (2021) Evaluating bloom potential of the green-tide forming alga Ulva ohnoi under ocean acidi-
fication and warming. Sci Total Environ 769:144443. https://doi.org/10.1016/j.scitotenv.2020.144443

Kavale MG, Alexander HJ, Malarvizhi J, Manivannan M, Ram S (2021) Short note: preliminary observa-
tions on the propagule production of Sargassum polycystum C. Agardh from stoloniferous branches.
Aquacult 534.https://doi.org/10.1016/j.aquaculture.2020.736322

Kelly J, Macleod C (2023) Seaweed aquaculture governance in Australia; A review of state and Northern
Territory seaweed aquaculture policy.vol 23-014. AgriFutures Australia, Wagga Wagga, Australia.

Kelly J (2020) Australian seaweed industry blueprint—a blueprint for growth. AgriFutures Australia,
Wagga Wagga.

Kim JK, Kraemer GP, Yarish C (2014) Field scale evaluation of seaweed aquaculture as a nutrient bioex-
traction strategy in Long Island Sound and the Bronx River Estuary. Aquacult 433:148-156. https://
doi.org/10.1016/j.aquaculture.2014.05.034

Kim JK, Yarish C, Hwang EK, Park M, Kim Y (2017) Seaweed aquaculture: cultivation technologies, chal-
lenges and its ecosystem services. Algae 32(1):1-13. https://doi.org/10.4490/algae.2017.32.3.3

Kirkendale L, Saunders GW, Winberg P (2013) A molecular survey of Ulva (Chlorophyta) in temperate
Australia reveals enhanced levels of cosmopolitanism. J Phycol 49(1):69-81. https://doi.org/10.1111/
jpy-12016

Kogame K (1997) Life histories of Colpomenia sinuosa and Hydroclathrus clathratus (Scytosiphonaceae,
Phaeophyceae) in culture. Phycological Res 45:227-231. https://doi.org/10.1111/j.1440-1835.1997.
tb00081.x

Kraft LGK, Kraft GT, Waller RF (2010) Investigations into southern Australian Ulva (Ulvophyceae, Chlo-
rophyta) taxonomy and molecular phylogeny indicate both cosmopolitanism and endemic cryptic spe-
cies. J Phycol 46(6):1257-1277. https://doi.org/10.1111/j.1529-8817.2010.00909.x

Kroon FJ, Kuhnert PM, Henderson BL, Wilkinson SN, Kinsey-Henderson A, Abbott B, Brodie JE, Turner
RD (2012) River loads of suspended solids, nitrogen, phosphorus and herbicides delivered to the Great
Barrier Reef lagoon. Mar Poll Bull 65(4-9):167—181. https://doi.org/10.1016/j.marpolbul.2011.10.018

Kuragodage AU, Cumaranatunga PRT, Deepananda KHMA (2022) Effect of light colour on Gracilaria
edulis growth and agar. Int Aquat Res 14:203-212. https://doi.org/10.22034/iar.2022.1950279.1231

Lavania B, Azman S, Mohd Said MI, Ahmad F, Mohamad M (2014) Biofiltration potential of macroalgae
for ammonium removal in outdoor tank shrimp wastewater recirculation system. Biomass Bioenerg
66:103-109. https://doi.org/10.1016/j.biombioe.2014.02.031

Lee TM (1998) Investigations of some intertidal green macroalgae to hyposaline stress: detrimental role of
putrescine under extreme hyposaline conditions. Plant Sci 138:1-8. https://doi.org/10.1016/S0168-
9452(98)00100-9

Lim C, Yusoff S, Ng CG, Lim PE, Ching YC (2021) Bioplastic made from seaweed polysaccharides with
green production methods. J Environ Chem Eng 9(5):105895. https://doi.org/10.1016/j.jece.2021.
105895

Lubsch A, Timmermans K (2018) Uptake kinetics and storage capacity of dissolved inorganic phosphorus
and corresponding N: P dynamics in Ulva lactuca (Chlorophyta). J Phycol 54(2):215-223. https://doi.
org/10.1111/jpy.12612

Machado L, Magnusson M, Paul NA, de Nys R, Tomkins N (2014a) Effects of marine and freshwater mac-
roalgae on in vitro total gas and methane production. PLoS ONE 9(1):e85289. https://doi.org/10.
1371/journal.pone.0085289

Machado LP, Matsumoto ST, Jamal CM, da Silva MB, Centeno Dda C, Colepicolo Neto P, de Carvalho
LR, Yokoya NS (2014b) Chemical analysis and toxicity of seaweed extracts with inhibitory activity
against tropical fruit anthracnose fungi. J Sci Food Agric 94(9):1739-1744. https://doi.org/10.1002/
jsfa.6483

@ Springer


https://doi.org/10.1111/j.1529-8817.2004.03086.x
https://doi.org/10.1155/2014/847290
https://doi.org/10.1016/S0044-8486(00)00486-5
https://doi.org/10.1016/S0044-8486(00)00486-5
https://doi.org/10.1007/s11802-013-1928-z
https://doi.org/10.1016/j.scitotenv.2020.144443
https://doi.org/10.1016/j.aquaculture.2020.736322
https://doi.org/10.1016/j.aquaculture.2014.05.034
https://doi.org/10.1016/j.aquaculture.2014.05.034
https://doi.org/10.4490/algae.2017.32.3.3
https://doi.org/10.1111/jpy.12016
https://doi.org/10.1111/jpy.12016
https://doi.org/10.1111/j.1440-1835.1997.tb00081.x
https://doi.org/10.1111/j.1440-1835.1997.tb00081.x
https://doi.org/10.1111/j.1529-8817.2010.00909.x
https://doi.org/10.1016/j.marpolbul.2011.10.018
https://doi.org/10.22034/iar.2022.1950279.1231
https://doi.org/10.1016/j.biombioe.2014.02.031
https://doi.org/10.1016/S0168-9452(98)00100-9
https://doi.org/10.1016/S0168-9452(98)00100-9
https://doi.org/10.1016/j.jece.2021.105895
https://doi.org/10.1016/j.jece.2021.105895
https://doi.org/10.1111/jpy.12612
https://doi.org/10.1111/jpy.12612
https://doi.org/10.1371/journal.pone.0085289
https://doi.org/10.1371/journal.pone.0085289
https://doi.org/10.1002/jsfa.6483
https://doi.org/10.1002/jsfa.6483

Aquaculture International (2024) 32:9631-9669 9665

Mallo CM, Larrea JD, Valdés-Iglesias O, Bustio I (2007) Chemical components and biomass of Ulva fas-
ciata (Chlorophyta) in North coast of Havana City. Cuba Hidrobioldgica 17:41-51

Mani AE, Chakraborty K, Pananghat V (2021) Comparative phytochemical and pharmacological properties
of commonly available tropical green seaweeds. J Aquat Food Prod Technol 30(8):988—-1001. https://
doi.org/10.1080/10498850.2021.1963023

Mantri VA, Ashok KS, Saminathan KR, Rajasankar J, Harikrishna P (2015) Concept of triangular raft
design: Achieving higher yield in Gracilaria edulis. Aquac Eng 69:1-6. https://doi.org/10.1016/j.
aquaeng.2015.08.002

Mantri VA, Ashok KS, Musamil TM, Gobalakrishnan M, Saminathan KR, Behera DP, Veeragurunathan
V, Eswaran K, Thiruppathi S, Pothal JK et al (2017) Tube-net farming and device for efficient tis-
sue segregation for industrially important agarophyte Gracilaria edulis (Rhodophyta). Aquacult Eng
77:132-135. https://doi.org/10.1016/j.aquaeng.2017.04.003

Marquez GPB, Santiafiez WJE, Trono GC, Montafio M, E. N, Araki H, Takeuchi H, Hasegawa T, (2014)
Seaweed biomass of the Philippines: sustainable feedstock for biogas production. Renew Sust Energ
Rev 38:1056-1068. https://doi.org/10.1016/j.rser.2014.07.056

Martinez-Curci NS, Fierro P, Navedo JG (2023) Does experimental seaweed cultivation affect benthic com-
munities and shorebirds? Applications for extensive quaculture.Ecol Appl 33 (3). https://doi.org/10.
1002/eap.2799

Martins CDL, Ramlov F, Nocchi Carneiro NP, Gestinari LM, dos Santos BF, Bento LM, Lhullier C, Gou-
vea L, Bastos E, Horta PA et al (2012) Antioxidant properties and total phenolic contents of some
tropical seaweeds of the Brazilian coast. J Appl Phycol 25(4):1179-1187. https://doi.org/10.1007/
s10811-012-9918-x

Mata L, Schuenhoff A, Santos R (2010) A direct comparison of the performance of the seaweed biofil-
ters, Asparagopsis armata and Ulva rigida. J Appl Phycol 22(5):639-644. https://doi.org/10.1007/
s10811-010-9504-z

Mata L, Magnusson M, Paul NA, De Nys R (2016) The intensive land-based production of the green sea-
weeds Derbesia tenuissima and Ulva ohnoi: biomass and bioproducts. J Appl Phycol 28(1):365-375.
https://doi.org/10.1007/s10811-015-0561-1

Mata L, Lawton RJ, Magnusson M, Andreakis N, de Nys R, Paul NA (2017) Within-species and temper-
ature-related variation in the growth and natural products of the red alga Asparagopsis taxiformis. J
Appl Phycol 29(3):1437-1447. https://doi.org/10.1007/s10811-016-1017-y

Mawi S, Krishnan S, Din MFMD, Arumugam N, Chelliapan S (2020) Bioremediation potential of macroal-
gae Gracilaria edulis and Gracilaria changii co-cultured with shrimp wastewater in an outdoor water
recirculation system. Environ Technol Innov 17. https://doi.org/10.1016/j.eti.2019.100571

May-Lin BY, Ching-Lee W (2012) Seasonal growth rate of Sargassum species at Teluk Kemang, Port Dick-
son. Malaysia J Appl Phycol 25(3):805-814. https://doi.org/10.1007/s10811-012-9963-5

McCook LJ (1999) Macroalgae, nutrients and phase shifts on coral reefs: scientific issues and management
consequences for the Great Barrier Reef. Coral Reefs 18:357-367. https://doi.org/10.1007/s0033
80050213

McKinnon AD, Logan M, Castine SA, Duggan S (2013) Pelagic metabolism in the waters of the Great Bar-
rier Reef. Limnol Oceanogra 58(4):1227-1242. https://doi.org/10.4319/10.2013.58.4.1227

Mercado JM, Gomez-Jakobsen F, Korbee N, Aviles A, Bonomi-Barufi J, Munoz M, Reul A, Figueroa
FL (2022) Analyzing environmental factors that favor the growth of the invasive brown macroalga
Rugulopteryx okamurae (Ochrophyta): The probable role of the nutrient excess. Mar Pollut Bull
174:113315. https://doi.org/10.1016/j.marpolbul.2021.113315

Meynecke JO, Lee SY (2011) Climate-coastal fisheries relationships and their spatial variation in Queens-
land. Australia Fish Res 110(2):365-376. https://doi.org/10.1016/].fishres.2011.05.004

Mhatre A, Navale M, Trivedi N, Pandit R, Lali AM (2018) Pilot scale flat panel photobioreactor system for
mass production of Ulva lactuca (Chlorophyta). Bioresour Technol 249:582-591. https://doi.org/10.
1016/j.biortech.2017.10.058

Mohiuddin M, Banik U, Igbal MZ, Chamily FA, Rahman MM, Nahiduzzaman M, Wahab MA, Rahman
MA, Asaduzzaman M (2023) Influence of cultivation systems and associated environmental factors
on the growth performance of Hypnea musciformis seaweed at the south-east coast of the Bay of Ben-
gal. Bangladesh Aquac Rep 32:101718. https://doi.org/10.1016/j.aqrep.2023.101718

Msuya FE, Bolton J, Pascal F, Narrain K, Nyonje B, Cottier-Cook EJ (2022) Seaweed farming in Africa:
current status and future potential. J Appl Phycol 34(2):985-1005. https://doi.org/10.1007/
s10811-021-02676-w

Nabti E, Jha B, Hartmann A (2017) Impact of seaweeds on agricultural crop production as biofertilizer.
IJEST 14(5):1119-1134. https://doi.org/10.1007/s13762-016-1202-1

@ Springer


https://doi.org/10.1080/10498850.2021.1963023
https://doi.org/10.1080/10498850.2021.1963023
https://doi.org/10.1016/j.aquaeng.2015.08.002
https://doi.org/10.1016/j.aquaeng.2015.08.002
https://doi.org/10.1016/j.aquaeng.2017.04.003
https://doi.org/10.1016/j.rser.2014.07.056
https://doi.org/10.1002/eap.2799
https://doi.org/10.1002/eap.2799
https://doi.org/10.1007/s10811-012-9918-x
https://doi.org/10.1007/s10811-012-9918-x
https://doi.org/10.1007/s10811-010-9504-z
https://doi.org/10.1007/s10811-010-9504-z
https://doi.org/10.1007/s10811-015-0561-1
https://doi.org/10.1007/s10811-016-1017-y
https://doi.org/10.1016/j.eti.2019.100571
https://doi.org/10.1007/s10811-012-9963-5
https://doi.org/10.1007/s003380050213
https://doi.org/10.1007/s003380050213
https://doi.org/10.4319/lo.2013.58.4.1227
https://doi.org/10.1016/j.marpolbul.2021.113315
https://doi.org/10.1016/j.fishres.2011.05.004
https://doi.org/10.1016/j.biortech.2017.10.058
https://doi.org/10.1016/j.biortech.2017.10.058
https://doi.org/10.1016/j.aqrep.2023.101718
https://doi.org/10.1007/s10811-021-02676-w
https://doi.org/10.1007/s10811-021-02676-w
https://doi.org/10.1007/s13762-016-1202-1

9666 Aquaculture International (2024) 32:9631-9669

Narvarte BCV, Genovia TGT, Hinaloc LAR, Roleda MY (2022) Growth, nitrate uptake kinetics, and biofil-
tration potential of eucheumatoids with different thallus morphologies. J Phycol 58(1):12-21. https://
doi.org/10.1111/jpy.13229

Narvarte BCV, Hinaloc LAR, Gonzaga SMC, Roleda MY (2024) Impacts of aquaculture nutrient sources:
ammonium uptake of commercially important eucheumatoids depends on phosphate levels. J Appl
Phycol 36(2):557-565. https://doi.org/10.1007/s10811-023-03073-1

Naughtin C, Moyle C-1, Pandey V, Renando C, Poruschi L, Torres de Oliveira R, Doan N, Schleiger E
(2021) A new chapter: opportunities to seed new industries for Queensland over the coming decade.
CSIRO Publishing, Brisbane, Australia

Neori A, Chopin T, Troell M, Buschmann AH, Kraemer GP, Halling C, Shpigel M, Yarish C (2004) Inte-
grated aquaculture: rationale, evolution and state of the art emphasizing seaweed biofiltration in mod-
ern mariculture. Aquacult 231(1-4):361-391. https://doi.org/10.1016/j.aquaculture.2003.11.015

Nielsen MM, Bruhn A, Rasmussen MB, Olesen B, Larsen MM, Mgller HB (2011) Cultivation of Ulva lac-
tuca with manure for simultaneous bioremediation and biomass production. J Appl Phycol 24(3):449—
458. https://doi.org/10.1007/s10811-011-9767-z

Niesenbaum RA (1988) The ecology of sporulation by the macroalga Ulva lactuca L. (chlorophyceae).
Aquat Bot 32 (1-2):155-166. https://doi.org/10.1016/0304-3770(88)90095-2

Nishihara GN, Terada R, Noro T (2004) Photosynthesis and growth rates of Laurencia brongniartii J.
Agardh (Rhodophyta, Ceramiales) in preparation for cultivation. J of Appl Phycol 16:303-308.
https://doi.org/10.1023/B:JAPH.0000047790.59265.fb

NSW Government (2016) Interim Biogeographic Regionalisation for Australia (IBRA), Version 7
(Subregions).https://datasets.seed.nsw.gov.au/dataset/interim-biogeographic-regionalisation-for-austr
alia-ibra-version-7-subregions. Accessed 08 December 2023

Panja A, Peter MJ, Nayagi N, Maruthupandi N, Ganesan M, Haldar S (2022) Identification and determina-
tion of optimum growth condition with respect to selected environmental parameters for open sea cul-
tivation of Gracillaria edulis in Andaman water. Mar Poll Bull 181:113893. https://doi.org/10.1016/j.
marpolbul.2022.113893

Paul NA, de Nys R (2008) Promise and pitfalls of locally abundant seaweeds as biofilters for integrated
aquaculture. Aquacult 281(1-4):49-55. https://doi.org/10.1016/j.aquaculture.2008.05.024

Pereira RC, Costa-Lotufo LV (2012) Bioprospecting for bioactives from seaweeds: potential, obstacles and
alternatives. Rev Bras Farmacogn 22(4):894-905. https://doi.org/10.1590/50102-695x20120050000
77

Pérez-Lloréns JL, Vergara JJ, Pino RR, Hernandez I, Peralta G, Niell FX (1996) The effect of photoacclima-
tion on the photosynthetic physiology of Ulva curvata and Ulva rotundata (Ulvales, Chlorophyta).
Eur J Phycol 31(4):349-359. https://doi.org/10.1080/09670269600651581

Queensland Government (2024a) Activities guide for the new Great Barrier Reef Marine Park zoning.
Queensland Government.https://www.qld.gov.au/environment/coasts-waterways/marine-parks/permi
ts. Accessed 08 February 2024

Queensland Government (2024b) Applying for a marine parks permit. The State of Queensland.https://
www.qld.gov.au/environment/coasts-waterways/marine-parks/applying. Accessed 07 Janurary 2024

R Core Team (2021) R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/.

Racine P, Marley A, Froehlich HE, Gaines SD, Ladner I, MacAdam-Somer I, Bradley D (2021) A case for
seaweed aquaculture inclusion in U.S. nutrient pollution management. Mar Policy 129.https://doi.org/
10.1016/j.marpol.2021.104506

Raikar S, Iima M, Fujita Y (2001) Effect of temperature, salinity and light intensity on the growth of Graci-
laria spp. (Gracilariales, Rhodophyta) from Japan, Malaysia and India. Indian J Mar Sci 30:98-104

Raj S, Muthukumar A, Vignesh S, Charumathi M, Suji HA (2019) Efficacy of seaweed extract against
downy mildew of grapes caused by Plasmopara viticola. Plant Arch 19:2877-2882

Rajan MSA, Thriunavukkarasu R, Joseph J, Wilson A (2020) Effect of seaweed on seed germination and
biochemical constituents of Capsicum annuum. Biocatal Agric Biotechnol 29.https://doi.org/10.
1016/j.bcab.2020.101761

Ravaglioli C, Langeneck J, Capocchi A, Castelli A, Fontanini D, Gribben PE, Bulleri F (2021) Positive
cascading effects of epiphytes enhance the persistence of a habitat-forming macroalga and the biodi-
versity of the associated invertebrate community under increasing stress. J Ecol 109(2):1078-1093.
https://doi.org/10.1111/1365-2745.13539

Ridoutt B, Lehnert SA, Denman S, Charmley E, Kinley R, Dominik S (2022) Potential GHG emission
benefits of Asparagopsis taxiformis feed supplement in Australian beef cattle feedlots. J Clean Prod
337:130499. https://doi.org/10.1016/j.jclepro.2022.130499

@ Springer


https://doi.org/10.1111/jpy.13229
https://doi.org/10.1111/jpy.13229
https://doi.org/10.1007/s10811-023-03073-1
https://doi.org/10.1016/j.aquaculture.2003.11.015
https://doi.org/10.1007/s10811-011-9767-z
https://doi.org/10.1016/0304-3770(88)90095-2
https://doi.org/10.1023/B:JAPH.0000047790.59265.fb
https://datasets.seed.nsw.gov.au/dataset/interim-biogeographic-regionalisation-for-australia-ibra-version-7-subregions
https://datasets.seed.nsw.gov.au/dataset/interim-biogeographic-regionalisation-for-australia-ibra-version-7-subregions
https://doi.org/10.1016/j.marpolbul.2022.113893
https://doi.org/10.1016/j.marpolbul.2022.113893
https://doi.org/10.1016/j.aquaculture.2008.05.024
https://doi.org/10.1590/s0102-695x2012005000077
https://doi.org/10.1590/s0102-695x2012005000077
https://doi.org/10.1080/09670269600651581
https://www.qld.gov.au/environment/coasts-waterways/marine-parks/permits
https://www.qld.gov.au/environment/coasts-waterways/marine-parks/permits
https://www.qld.gov.au/environment/coasts-waterways/marine-parks/applying
https://www.qld.gov.au/environment/coasts-waterways/marine-parks/applying
https://www.R-project.org/
https://doi.org/10.1016/j.marpol.2021.104506
https://doi.org/10.1016/j.marpol.2021.104506
https://doi.org/10.1016/j.bcab.2020.101761
https://doi.org/10.1016/j.bcab.2020.101761
https://doi.org/10.1111/1365-2745.13539
https://doi.org/10.1016/j.jclepro.2022.130499

Aquaculture International (2024) 32:9631-9669 9667

Roleda MY, Hurd CL (2019) Seaweed nutrient physiology: application of concepts to aquaculture and bioreme-
diation. Phycologia 58(5):552—562. https://doi.org/10.1080/00318884.2019.1622920

Roque BM, Brooke CG, Ladau J, Polley T, Marsh LJ, Najafi N, Pandey P, Singh L, Kinley R, Salwen JK et al
(2019) Effect of the macroalgae Asparagopsis taxiformis on methane production and rumen microbiome
assemblage. Anim Microbiome 1(1):3. https://doi.org/10.1186/s42523-019-0004-4

Salomonsen J, Flindt MR, Geertz-Hansen O (1997) Significance of advective transport of Ulva lactuca for a
biomass budget on a shallow water location. Ecol Modell 102:129-132. https://doi.org/10.1016/S0304-
3800(97)00100-2

Salomonsen J, Flindt M, Geertz-Hansen O, Johansen C (1999) Modelling advective transport of Ulva lactuca
(L) in the sheltered bay, Mgllekrogen, Roskilde Fjord. Denmark Hydrobiologia 397:241-252. https://doi.
org/10.1023/A:1003790625535

Salosso Y, Jasmanindar Y (2018) Diversity of brown macroalgae in Kupang Bay waters and alginate content
potential and its phytochemistry. AACL Bioflux 11 (3).

Schaffelke B (1999) Short-term nutrient pulses as tools to assess responses of coral reef macroalgae to enhanced
nutrient availability. Mar Ecol Prog Ser 182:305-310. https://doi.org/10.3354/meps182305

Schaffelke B, Klumpp DW (1998a) Nutrient-limited growth of the coral reef macroalga Sargassum baccularia
and experimental growth enhancement by nutrient addition in continuous flow culture. Mar Ecol Prog
Ser 164:199-211. https://doi.org/10.3354/meps164199

Schaffelke B, Klumpp DW (1998b) Short-term nutrient pulses enhance growth and photosynthesis of the coral
reef macroalga Sargassum baccularia. Mar Ecol Prog Ser 170:95-105. https://doi.org/10.3354/meps1
70095

Schaffelke B, Klumpp DW (1997) Biomass and productivity of tropical macroalgae on three nearshore fringing
reefs in the Central Great Barrier Reef, Australia. Bot Mar 40:373-383. https://doi.org/10.1515/botm.
1997.40.1-6.373

Scrosati R (2006) Length—biomass allometry in primary producers: predominantly bidimensional seaweeds
differ from the “universal” interspecific trend defined by microalgae and vascular plants. Can J Bot
84(7):1159-1166. https://doi.org/10.1139/b06-077

Seghetta M, Tgrring D, Bruhn A, Thomsen M (2016) Bioextraction potential of seaweed in Denmark—an
instrument for circular nutrient management. Sci Total Environ 563-564:513-529. https://doi.org/10.
1016/j.scitotenv.2016.04.010

Shpigel M, Guttman L, Ben-Ezra D, Yu J, Chen S (2019) Is Ulva sp. able to be an efficient biofilter for maricul-
ture effluents? J Appl Phycol 31:2449-2459. https://doi.org/10.1007/s10811-019-1748-7

Silbiger NJ, Nelson CE, Remple K, Sevilla JK, Quinlan ZA, Putnam HM, Fox MD, Donahue MJ (2018) Nutri-
ent pollution disrupts key ecosystem functions on coral reefs. Proc R Soc B: Biol Sci 285 (1880). https:/
doi.org/10.1098/rspb.2017.2718

Sode S, Bruhn A, Balsby TJS, Larsen MM, Gotfredsen A, Rasmussen MB (2013) Bioremediation of reject
water from anaerobically digested waste water sludge with macroalgae (Ulva lactuca, Chlorophyta).
Bioresour Technol 146:426-435. https://doi.org/10.1016/j.biortech.2013.06.062

Spalding HL, Amado-Filho GM, Bahia RG, Ballantine DL, Fredericq S, Leichter JJ, Nelson WA, Slattery M,
Tsuda RT (2019) Macroalgae. In: Loya Y, Puglise KA, Bridge TCL (ed) Mesophotic coral ecosystems.
Springer International Publishing, Cham, pp 507-536. https://doi.org/10.1007/978-3-319-92735-0_29

Stachowicz JJ, Graham MH, Bracken MES, Szoboszlai A (2008) Diversity enhances cover and stability of sea-
weed assemblages: the role of heterogeneity and time. Ecology 89:3008-3019. https://doi.org/10.1890/
07-1873.1

State of Queensland (2018) Reef 2050 Water Quality Improvement Plan.https://www.reefplan.qld.gov.au/__
data/assets/pdf_file/0017/46115/reef-2050-water-quality-improvement-plan-2017-22.pdf. Accessed 31
January 2024

Steinhagen S, Enge S, Larsson K, Olsson J, Nylund GM, Albers E, Pavia H, Undeland I, Toth GB (2021) Sus-
tainable large-scale aquaculture of the Northern Hemisphere Sea Lettuce, Ulva fenestrata, in an Off-
Shore Seafarm. J Mar Sci Eng 9 (6). https://doi.org/10.3390/jmse9060615

The Australasian Virtual Herbarium (2024) AVH The Australasian Virtual Herbarium. https://avh.chah.org.au/.
Accessed 02 February 2023

Tremblay-Gratton A, Boussin JC, Tamigneaux E, Vandenberg GW, Le Francois NR (2017) Bioremediation
efficiency of Palmaria palmata and Ulva lactuca for use in a fully recirculated cold-seawater naturalistic
exhibit: effect of high NO3 and PO4 concentrations and temperature on growth and nutrient uptake. J
Appl Phycol 30(2):1295-1304. https://doi.org/10.1007/s10811-017-1333-x

Tullberg RM, Nguyen HP, Wang CM (2022) Review of the status and developments in seaweed farming infra-
structure. J Mar Sci Eng 10(10):1447

@ Springer


https://doi.org/10.1080/00318884.2019.1622920
https://doi.org/10.1186/s42523-019-0004-4
https://doi.org/10.1016/S0304-3800(97)00100-2
https://doi.org/10.1016/S0304-3800(97)00100-2
https://doi.org/10.1023/A:1003790625535
https://doi.org/10.1023/A:1003790625535
https://doi.org/10.3354/meps182305
https://doi.org/10.3354/meps164199
https://doi.org/10.3354/meps170095
https://doi.org/10.3354/meps170095
https://doi.org/10.1515/botm.1997.40.1-6.373
https://doi.org/10.1515/botm.1997.40.1-6.373
https://doi.org/10.1139/b06-077
https://doi.org/10.1016/j.scitotenv.2016.04.010
https://doi.org/10.1016/j.scitotenv.2016.04.010
https://doi.org/10.1007/s10811-019-1748-7
https://doi.org/10.1098/rspb.2017.2718
https://doi.org/10.1098/rspb.2017.2718
https://doi.org/10.1016/j.biortech.2013.06.062
https://doi.org/10.1007/978-3-319-92735-0_29
https://doi.org/10.1890/07-1873.1
https://doi.org/10.1890/07-1873.1
https://www.reefplan.qld.gov.au/__data/assets/pdf_file/0017/46115/reef-2050-water-quality-improvement-plan-2017-22.pdf
https://www.reefplan.qld.gov.au/__data/assets/pdf_file/0017/46115/reef-2050-water-quality-improvement-plan-2017-22.pdf
https://doi.org/10.3390/jmse9060615
https://avh.chah.org.au/
https://doi.org/10.1007/s10811-017-1333-x

9668 Aquaculture International (2024) 32:9631-9669

Van Alstyne KL (2018) Seawater nitrogen concentration and light independently alter performance, growth,
and resource allocation in the bloom-forming seaweeds Ulva lactuca and Ulvaria obscura (Chlorophyta).
Harmful Algae 78:27-35. https://doi.org/10.1016/j.hal.2018.07.005

Vaughan EJ, Wilson SK, Howlett SJ, Parravicini V, Williams GJ, Graham NAJ (2021) Nitrogen enrichment
in macroalgae following mass coral mortality. Coral Reefs 40(3):767-776. https://doi.org/10.1007/
s00338-021-02079-w

Veeragurunathan V, Prasad K, Singh N, Malarvizhi J, Mandal SK, Mantri VA (2016) Growth and biochemi-
cal characterization of green and red strains of the tropical agarophytes Gracilaria debilis and Graci-
laria edulis (Gracilariaceae, Rhodophyta). J Appl Phycol 28(6):3479-3489. https://doi.org/10.1007/
s10811-016-0898-0

Vijayaram S, Ringg E, Ghafarifarsani H, Hoseinifar SH, Ahani S, Chou C-C (2024) Use of algae in aquaculture:
a review. Fishes 9(2):63. https://doi.org/10.3390/fishes9020063

Vinagre C, Mendonga V, Flores AAV, Baeta A, Marques JC (2018) Complex food webs of tropical intertidal
rocky shores (SE Brazil)—an isotopic perspective. Ecol Indic 95:485-491. https://doi.org/10.1016/j.ecoli
nd.2018.07.065

Visch W, Layton C, Hurd CL, Macleod C, Wright JT (2023) A strategic review and research roadmap for oft-
shore seaweed aquaculture—a case study from southern Australia. Rev Aquac 15(4):1467-1479. https://
doi.org/10.1111/raq.12788

Vuai SAH (2022) Characterization of agar extracted from Gracilaria species collected along Tanzanian coast.
Heliyon 8(2):e09002. https://doi.org/10.1016/j.heliyon.2022.e09002

Waterhouse J, Schaffelke B, Bartley R, Eberhard R, Brodie J, Star M, Thorburn P, Rolfe J, Ronan M, Taylor B
et al. (2017) 2017 Scientific Consensus Statement: land use impacts on Great Barrier Reef water quality
and ecosystem condition. vol 31359 The State of Queensland, Brisbane, Australia.

Wickham H (2009) ggplot2: Elegant graphics for data analysis. J. Stat. Softw, Springer, New York

Williams ID, Kindinger TL, Couch CS, Walsh WJ, Minton D, Oliver TA (2019) Can herbivore management
increase the persistence of Indo-Pacific coral reefs? Front Mar Sci 6. https://doi.org/10.3389/fmars.2019.
00557

‘World Register of Marine Species (2024) An authoritative classification and catalogue of marine names. https://
www.marinespecies.org/. Accessed 05 February 2023

Wu J, Rogers SW, Schaummann R, Higgins C, Price N (2022) Bioextractive aquaculture as an alternative nutri-
ent management strategy for water resource recovery facilities. Water Res 212:118092. https://doi.org/10.
1016/j.watres.2022.118092

Xiao X, Agusti S, Lin F, Li K, Pan Y, Yu Y, Zheng Y, Wu J, Duarte CM (2017) Nutrient removal from Chinese
coastal waters by large-scale seaweed aquaculture. Sci Rep 7:46613. https://doi.org/10.1038/srep46613

Yang Y, Chai Z, Wang Q, Chen W, He Z, Jiang S (2015) Cultivation of seaweed Gracilaria in Chinese coastal
waters and its contribution to environmental improvements. Algal Res 9:236-244. https://doi.org/10.
1016/j.algal.2015.03.017

Ye NH, Zhang XW, Mao YZ, Liang CW, Xu D, Zou J, Zhuang ZM, Wang QY (2011) ‘Green tides’ are over-
whelming the coastline of our blue planet: taking the world’s largest example. Ecol Res 26(3):477-485.
https://doi.org/10.1007/s11284-011-0821-8

Yu C-H, Lim P-E, Phang S-M (2013) Effects of irradiance and salinity on the growth of carpospore-derived
tetrasporophytes of Gracilaria edulis and Gracilaria tenuistipitata var liui (Rhodophyta). J Appl Phycol
25(3):787-794. https://doi.org/10.1007/s10811-012-9960-8

Zanolla M, Carmona R, Mata L, De la Rosa J, Sherwood A, Barranco CN, Muiioz AR, Altamirano M (2022)
Concise review of the genus Asparagopsis Montagne, 1840. J Appl Phycol 34 (1).https://doi.org/10.1007/
s10811-021-02665-z

Zheng X, Como S, Huang L, Magni P (2020) Temporal changes of a food web structure driven by different
primary producers in a subtropical eutrophic lagoon. Mar Environ Res 161:105128. https://doi.org/10.
1016/j.marenvres.2020.105128

Zhong Y, Chen T, Zheng W, Yang Y (2014) Selenium enhances antioxidant activity and photosynthesis in Ulva
fasciata. J Appl Phycol 27(1):555-562. https://doi.org/10.1007/s10811-014-0350-2

Zou XX, Xing SS, Su X, Zhu J, Huang HQ, Bao SX (2018) The effects of temperature, salinity and irradiance
upon the growth of Sargassum polycystum C. Agardh (Phaeophyceae). J Appl Phycol 30 (2):1207-1215.
https://doi.org/10.1007/s10811-017-1282-4

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1016/j.hal.2018.07.005
https://doi.org/10.1007/s00338-021-02079-w
https://doi.org/10.1007/s00338-021-02079-w
https://doi.org/10.1007/s10811-016-0898-0
https://doi.org/10.1007/s10811-016-0898-0
https://doi.org/10.3390/fishes9020063
https://doi.org/10.1016/j.ecolind.2018.07.065
https://doi.org/10.1016/j.ecolind.2018.07.065
https://doi.org/10.1111/raq.12788
https://doi.org/10.1111/raq.12788
https://doi.org/10.1016/j.heliyon.2022.e09002
https://doi.org/10.3389/fmars.2019.00557
https://doi.org/10.3389/fmars.2019.00557
https://www.marinespecies.org/
https://www.marinespecies.org/
https://doi.org/10.1016/j.watres.2022.118092
https://doi.org/10.1016/j.watres.2022.118092
https://doi.org/10.1038/srep46613
https://doi.org/10.1016/j.algal.2015.03.017
https://doi.org/10.1016/j.algal.2015.03.017
https://doi.org/10.1007/s11284-011-0821-8
https://doi.org/10.1007/s10811-012-9960-8
https://doi.org/10.1007/s10811-021-02665-z
https://doi.org/10.1007/s10811-021-02665-z
https://doi.org/10.1016/j.marenvres.2020.105128
https://doi.org/10.1016/j.marenvres.2020.105128
https://doi.org/10.1007/s10811-014-0350-2
https://doi.org/10.1007/s10811-017-1282-4

Aquaculture International (2024) 32:9631-9669 9669

Authors and Affiliations

Emma J. Theobald'?® . Andrew D. Irving'?® . Angela Capper'~
JoanaF. Costa>® - Guillermo Diaz-Pulido*® - Elizabeth L. Andrews'2® . Jo Kelly” -
Emma L. Jackson'?

< Emma J. Theobald
e.theobald@cqu.edu.au

I Coastal Marine Ecosystems Research Centre (CMERC), CQUniversity, Gladstone, QLD 4680,
Australia

2 School of Health, Medical and Applied Sciences, CQUniversity, Rockhampton, QLD 4701,
Australia

School of Biosciences, University of Melbourne, Parkville, VIC 3052, Australia

Coastal and Marine Research Centre, School of Environment and Science, Griffith University,
Nathan, QLD 4111, Australia

5 Australian Seaweed Institute, Atherton, QLD 4507, Australia

@ Springer


http://orcid.org/0000-0003-1324-2909
http://orcid.org/0000-0002-9763-2148
http://orcid.org/0000-0002-4922-0253
http://orcid.org/0000-0001-7514-9836
http://orcid.org/0000-0002-0901-3727
http://orcid.org/0000-0002-3707-1588
http://orcid.org/0000-0003-1708-4776

	Selection of marine macroalgae for nutrient biofilter and bioproduct trials in the coastal waters of Queensland, Australia
	Abstract
	Introduction
	Characterisation of Queensland’s coastal waters

	Materials and methods
	Phase 1: assembling the species database
	Phase 2: multi-criteria selection of species
	Phase 3: systematic review of shortlisted species

	Results
	Phase 1: assembling the species database
	Phase 2: multi-criteria selection of species
	Phase 3: systematic review of shortlisted species

	Discussion
	Acknowledgements 
	References


