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Abstract

Microbes are fundamentally important to the maintenance of all habitats, including those in the 
ocean: they govern biogeochemical cycles, contribute to resistance from disease and nutritional 
requirements of macroorganisms and provide enormous biological and genetic diversity. The 
oceanic environment of the west coast of Australia is dominated by the Leeuwin Current, a 
poleward flowing boundary current that brings warm water down the coastline from the north. 
Due to the influence of the current, tropical species exist further south than they would otherwise, 
and stretches of the coastline host unique assortments of tropical and temperate species. Seawater 
itself, as well as the benthic macroorganisms that inhabit ocean environments, form habitats such 
as extensive areas of seagrass beds, macroalgal forests, coral reefs, sponge gardens, benthic mats 
including stromatolites, continental slopes and canyons and abyssal plain enviroments. These 
environments, and the macroorganisms that inhabit them, are all intrinsically linked with highly 
abundant and diverse consortiums of microorganisms. To date, there has been little research aimed 
at understanding these critical organisms within Western Australia. Here we review the current 
literature from the dominant coastal types (seagrass, coral, temperate macroalgae, vertebrates and 
stromatolites) in Western Australia. The most well researched are pelagic habitats and those with 
stromatolites, whereas data on all the other environments are slowly beginning to emerge. We urge 
future research efforts to be directed toward understanding the diversity, function, resilience and 
connectivity of coastal microorganisms in Western Australia.
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INTRODUCTION
In terms of both abundance and diversity, all ecosystems 
on Earth are dominated by microbes which, although 
invisible to the naked eye, are essential for the 
functioning of the biosphere. We collectively refer 
to prokaryotes (bacteria and archaea), microscopic 
eukaryotes (such as protists and fungi) and viruses as 
“microbes”, all of which are abundant in every aquatic 
environment. The global ocean prokaryotic biomass 
alone is in the order of a petagram of carbon (1015 grams), 
with ocean sediment harbouring up to ten times more 
than this (Whitman et al., 1998). Microbes also colonise 
biotic and abiotic surfaces in the marine environment 
to form complex biofilm communities, and proliferate 
in the tissues of many marine organisms, performing 
ecological functions essential to their hosts (see pull-out 
box, microbiomes Egan et al., 2008). 

The term ‘microbiome’ (from ‘microbe’ and ‘biome’) 
refers to the microbes living on a specific habitat, 
e.g., the ocean microbiome, which includes the water 
microbiome, the sediment microbiome, the microbiome 
of macroalgae, seagrasses, corals and sponges, as well 
as the microbiomes of marine fish and marine mammals. 
The microbiome also refers to the total genomic pool of the 
microbiota. In host-associated microbiomes, this extends 
the host’s functional genome well beyond its evolutionary 
capabilities.

In addition to their enormous abundance, microbial 
communities harbour a vast metabolic functional 
diversity to obtain energy from oxidation-reduction 
chemical reactions including photosynthesis. As a 
consequence, prokaryotes are essential to fulfilling many 
biogeochemical roles, and are likely to be responsible for 
most, if not all, key transformations in global cycling of 
carbon, nitrogen, phosphorus, sulphur and iron. About 
half of the Earth’s primary production (i.e. the conversion 
of atmospheric CO2 into organic substances within living 
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organisms) is in the ocean, with most of this (ca. 90%) 
performed by microbes (Duarte & Cebrian, 1996; Field 
et al., 1998). In addition, most of the global respiration 
(i.e. the degradation of organic carbon into CO2) stems 
from microbial processes (del Giorgio & Duarte, 2002). 
This productivity sustains marine food webs and is 
fundamental to many of the services of the world’s 
oceans. 

Understanding the  divers i ty  and ecology 
of microbiomes has been facilitated by the recent 
development of ‘omic’ approaches. These methodologies 
are based on the cost-effective sequencing of either 
the whole DNA of the community (metagenomics), 
the whole mRNA (metatranscriptomics) or various 
taxonomic marker genes that are amplified before 
sequencing (typically the 16S rDNA for prokaryotes and 
the 18S rDNA for eukaryotes). Despite this explosion 
of sequence-based data and the dominance in both 
abundance and diversity of microbes in oceans, we 
understand relatively little of their population dynamics, 
metabolic complexity and synergistic interactions 
with macro-organisms. There is mounting evidence 
that the health of many marine organisms depends on 
their associated microbiome (e.g., Zozaya‐Valdés et al., 

2015 and Sweet & Bulling, 2017). In addition, the large 
genomic diversity within oceanic microbes has a large 
biotechnological potential (Arrieta et al., 2010; Arnaud-
Haond et al., 2011). Hence, there is a vital need to improve 
our understanding of the diversity, function, resilience 
and connectivity of microorganisms in the ocean. 

MICROBIOMES OF WESTERN 
AUSTRALIA
With more than 20 000 km of coastline (of which 12 000 
correspond to the mainland and the rest to islands), 
Western Australia has an estimated >300 000 km2 of 
territorial waters, mostly over the continental shelf. 
Under the Integrated Marine and Coastal Regionalisation 
of Australia, this area can be divided either into several 
large Provincial Bioregions, or into eighteen mesoscale 
Bioregions (Fig. 1). Transitional zones, or biotones, are 
represented by the bioregions located between provincial 
water types and signify areas where species likely exist 
at the limit of their distributions. Three provincial zones 
and four associated biotones are represented along 
the Western Australian Coast. There are 18 defined 
bioregions located along the Western Australia coast, 

Figure 1. Location of Integrated Marine and Coastal Regionalisation for Australia (IMCRA) Provincial and Meso-scale 
Bioregions for the Western Australian Coast. Data Source: Commonwealth of Australia (2006). The warm southward 
flowing Leeuwin Current is represented by blue arrows.



	

19

10 of which are located within the tropical waters of 
the Northwest Province and Northwest Transition (Fig. 
1). Across this large range of latitude (> 20° of latitude 
from ca. 14°S to 36°S) average sea surface temperatures 
(SST) vary from 28°C in the north to 17°C in the south. 
In addition, the Western Australian coast ranges from 
sandy microtidal sites in the southernmost parts, to 
structurally complex macrotidal environments in the 
north where there is a significant effect of shallow reefs 
and island archipelagos that create structure and small-
scale variability.

Within Western Australian waters, a number of key 
ecological features have been identified that are expected 
to affect the distribution and activity of microbes. 
Both the pelagic and benthic environments of Western 
Australia are conditioned by the water current that 
transports warm tropical Indian Ocean waters along 
the coast, i.e. the Leeuwin Current that flows parallel 
to the coast from north to south and continues east 
after encountering Cape Leeuwin in the southwestern 
most extremity of the continent. In the South Australian 
Bight the Leeuwin Current is cooler as it is affected by 
the Antarctic Circumpolar Current from the west and 
is compressed towards the coast. In addition to these 
main currents, the Holloway Current in the north flows 
parallel to the northern Western Australian coastline and 
along the shelf, transporting warm, low salinity waters 
from the Arafura Sea and Gulf of Carpentaria into the 
Leeuwin Current. As the Holloway Current also flows 
parallel to the coast in the northern part of the coastline, 
it in part pushes the Leeuwin Current towards the 
coast. As a result, these warm waters found at southern 
latitudes in Australia’s west coast set this coast apart from 
the oceanographic dynamics of the west coasts of other 

continents such as America or Africa. This creates unique 
subtropical conditions that extend towards relatively high 
southern latitudes. Additionally, the Leeuwin Current 
generates warm-core and cold-core eddies, the former 
often entrapping productive shelf waters and creating 
a mosaic of waters with differences in temperature, 
phytoplankton and productivity (Waite et al., 2007; 
Paterson et al., 2013).

In addition to the oceanographic dynamics the shelf is 
very extensive in some regions (particularly in the north) 
with morphologically complex structure of shallow 
water habitats (Jones et al., 2014). There are steep canyons 
that connect the shelf with deep ocean. In particular the 
Perth Canyon near the Rottnest Island in the Leeuwin–
Naturaliste Bioregion (Fig. 1), allows episodic upwelling 
of nutrient-rich deep waters. Inshore lagoons are key 
sites of high benthic productivity (including macroalgae 
and seagrass). These lagoons support diverse and 
endemic invertebrate and vertebrate species that include 
commercial and recreational species of migratory fish. 
Finally, in the coastal regions of Western Australia are 
highly diverse, living stromatolites of various ages that 
hold extraordinary evolutionary significance (Gudhka et 
al., 2015). 

We chose to focus this review on a variety of 
microbiomes that reflect the importance of these Western 
Australian ecological features and the availability of 
published literature (Fig. 2). These microbiomes include: 
seagrass, coral, temperate macroalgal, vertebrate, benthic 
mats and stromatolites and planktonic (free-living) 
microbiomes (Fig. 3). In general, we have restricted 
our review to shallow waters, given the comparatively 
higher amount of research that has been focussed on 
shallow benthic systems versus deeper oceanic settings 

Figure 2. Number of journal articles published on marine microbes in Western Australia showing a) host/habitat they 
were from, and b) the decade they were published. A list of the references used in this figure are provided in Appendix 1. 
Symbols from the Integration and Application Network (ian.umces.edu/symbols/).
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in Western Australia. There are also a variety of other 
habitats and organisms (e.g., salt marshes, mangroves or 
invertebrates such as sponges, molluscs and arthropods) 
that are not included in our review due to scarcity 
of data, even though we recognise that these are also 
important components of the marine ecosystem. As it 
will become clear, the microbial ecology of the oceans 
surrounding Western Australia is poorly understood. We 
postulate that a full understanding of life in the ocean 
requires knowledge of the microbial taxa, their genomes, 
functioning, biogeographical patterns, and synergistic 
associations to themselves and larger eukaryotic hosts. 
A research agenda including these subjects will benefit 
our understanding of the oceanic environments and 
will facilitate development of techniques to be used as 
health diagnosis tools for both ocean organisms and 
environments. 

Seagrass microbiomes
Seagrasses are marine flowering plants (angiosperms) 
that are distributed along the coastlines of every 
continent except Antarctica (Short et al., 2007). Seagrasses 
can be referred to as ‘ecosystem engineers’ (see pull-out 
box, page 21; Jones et al., 1994); they provide a multitude 
of ecosystem services such as coastal protection 
from erosion (Ackerman & Okubo, 1993), sediment 
stabilisation (Gacia & Duarte, 2001) and represent a 
habitat and source of food for a variety of organisms 
(Staples et al., 1985; Heck et al., 2008; Bertelli & Unsworth, 
2014). Seagrasses also sequester and store an estimated 
19.9 Pg of organic carbon, (roughly 10–18% of the total 
oceanic carbon sequestration; Fourqurean et al., 2012; 
Lavery et al., 2013; Serrano et al., 2016). 

Figure 3. Conceptual diagram of Western Australian microbiomes and the functional roles that microbial communities 
play within each habitat. Symbols are from the Integration and Application Network (ian.umces.edu/symbols/).
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The term ‘ecosystem engineer’ refers to an organism 
that directly or indirectly modulates the availability of 
resources (other than themselves) to other species, 
by causing physical state changes in biotic or abiotic 
materials, in so doing they modify, maintain and/or create an 
ecosystem.

The seagrass meadows of Western Australia are 
among the most diverse in the world, with 11 genera 
and 26 species of seagrass that represent 36% of global 
seagrass diversity (Short et al., 2007). Seagrasses in 
Western Australia are distributed along a latitudinal 
range, which stretches from 13°S to 35°S (Short et al., 
2007). These meadows cover an estimated 20 000 km2 (ca 
43% of the total Australian seagrass area) and include 
both temperate and tropical species (Kilminster et al., 
2015). Northern Western Australia is dominated by the 
tropical species Thalassia hemprichii and Thalassodendron 
ciliatum, which both have ranges that reach to 22°S, a 
latitude that also corresponds to the northerly limit of 
the temperate seagrass Amphibolis antarctica (Walker, 
1989; Kirkman, 1997). Cymodocea angustata, Halodule 
uninervis, Halophila spinulosa and Syringodium isoetifolium 
reach south to Shark Bay at 26°S (Walker, 1991; Kirkman, 
1997). Southern Western Australia is dominated by 
Posidoniaceae with eight Posidonia species inhabiting 
either exposed or protected areas according to the habitat 
requirement of the species (Carruthers et al., 2007). Over 
1000 research papers and books have been published 
since the early 1980s on the ecology of Australian 
seagrasses, with much of this research conducted along 
Western Australia (York et al., 2017). Within Western 
Australia, seagrasses play a central role in sustaining 
the aquaculture industry (Hanson et al., 2005; Ince et 
al., 2007; Blandon & Zu Ermgassen, 2014). For example, 
seagrass meadows provide foraging grounds for the 
western rock lobster Panulirus cygnus, whose fishery is 
valued at an estimated AUD $200 million (De Lestang 
et al., 2009). Seagrass wrack is also an important habitat 
when it is deposited in surf zones where it sustains 
various components of the coastal ecosystem by feeding 
amphipods, copepods, birds, crabs and a variety of 
juvenile fish (Lenanton, 1982; Robertson & Lenanton, 
1984; Hyndes & Lavery, 2005; Ince et al., 2007). 

Despite the importance of seagrass meadows in 
Western Australia, there has been an extensive decline 
in their area across the State, largely as a result of coastal 
development and climate change (Hyndes et al., 2016). 
For example, in Cockburn Sound (Leeuwin–Naturaliste 
Bioregion, Fig. 1), 97% of the seagrass meadow (34 km2) 
had been lost by 1978 due to development of heavy 
industries and the consequent flow of industrial waste 
and nutrients into the bay (Cambridge & McComb, 
1984). Similarly, at Albany up to 66% of the seagrasses in 
Princess Royal Harbour and up to 46% of the seagrasses 
in Oyster Harbour (South Coast Bioregion; Fig. 1) have 
declined due to elevated nutrient flow from local factories 
and town sewage (Bastyan, 1986; Kirkman, 1987). In 2011, 
a particularly strong marine heat wave event caused 
damage to 36% of the seagrass meadow area in Shark Bay 
(Arias-Ortiz et al., 2018). In most cases seagrasses have 
failed to recover despite improvements in water quality 
(Mohring & Rule, 2013; Fraser et al., 2016). This has led 
to a greater research effort to identify possible reasons 
for continued seagrass decline, as well as more focused 
research effort into improving seagrass restoration. 

A central ,  but  over looked,  component  to 
understanding drivers of seagrass decline is the role 
of microbes living in association with their host as a 
single biological unit also referred to as the ‘holobiont’ 
(see pull-out box, below; Ugarelli et al., 2017). Seagrass 
tissues are colonised by a diverse microbiome that play 
a critical role in their growth and health due to their 
influence on nitrogen and phosphorus supply (Garcias-
Bonet et al., 2016, Tarquinio et al., 2018), protection from 
pathogens (Marhaeni et al., 2011, Supaphon et al., 2013), 
sediment detoxification (e.g., removal of sulphides; 
Küsel et al., 2006) and production of phytohormones 
that stimulate plant growth (Kurtz et al., 2003). For 
example, cyanobacteria associated with seagrass leaves 
and sulphate-reducing bacteria present in the roots may 
supply up to a third of the nitrogen requirement by 
seagrass through nitrogen fixation and/or mineralisation 
of organic nitrogen (Welsh, 2000; Nielsen et al., 2001; Cole 
& McGlathery, 2012). Seagrass epiphytic cyanobacteria 
and fungi also represent a source of antimicrobial, 
antifungal and antifouling molecules and can protect 
seagrasses from pathogens and biofouling (Gleason & 
Paulson, 1984; Supaphon et al., 2013; Mazard et al., 2016). 

The term ‘holobiont’ refers to an assemblage of different 
interacting organisms considered as a single unit. For 
example, a host organism (such as seagrasses, sponge, fish 
etc.) and the microbes that live in and on that host, and their 
entire genetic repertoire.

Microbial  populat ions  respond rapidly to 
environmental disturbance due to their fast generation 
times (Allison & Martiny, 2008). Consequently, 
monitoring their composition and activity can serve as 
a sensitive bio-indicator of environmental fluctuations 
and ultimately declines in seagrass health. Despite 
the globally recognised importance of microbiomes 
to seagrass health, research on their microbiomes 
is fundamentally lacking, particularly in regard to 
Australian taxa. A recently published overview of 
seagrass microbiome research revealed that only three 
of 58 studies worldwide were on Australian ecosystems 
(Ugarelli et al., 2017). While this review was not 
exhaustive, it serves to highlight the discrepancy between 
the many studies on Australian seagrass and the small 
portion that focus on the microbiome. 

Whereas few research articles have been published 
on Western Australian seagrass microbiomes compared 
to other host-associated microbiomes (Fig. 2), this 
research has led to several important discoveries. 
Research on temperate Posidonia sinuosa communities has 
revealed the importance of leaf-associated microbiota in 
translocating nitrogen into seagrass leaves (Tarquinio 
et al., 2018). Ureolytic and ammonia-oxidising genes 
are significantly more abundant in the leaf microbiome 
than in the surrounding habitat, indicating that there is a 
specific ecological niche for ammonia-oxidising bacteria 
in a function traditionally considered to be dominated 
by archaea (Tarquinio, 2017). This work suggests a 
previously unrealised role of the leaf microbiome in 
nitrogen cycling, likely of global significance considering 
the abundance of seagrass habitats worldwide.

Other seagrass microbiome research in Western 
Australia focusses on identifying links between above 
ground disturbances to seagrasses and changes in the 
below ground microbial communities. For example, light 
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reduction at the leaves increased root exudation in three 
Western Australian tropical seagrass species (Martin 
et al., 2018), and led to a reduction in the abundance of 
beneficial bacteria within the root microbiome (Martin et 
al., 2017). Fraser et al. (2016) quantified threshold organic 
matter loads that cause shifts in microbial community 
structure of the seagrass sediment microbiome. This 
threshold coincided with a reduction in sediment pH, 
possibly favouring microbes such as sulphate reducers 
that require little or no oxygen.

The spatial structure and colonisation pattern of 
microbes have been examined in several Western 
Australian seagrass species. For example, scanning 
electron microscopy revealed that colonisation of 
microbes on Posidonia australis roots was lower (2.5 x 105 
cells/cm2) than on Mediterranean Posidonia species (P. 
sinuosa 4.89 x105 cells/cm2 and P. oceanica 4.43 x 106 cells/
cm2), possibly due to the older age of the Mediterranean 
species roots compared with their Western Australian 
counterparts (García-Martínez et al., 2005). Scanning 
electron microscopy also revealed that microbial root 
colonisation of three tropical Shark Bay seagrasses was 
highest in the root hair zone compared to other parts of 
the root, possibly due to differences in root exudation 
and leakage of oxygen along the root length (Martin et 
al., 2018). Transmission electron microscopy and light 
microscopy also revealed fungal hyphae penetrating the 
root cells of Western Australian Posidonia spp. (Kuo et 
al., 1981) and the mesophyll shoot tissue of the seagrass 
Zostera muelleri (Kuo et al., 1990), but little else is known 
about fungi on seagrasses in the State. 

Seagrasses influence not only the microbes directly 
associated with their own root tissues, but they may 
also drive shifts in the bacterial communities within the 
immediate surrounding sediment (the rhizosphere), 
which, like terrestrial plants, represents a hot spot of 
microbial activity (Shieh & Yang, 1997). Rhizosphere 
microbes benefit from plant metabolism (e.g., delivery 
of photosynthetically produced oxygen and dissolved 
organic carbon by roots), but they may also profoundly 
influence seagrass fitness. For example, eutrophication 
of coastal waters has been linked to major seagrass 
die-off events due to the stimulation of nitrogen and 
phosphorus on decomposition and reduction processes 
of sulphate reducing bacteria; leading to an increase 
in the accumulation of phytotoxic sediment sulphides 
(Bagarinao, 1992; Borum et al., 2005; Holmer et al., 2006). 
However, nutrient additions and elevated temperatures 
were found to have negligible effects on the rate of 
decomposition of detritus from the seagrass Zostera 
muelleri under anoxic conditions, despite causing changes 
in microbial community composition (Trevathan-Tackett 
et al., 2017). Further studies are needed to understand 
the delicate equilibrium that regulates seagrass and 
rhizosphere bacterial interactions.

Collectively, these studies represent the ‘tip of the 
iceberg’ with regards to understanding the importance 
of microbes in Western Australian seagrass ecosystems. 
It is clear that there are large gaps in our knowledge 
of the microbial ecology of seagrass ecosystems from 
both a national and local context. As the global extent 
of seagrasses has been declining at an increasing rate 
(Waycott et al., 2009), focused efforts on effective science-
based management, such as an improved understanding 

of the role and diversity of eukaryotic microorganisms 
associated with seagrasses, together with their resilience 
to change, is essential (York et al., 2017). Priorities for 
future research should include focusing on sediment 
detoxification and nutrient acquisition processes, as 
well as those involved in pathogen defence (York et al., 
2017). Given recent marine heat waves along the Western 
Australian coast (Arias-Ortiz et al., 2018), understanding 
how increasing temperature affects seagrasses and their 
associated microbiomes should also be a priority (Hyndes 
et al., 2016) to improve our current knowledge of seagrass 
die-off events and to help restorative efforts across 
Western Australia. 

Coral Microbiome
Globally, shallow-water coral reef systems represent one 
of the most diverse, complex, productive and valuable 
ecosystems (Crossland et al., 1991; Moberg & Folke, 
1999). Such reefs are mostly located in oligotrophic, intra-
tropical regions, where environmental characteristics (i.e. 
salinity and temperature) lie within the range necessary 
to support the growth of reef organisms (Kleypas et 
al., 1999). However, Western Australian shallow coral 
reefs also include fringing and atoll reefs found in the 
transition zones between temperate and tropical waters 
where mean water temperature ranges between 20 to 
24°C, several degrees cooler than the optimal coral 
reef temperatures of 23 to 29°C. These environmental 
features have generated diverse habitats with unique 
coral communities along the coast. The Ningaloo Reef, 
approximately 260 km long, is the only extensive coral 
reef fringing the west coast of the continent (Ningaloo 
Bioregion, Fig. 1). Most other reefs in northern Western 
Australia either suround offshore islands or are on 
emergent points along the continental shelf where 
waters are clearer than inshore regions (e.g., Rowley 
Shoals, Scott and Seringapatam Reefs, Pilbara Bioregion; 
Fig. 1). The most southerly reef-forming coral species 
in Western Australia are found in the Abrolhos Islands 
Bioregion (Fig. 1). Those reefs lie within a region of 
convergence between temperate and tropical waters, and 
are considered unique as corals coexist with temperate 
macroalgae communities. Coral species are also present 
as far south as the Leeuwin–Naturaliste Bioregion, 
i.e., Rottnest Island, Geographe Bay and Recherche 
Archipelago, but have a patchy distribution in these 
regions and do not form extensive reef substrate (Veron 
& Marsh, 1988). 

Shallow water corals are able to grow in otherwise 
oligotrophic waters due to their ability to establish 
mutualistic symbiotic relationships with unicellular 
dinoflagellate algae of the Family Symbiodinaceae, 
as well as with bacteria and archaea. Corals also host 
fungi and viruses, whose functional roles are not well 
understood (Rosenberg et al., 2007). Functionally, 
coral-associated symbionts are involved in nutritional 
pathways, i.e. photosynthesis, nitrogen fixation, 
phosphate production and solubilisation, degradation of 
dimethylsulfoniopropionate (DMSP); bacterial cell–cell 
chemical signalling (also known as quorum sensing); 
genetic exchange; and protection of the host (Muller-
Parker & Delia, 1997; Rosenberg et al., 2007; Siboni et 
al., 2008; Sharp & Ritchie, 2012; Fournier, 2013). For 
instance, through their ability to produce secondary 
metabolites and nutrients (Lesser et al., 2007; Olson et 
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al., 2009; Howard et al., 2011; Raina et al., 2013), bacteria 
belonging to specific lineages (i.e. Vibrio, Pseudomonas and 
Cyanobacteria) are likely to contribute to the control of 
Symbiodinaceae's growth, density and nutrition (Ritchie 
& Smith, 1997; Lesser et al., 2007). Conversely, the ability 
of the Symbiodinaceae to produce DMSP potentially 
controls nutrient availability and consequently the 
growth of bacterial populations, some of which may be 
pathogenic (Curson et al., 2011; Raina et al., 2016; Raina et 
al., 2017). Preliminary studies suggest a role for archaea 
in the recycling of nitrogen within the coral host (Siboni 
et al., 2008), whereas viruses may help in controlling 
bacterial abundance in the coral mucus (Wood‐Charlson 
et al., 2015). 

Most coral microbiome research across Australia 
has been conducted on the iconic Great Barrier Reef, in 
north eastern Australia, with far fewer investigations on 
the west coast (Crabbe & Carlin, 2009; Ceh et al., 2011; 
Ainsworth et al., 2015; Thompson et al., 2015a). However, 
there are several important examples of coral microbiome 
research from Western Australia. For instance, the 
role of nitrogen transfer to coral larvae by two strains 
of Gammaproteobacteria was investigated within the 
cosmopolitan coral species Pocillopora damicornis via 
nanoscale secondary ion mass spectrometry (Ceh et al., 
2013a). When larvae were exposed to either strain, there 
was increased nitrogen uptake, providing evidence 
for the role of microbes in nutrient transfer during this 
critical early life history phase (Ceh et al., 2013a). Two 
other examples have focused on microbial community 
structure during and after spawning. The first examined 
Acropora tenuis, P. damicornis and Tubastrea faulkneri 
and detected an increase in Alphaproteobacteria 
after spawning, with the Roseobacter clade found to 
be conspicuous in all three species after spawning, 
suggesting they may play a role in coral reproduction 
(Ceh et al., 2012). The second of these studies found 
that A. tenuis (a broadcast spawning species), and P. 
damicornis (a brooding species) each released specific 
microbial assemblages into the surrounding seawater 
during spawning (Ceh et al., 2013b). In particular, 
A. tenuis released, in decreasing order, Roseobacter, 
Flavobacteriaceae, Alteromonas and Shewanella, again 
implying a role for some Roseobacter in the reproductive 
processes of corals. In contrast, P. damicornis released 
Alteromonas, Vibrio, Shewanella and Marinomonas with only 
minimal amounts of Roseobacter detected in the water 
column post-spawning. These studies add to several 
others from different geographical locations (e.g., Apprill 
et al., 2009 and Sharp & Ritchie, 2012) and indicate the 
presence of Alphaproteobacteria, and in particular 
the Roseobacter clade, as key coral associates in either 
spawning corals or early life-history stages.

Several studies have examined geographic variation of 
distinct components of the coral holobiont in contrasting 
regions within Western Australia. Given the extensive 
coastline, Western Australia presents opportunities to 
examine microbiomes of coral species in vastly different 
environmental conditions. Thomas et al. (2014) examined 
Symbiodinaceae community variation within Acropora 
from the Kimberley region (mean SST from 26 to 31°C) 
and the Abrolhos Islands (mean SST from 20 to 25°C), 
whereas Ceh et al. (2011) examined coral-associated 
bacteria in the coral species Pocillopora damicornis at 
Ningaloo Reef (mean SST from 22 to 28°C) and Rottnest 

Island (mean SST from 19 to 23°C). Interestingly, both 
studies found minimal variation in microbial community 
structure despite the large distance between sampling 
sites and substantial differences in annual mean SST. 
One possible mechanism for the similarity between 
sampling regions may be the connectivity of Western 
Australian reefs via oceanographic features (e.g., the 
Leeuwin Current) that are likely to be the main pathways 
connecting Symbiodinaceae and bacterial communities 
of the tropical north with the temperate south regions 
of Western Australia. With regards to Symbiodinaceae 
communities in Western Australian Acropora corals, 
Thomas et al. (2014) show that most colonies had a 
high level of specificity to clade C, as well as a novel 
association with clade G, in contrast to studies in other 
regions where clade G has not been detected in Acropora. 
A biogeographical study of bacteria and archaea 
associated with the coral Stylophora pistillata from seven 
major regions across the globe also showed unique 
features of the holobiont in corals from Western Australia 
(Neave et al., 2017): among these regions, only Western 
Australian corals were found to host distinct lineages 
of the coral-associated Gammaproteobacterial genus 
Endozoicomonas. S. pistillata from Western Australia also 
contained high numbers of Pseudomonas, not seen in other 
regions. Although this comparison is based on just two 
studies, taken together they suggest Western Australian 
corals exhibit unique microbial assemblages, arguably 
promoting the importance of Western Australian corals as 
an endemic reservoir of microbial diversity.

Despite their isolation, Western Australian coral 
reefs are not immune to climatic events and other 
human related impacts. Large-scale disturbances (such 
the marine heatwave in 1998) have had relatively little 
impact on Western Australian corals (Speed et al., 2013). 
However, record temperatures of up to 5°C above long-
term averages during 2010/11 caused major bleaching 
(loss of Symbiodinaceae) and significant loss in coral 
cover along parts of the Western Australian coast (Pearce 
et al., 2011, Moore et al., 2012, Depczynski et al., 2013). 
Local impacts of sedimentation due to dredging is also 
an important environmental impact in Western Australia, 
particularly in the Northwest Province Bioregion 
(Jones et al., 2015). Increased sedimentation rates and 
turbidity caused by dredging and deposition of dredge 
spoil can reduce light available to Symbiodinaceae 
for photosynthesis (Bessell-Browne et al., 2017), with 
potential consequences for other components of the 
coral microbiome, and as a result coral health. For 
example, altered coral holobionts have the potential to 
make corals more susceptible to disease and bleaching 
events (Hughes et al., 2017), as well as reducing rates of 
fertilisation, larval survival and settlement (Erftemeijer 
et al., 2012). However, the consequences of altered 
environmental conditions on Western Australian coral 
microbiomes are still poorly understood with regards to 
diversity, abundance and functionality, including their 
connection with coral health (Pollock et al., 2014). 

Temperate macroalgal microbiomes 
Temperate reefs, dominated by macroalgae, are 
ecologically, culturally and economically important 
(Harley et al., 2012). Macroalgae provide many essential 
roles in marine ecosystems (Steneck et al., 2002), such as 
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primary production, the provision of habitat (see pull-
out box, ecosystem engineers, page 21), nutrient retention/
cycling, as well as CO2 storage (Egan et al., 2013; Koch 
et al., 2013). Macroalgal growth, health, resilience and 
ecological function are all influenced by the interactions 
with the associated microbiome (Case et al., 2011; Egan 
et al., 2013). The relationship between microbes and 
macroalgae can be mutually beneficial, parasitic, or 
commensalistic (Armstrong et al., 2001; Case et al., 2011; 
Abby et al., 2014). For example, a study from the United 
Kingdom using the green alga Ulva linza, found that 
particular strains of bacteria positively influenced the 
growth and morphology of seaweed, whereas algae 
without these bacterial isolates displayed abnormal 
growth and morphology (Marshall et al., 2006). Fungi 
also form beneficial associations with macroalgae and 
obligate symbioses, termed mycophycobioses, and have 
been described in brown, red and green macroalgae 
(Raghukumar, 2017). Overall, microbial communities 
are an integral component of sustaining normal algal 
function and are therefore important for the entire 
macroalgal ecosystem (Burke et al., 2011).

Western Australian benthic reef ecosystems, from 
the Northwest to the Southwest Province (Fig. 1), host 
diverse assemblages of macroalgae (e.g., Huisman, 
2018). An early study of macroalgal microbiomes 
examined aerobic heterotrophic bacteria containing 
bacteriochlorophyll on various substrates, including 
red and green species of macroalgae, and found high 
abundances on Western Australian algae (Shiba et al., 
1991). More recently, the microbiome of the brown kelp, 
Ecklonia radiata, was found to be stable in composition 
among healthy individuals across the entire southern 
coast of Australia (Marzinelli et al., 2015). The two 
other studies of macroalgae microbiomes from Western 
Australia indicate important ecological roles, including 
being the main decomposers of beach wrack on Western 
Australian sandy beaches (McLachlan, 1985) and cues for 
settlement of marine invertebrates (Huggett et al., 2018). 

There has been a substantial body of work on the 
microbial ecology of several macroalgal species from 
eastern Australian temperate waters, including several 
species also present in Western Australia. These include 
studies of the red alga, Delisea pulchra, and its role in 
preventing microbial biofilms forming on algal surfaces 
(Maximilien et al., 1998; Rasmussen et al., 2000; Manefield 
et al., 2002), as well as the ability of bacteria from the 
green alga Ulva lactuca to prevent biofouling (Holmström 
et al., 1996, Egan et al., 2000, Egan et al., 2001, Holmström 
et al., 2002). Given the different oceanographic 
characteristics that influence the macroalgal communities 
of Australia’s east and west coasts and the high levels 
macroalgal endemic species on the west coast, similar 
studies on the western microbiomes are required.

In temperate Australian waters, including those in 
the west, the brown kelp Ecklonia radiata is the dominant 
habitat-forming alga (Kirkman, 1981). In recent years, 
kelp distribution and biomass has declined on both 
the east and west coastlines mainly due to rising water 
temperature (Wernberg et al., 2011a) and associated 
bleaching (loss of algal photosynthetic pigment) in this 
species (Phelps et al., 2017). Some evidence suggests 
that microbes could play a substantial role in the decline 

of macroalgal biomass and habitat (Egan et al., 2014; 
Beattie et al., 2017). For example, Marzinelli et al. (2015) 
observed dysbiosis (see pull-out box below) of Ecklonia 
radiata microbiomes along the temperate Australian 
coastline (Marzinelli et al., 2015) and Ecklonia radiata 
infected with a putatively pathogenic bacteria displayed 
bleaching (Beattie et al., 2017). These observations show 
that the kelp microbiome is linked to both bleaching and 
temperature and may play a direct role in decline of kelp 
health. 

The term ‘dysbiosis’ refers to a microbial community shift 
that has a negative impact on the host.

Changes in environmental conditions such as sunlight, 
chlorophyll-a, water temperature and salinity impact 
the community structure of macroalgae microbiomes 
(Gilbert et al., 2010). Future microbial studies should 
seek to understand the influence and interactions of 
environmental, biological and anthropological factors 
on the Western Australian macroalgae holobiont. In 
particular, rising seawater temperatures have been 
flagged as a major contributor to diminishing macroalgal 
cover and range contraction of many macroalga species 
along this coastline (Wernberg et al., 2011b, 2016b) 
suggesting that improved understanding of the influence 
of rising water temperatures on macroalgal microbiomes 
is timely. Increasing urbanisation also has an impact 
on macroalgal microbiomes, with the kelp growing 
on harbours and other marine structures displaying 
microbiomes similar to those found on diseased algae 
(Marzinelli et al., 2018). Further research is needed to 
understand the flexibility, resilience and ecological 
significance of macroalgal microbiomes and their role in 
reef health along the Western Australian coast.

Marine vertebrates 
A number of endangered marine mammals live, or 
migrate, along the west coast of Australia, including 
blue and humpback whales, dugongs and sea lions. In 
addition, Western Australian coastal waters support 
six of the world’s seven species of sea turtles as well 
as recreational and commercially valuable finfish and 
aquaculture fisheries. The role of the microbiome in 
vertebrates has been extensively studied in terrestrial 
systems, facilitated by the explosion of human 
microbiome research in the last decade. Mutualistic 
relationships between microbes and vertebrate hosts 
have evolved through co-evolutionary processes over 
long periods (Bäckhed et al., 2005) and have been linked 
to changes in host phylogeny (Colston & Jackson, 
2016). Virtually all external surfaces including the skin, 
gastrointestinal tract and respiratory tract of vertebrates 
are colonised by microbes (Montalban-Arques et al., 
2015). Within these microbial communities, selective 
pressures exhibited by the host and microbial members 
produce highly structured populations of microbiota 
(Moeller & Ochman, 2014). Our understanding of the 
metabolic capabilities of the microbiome and its role in 
host health has been mostly advanced through molecular 
studies involving humans and captive mammals (Colston 
& Jackson, 2016). However, there are over 17 000 marine 
vertebrate species (Appeltans et al., 2012) and most of 
these have received little or no attention with regards to 
microbiome research. 
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Despite the continual exposure of marine vertebrates 
to seawater, species-specific communities of microbiota 
have been found on the external surfaces of marine fish 
(Larsen et al., 2013, Lowrey et al., 2015), whales (Apprill 
et al., 2014, 2017), dolphins and sea lions (Bik et al., 2016). 
Microbial communities are further structured according 
to unique environments in different niches in and on 
vertebrate hosts, with the gastrointestinal (GI) tract the 
most well studied region. Marine fish GI tracts have been 
the most studied, especially for commercially important 
species (Colston & Jackson, 2016). The first meal (first 
feeding) taken by a fish has a strong influence on the 
overall composition of the GI microbiome (Ingerslev et 
al., 2014), but the homeostatic composition is continually 
modified by interconnecting factors including host 
genetics, environment (water, diet, toxins, antibiotics, 
pH, temperature), and microbial inhabitants (competitive 
inhibition, metabolic activity). If the community 
composition is altered, and key microbial members are 
lost (see pull-out box, dysbiosis, page 24), host benefits 
such as metabolic functioning (Ríos-Covián et al., 2016), 
pathogenic exclusion, and immune function (Maynard 
et al., 2012) are impaired, and inflammation and disease 
may progress (Montalban-Arques et al., 2015). Infections 
are common among marine mammals (Nelson et al., 
2015), and the role of the resident microbiota in the 
etiology of these conditions is poorly understood. 
Dysbiosis is a relatively new way of considering disease 
progression, and, as disease is one of the main causes of 
death in marine mammals (Waltzek et al., 2012), it may 
be an important focus for marine vertebrate microbiome 
research. 

With the exception of sea lions, the microbiome 
associated with marine mammals has not been studied 
within Western Australian populations. Healthy 
humpback whales from the North Atlantic, North 
Pacific and South Pacific have a similar skin microbiome 
dominated by specific bacteria (Tenacibaculum and 
Psychrobacter) that is greatly reduced on entangled or 
deceased whales (Apprill et al., 2014). On the east coast of 
Australia, faecal microbiomes from captive dugongs are 
less diverse than those of wild dugongs and are missing 
many bacterial members that dominate the wild dugong 
microbiome (Eigeland et al., 2012). Delport et al., (2016) 
found a similar result in wild and captive Australian 
sea lions and presumed for both cases that contrasting 
diets between wild and captive animals played a key 
role in the development of the different GI microbiomes. 
Furthermore, the captive dugongs were orphaned at 
one and three weeks, so it is possible they may not have 
had sufficient suckling time to develop a ‘normal’ gut 
microbiome (Eigeland et al., 2012). It would be valuable 
to do comparable studies, examining differences between 
west coast wild and captive vertebrates as well as 
their east coast counterparts to further understand the 
structure of Western Australian vertebrate microbiomess. 
In particular, respiratory microbiomes are likely to be a 
useful target as the respiratory tract is one of the most 
commonly affected sites in cetaceans (Apprill et al., 2017), 
and oil exposure is known to cause respiratory problems 
(Thomas et al., 2016). Conducting similar research on 
humpback whales and bottlenose dolphins along the 
North West Shelf—an extensive oil and gas region—may 
be of particular importance.

Despite the requirement for long-term protection 
of sea turtles, the microbiome of Western Australian 
populations, including the endemic flatback turtle, and 
the Indian Oceans largest population of hawksbill turtle, 
have not been described (Pendoley et al., 2016). Sea turtles 
receive little to no maternal care, consuming seagrass 
from an early age and rely heavily on the hindgut 
microbial fermentation for digestion. The gut microbiota 
is therefore strongly influenced by environmental and 
dietary factors which change as the turtles mature from 
juvenile to adult (Price et al., 2017). Building on this work, 
how the gut microbiome influences the development 
of marine hindgut fermenters, particularly in terms of 
dietary requirements, would be relevant for rehabilitation 
and protection programs in Western Australia.

Finally, aquaculture is an important economic 
development in Western Australia, with production 
expected to continue increasing especially within the 
Midwest Aquaculture development zone, declared in 
2017 (Western Australian fisheries) and the Central West 
Coast Bioregion (Fig. 1). A number of tropical native 
species are raised in aquaculture, and one of the greatest 
challenges they face is bacterial disease, with most 
bacterial species isolated from Australian aquaculture 
environments (including those from Western Australia) 
presenting antibiotic resistance (Akinbowale et al., 
2006). Due to the broad target range of antibiotics, both 
pathogenic and beneficial bacteria are affected, which can 
lead to dysbiosis, immune suppression and possibly an 
increase in pathogen susceptibility (Becattini et al., 2016). 
As an alternative, probiotics and prebiotics are being 
investigated as an effective method for combating disease 
in aquatic animals (Banerjee & Ray, 2017). Probiotics have 
been shown to deliver the same health benefits to the 
host as a healthy microbiome (immune system, nutrition, 
pathogen exclusion), although there have also been 
reports that probiotics are not fully retained (Akhter et 
al., 2015). The increasing demand for sustainable seafood 
and the growing Australian population means the health 
management within aquaculture must be a top priority if 
disease-free fish production is to be maintained. 

The high biodiversity and endemism of Western 
Australian marine organisms makes the coast an exciting 
place to study marine vertebrate microbiomes and with 
the past warming anomalies in sea surface temperature, 
the resulting range shifting species (Wernberg, 2012) 
present a unique system in which biogeographic patterns 
of the microbiome can be studied within a single species 
in the wild. Both captive animals, and model systems 
(such as the Zebrafish) have been used to reveal the 
functional role of the microbiome, improving our 
understanding of co-evolutionary mechanisms that 
influence community structure. However, to understand 
how the host−symbiont relationship responds to changes 
in the natural environment, the resilience and metabolic 
flexibility of bacterial members should be studied within 
a single host species, eliminating variation caused by 
capture, or interspecies differences. When a host moves 
into a new environment, key questions arise such as: will 
the microbiome be restructured by the new metabolites 
and populated by new seeding bacteria, or can the same 
species persist by changing their metabolic output? Such 
questions can be addressed by targeting range shifting 
species along the Western Australian coast such as 
Choerodon rubescens (Cure, 2018), and Chaetodon assarius 
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(Wernberg, 2012), and comparing the microbiome from 
distinct populations over large distances. Furthermore, 
researchers could track the movement of potential 
pathogens from historic to new populations, which could 
improve conservation efforts as well as improve our 
understanding of the relationship between dysbiosis and 
disease in marine vertebrates.

Plankton microbiome 
Seawater is amongst the most abundant compounds 
on the Earth’s surface, covering more than 70% of the 
planet. One millilitre contains approximately 10 million 
viruses, 1 million prokaryotic cells and 1000 unicellular 
eukaryotes (e.g., Kirchman, 2008). In addition to their 
enormous biomass, planktonic microorganisms also 
harbour extensive genetic diversity, and thus drive global 
biogeochemical transformations including the nitrogen 
and carbon cycles (Falkowski et al., 1998). While recent 
‘omics technologies and global ocean surveys (e.g., 
Sunagawa et al., 2015 and Yooseph et al., 2007) have 
greatly facilitated our knowledge of global oceanographic 
patterns and processes, understanding key drivers of 
oceanic microbial community diversity and function 
remain a global challenge. In spite of that, we know very 
little of which microbes dominate in Western Australian 
marine waters, in what abundances, what are the drivers 
of planktonic microorganism abundance, activity or 
diversity, and how global change is affecting them.

Within Western Australian waters, phytoplankton, 
the microbes at the base of the food chain, were first to 
be investigated among the planktonic marine microbes, 
possibly because measures of chlorophyll-a concentration, 
an indicator of phytoplankton biomass, were an easy way 
of characterising the trophic conditions of an aquatic 
environment. Conspicuous eukaryotic phytoplankton 
were the first studied microbes (e.g., Hallegraeff & Jeffrey, 
1984), and monographs exist about diatoms (Jameson 
& Hallegraeff, 2010; McCarthy, 2013a), dinoflagellates 
(McCarthy, 2013b) and coccolithorids (Hallegraeff, 1984), 
as well as the phytoplankton of Western Australian 
estuaries (John, 1983). Recent syntheses of phytoplankton 
abundance and biomass (Davies et al., 2016) and 
chlorophyll-a measurements (Davies et al., 2018) around 
Australia have been published, and the data made 
public through the Australian Ocean Data Network 
system (http://portal.aodn.org.au/). Comparison of 
phytoplankton communities in the east (affected by the 
Eastern Australian Current) and the west (affected by the 
Leeuwin Current) showed an overall difference in total 
chlorophyll (0.14 to 0.25 µg Chl a l–1 in the west, about 
half the annually integrated value in the east (Thompson 
et al., 2011). The Southwest coast has also been shown to 
have relatively few smaller eukaryotes (pelagophytes, 
prasinophytes, cryptophytes, chlorophytes) and fewer 
larger eukaryotes (bacillariophytes and dinophytes) 
reflecting the differences in seasonality of the two major 
boundary currents, the vertical stability of the water 
column, and the average availability of nutrients in the 
euphotic zone (Blondeau-Patissier et al., 2011). 

I n  p a r t i c u l a r,  t h e r e  a r e  f e w  r e c o r d s  o f 
picophytoplankton (cyanobacteria of the genera 
Prochlorococcus and Synechococcus, as well as small 
eukaryotes) in Western Australia. Thompson & Bonham 
(2011) observed a significant contribution of the two 

cyanobacteria in the Kimberly region and a recent study 
from Rottnest Island in southwestern Australia found 
similar amounts of the two cyanobacterial groups, and 
about one order of magnitude fewer picoeukaryotes 
(Thomson & Pattiaratchi, 2018). The study reports 
little seasonality in picophytoplankton abundance, 
and suggests that their abundance increases following 
marine heat waves. These microbes are good markers 
of long-term tropicalization as Prochlorococcus prefers 
warmer temperatures and less nutrients (Li, 2009). 
They also indicate oceanographic features, such as the 
warm-core eddy linking Leeuwin Current, shelf and 
oceanic waters, observed off southwestern Australia by 
Paterson et al. (2013). A study of their relative abundances 
between El Niño and La Niña periods (July 2009 – June 
2010 vs La Niña of July 2010 – June 2011) showed 
increased abundances of cyanobacteria, and particularly 
of Prochlorococcus in the Rottnest Island and Esperance 
regions, indicating a general tropicalization of the waters 
(Thompson et al., 2015b).

Despite the abundance, activity, diversity and trophic 
role of the heterotrophic prokaryotes as essential 
components of the microbial food web affecting the ocean 
carbon cycle (Whitman et al., 1998), we know little of their 
role in the marine waters of Western Australia. Patten et 
al. (2011) enumerated bacterioplankton, virioplankton 
and picoautotrophs across the Ningaloo Reef and into the 
sandy lagoon and also measured active depletion through 
the coral reef of all groups. They found that Synechococcus 
removal was biogeochemically more relevant, in terms 
of C and N, and that viruses were less affected by the 
coral than the other microbial groups. Jones et al. (2014) 
compared the abundances of bacteria, picophytoplankton 
and viruses across a macrotidal complex archipelago in 
Collier Bay, north of Broome. They observed a mosaic 
of concentrations with abundances typical of a tropical 
site (1 x 104 Synechococcus, 3 x 105 bacteria, 1 x 106 
viruses, with a larger variability in viruses), with lower 
abundances near the coast where waters were more 
turbid.

In terms of diversity, Raes et al. (2014) used a 
fingerprinting approach to study bacterioplankton 
community composition across a large latitude gradient 
(10°S to 32°S) following the continental shelf break from 
Fremantle to Darwin in a study of nitrogen fixation. 
The authors found that bacterial communities were 
unique among the different water masses that are well 
defined by oceanographic parameters. In a subsequent 
study Raes et al. (2018), used tag sequencing to show a 
powerful diversity gradient between the northernmost 
area, characterised by high temperatures and low 
diversity, and the lowermost area, characterised by 
lower temperatures and higher diversity. Bacterial 
richness almost doubled between the two areas, and was 
positively correlated to total dissolved inorganic nitrogen, 
chlorophyll-a, phytoplankton community structure, 
and primary productivity. Further analysis of these data 
(Raes et al., 2018) showed that the differences in bacterial 
diversity existed even though most communities were 
dominated by the same groups (SAR11, Synechococcus, 
Flavobacteriaceae, Rhodobacteraceae, etc.) in similar 
proportions. The communities could be differentiated 
into three groups, according to whether they originated 
in the Timor Sea, the subtropical waters, or the Leeuwin 

http://portal.aodn.org.au/
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Figure 4. Overview of the microbiome community composition of water samples collected in Western Australia and 
sequenced as part of the BioPlatform Australia Marine Microbes project.The station at Rottnest Island corresponds to 
the IMOS National Reference site. Wreck Rock is a shallow (~5 m deep) rocky coastal site and Centaur Reef (~10 m deep) 
is the site of an 1874 shipwreck, approximately one mile offshore. Data are averaged from monthly samples and over 
two years. Data from Rottnest Island are averaged by all depths and seasons or separated into averages for surface and 
for deep (46 m) samples or split into summer (January–April) and winter (July–September) months (surface data only). 
Sequences of metazoa and macroalgae were removed from panel A.
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Current-affected southernmost waters. These microbial 
communities also differentiated according to warm- or 
cold-core eddies and shelf waters. In their studies of the 
oceanic nitrogen cycle, these authors also measured the 
diversity of the nifH gene (nitrogen fixation, Raes et al., 
2018), and the nosZ gene (N2O reduction, the final step of 
denitrification; Raes et al., 2016) in the same transect cited 
above. Most nifH genes were from Gammaproteobacteria 
and not correlated to the latitude and temperature 
gradient, while most of the nosZ genes belonged to the 
Roseobacteraceae and were more abundant in the warm 
areas. Total bacterial abundance was also positively 
related to temperature. 

More recently, the BioPlatforms Australia initiative on 
Marine Microbes (BPA-MM) sequenced 138 samples from 
various depths at the IMOS Rottnest Island station, and 
134 at two more coastal sites (Wreck Rock and Centaur 
Reef) each month for one year. (Brown et al., 2018). About 
70 000 different organisms were identified out of a total 
of 2 x 107 sequences. On average, these communities 
were dominated by the SAR11 Alphaproteobacteria 
and Bacteroidetes with relatively low numbers of 
Gammaproteobacteria. Bacteroidetes and Roseobacterales 
were more relevant at the coastal stations while more 
“oceanic” bacteria, such as Prochlorococcus, SAR234 
and SAR406 were more important at Rottnest (Fig. 4). 
There were few differences between the surface and the 
bottom of the station at 46 m, which given the lack of 
strong stratification in temperature and few differences 
between summer and winter, could be expected given 
the influence of temperature on microbial community 
structure. These data from represent critical baselines 
that can be utilised to measure and predict changes in 
microbial community structure under future local and 
global environmental change (Brown et al., 2018).

Despite our limited knowledge of prokaryotes 
in Western Australian waters, even less is known of 
small protists, fungi and viruses. A few reports exist of 
microzooplankton biomass and grazing activity (e.g., 
Paterson et al., 2007), but there are no reports we are 
aware of about small protist diversity or even abundances 
in Western Australia. The BPA-MM project used 18S 
rDNA sequencing of eukaryotes collected on 0.2 µm 
filters at the IMOS reference stations (Brown et al., 2018). 
Figure 4 shows the main groups at the Rottnest station 
and at the two coastal sites of Centaur Reef and Wreck 
Rock after removal of the sequences of metazoa and 
metaphyta. Chlorophyta (in particular Mamiellophyceae), 
Dinoflagellates and Protalveolata (mostly heterotrophic 
species) and Stramenopiles (in particular Diatoms) 
dominate the communities, with, again, differences 
between the two coastal sites and the Rottnest Island 
station and less differences between seasons and along 
the (well mixed) water column. A few reports of viral 
abundance also exist, but we are not aware of any viral 
diversity data or any mycoplankton data for Western 
Australian waters.

In estuaries and coastal lagoons, bacterioplankton 
communities are shaped by their proximity to the ocean 
and their connectivity to terrestrial inputs (e.g., Yeo et 
al., 2013).  By definition estuaries are connected to the 
ocean, but many coastal lagoons are also connected 
either by storm-related seawater inputs, or by seawater 
flowing through underground limestone. A large variety 

of these systems exist in Western Australia (Brearley, 
2005; Kavazos et al., 2017). However, little is known of the 
bacteria, protists, fungi and viruses in Western Australian 
estuaries, although the (large and conspicuous) 
phytoplankton has been studied for decades (e.g., Jeffrey 
& Hallegraeff, 1980 and John, 1983). A recent study of 
bacterial diversity in water bodies of the Lake MacLeod 
basin indicated a large degree of between-lake microbial 
community variability with each pond despite similarities 
in size, environment and position in the landscape 
(Huggett et al., 2017), which was also reflected in the 
sediment bacterial and ciliate communities (Kavazos et 
al., 2018). A variety of previously unknown microbial 
taxa were identified within Lake Macleod, as well as 
rare marine taxa (Huggett et al., 2017) consistent with 
the seawater nurturing these environments (Kavazos 
et al., 2017). These data add to ideas that identify 
microorganisms as important players in coastal (carbon, 
but also species) connectivity and spatial subsidies. 
Additionally, the microorganisms’ activities affect coastal 
habitats and probably also influence coastal water 
bodies (e.g., Säwström et al., 2016) and thus support the 
incorporation of microbial oceanography into future 
studies of the Western Australian oceanic environment.

Benthic microbial mats 
Sedimentary biofilms, or microbial mats, have been 
present throughout most of the geological history 
of Earth (Edgcomb et al., 2014; Ruvindy et al., 2016). 
Microbial mats have had important impacts on past 
biogeochemical cycles and continue to persist particularly 
in hypersaline regions around the world. Microbial mats 
are composed of layers, where each layer is dominated 
by different microbial metabolic processes that are 
determined by different abiotic conditions (Dupraz et al., 
2004). Together, the layers represent a complex network 
of redox reactions characterised by steep chemical 
gradients, which results in efficient cycling of nutrients 
(Kunin et al., 2008; Baumgartner et al., 2009; Dupraz et al., 
2009; Schneider et al., 2013; Pages et al., 2014). Western 
Australian coastal environment supports a diverse range 
of microbial mats, both lithifying and non-lithifying, and 
represents one of the most well-studied microbiomes in 
the State (Fig. 2).

Stromatolites, a form of microbial mat, are often 
referred to as living rocks as they form conspicuous 
aragonite domes, and are often exposed during low tides 
or in lakes when there has been sufficient evaporation. 
The greatest diversity of stromatolites on the planet 
is found along the Western Australian coast, which 
makes it an important region for modern stromatolite 
research. Stromatolites represent modern analogues 
of the ancient microbial communities, which formed 
the earliest known biosphere during the Archean, 
some 3.5 billion years ago (Grotzinger & Knoll, 1999). 
Stromatolites are typically domal organo-sedimentary 
deposits with planar to sub-planar laminae formed by a 
complex benthic bacterial community (Burne & Moore, 
1987). Thrombolitic stromatolites, on the other hand, are 
of similar benthic bacterial origin but lack the internal 
laminae (Aitken, 1967). Stromatolites are mostly found in 
Western Australian coastal lake systems and embayments 
where dissolved calcium levels are sufficient to facilitate 
aragonite precipitation. It has also been hypothesised 
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that the extreme abiotic stressors of stromatolite habitats 
inhibit predation through the exclusion of grazers 
(Playford & Cockbain, 1976, Macintyre et al., 1996, 
Steneck et al., 1998), although predation by protozoan 
flagellates is unlikely to be reduced by high salinities (Al-
Qassab et al., 2002).

The intertidal and subtidal areas of the Shark 
Bay Bioregion (Fig. 1) provide suitable habitats for 
stromatolites, which occupy over 600 km2 (Jahnert 
& Collins, 2012; Collins & Jahnert, 2014). Because of 
the extent of these stromatolites, they are perhaps the 
most well studied in Western Australia. Early work 
concentrated on the intertidal stromatolites (Logan & 
Cebulski, 1970; Logan et al., 1974; Playford & Cockbain, 
1976), but recent work has also documented the 
distribution and morphology of subtidal structures (Reid 
et al., 2003; Jahnert & Collins, 2011, 2012, 2013; Collins 
& Jahnert, 2014). Within Shark Bay, and particularly 
Hamelin Pool, there are a diverse range of morphological 
forms which have largely been described by Jahnert & 
Collins (2012). They consist of blister, tufted and pustular 
mats in the supra- and inter-tidal regions and smooth, 
colloform and pavement structures in the subtidal region. 
The different structures consist of several microbial 
communities in which filamentous cyanobacteria 
dominate blister, tufted and smooth structures, and 
coccoid cyanobacteria bacteria dominate pustular, 
colloform and pavement structures (Jahnert & Collins, 
2013).

Broadly, stromatolite development consists of three 
phases in which different filamentous and coccoid 
cyanobacterial communities alternate as a consequence 
of different sedimentation conditions (Reid et al., 2000). 
These three phases have distinct microbial communities 
that have been referred to as pioneer communities, 
bacterial biofilm communities, and climax communities 
(Reid et al., 2000), where changes in sedimentation cause 
the stromatolite community to shift between phases. 
Pioneer communities are distinguished by a population 
of filamentous cyanobacteria that entwine entrapped 
carbonate sediment grains, embedding the grains to 
the surface of the stromatolite. Pioneer communities 
probably account for 70% of the growth stage cycle 
and persist during sediment accretion. The bacterial 
biofilm community, which will mature into the climax 
community, establishes when sedimentation ceases and 
are the phases responsible for lithification. The bacterial 
biofilm phase is characterised by the formation of a 
20–60 μm thick calcified biofilm on the upper surface 
and cementation of silty carbonate material that have 
been embedded in the pioneer community. The climax 
community represents a mature bacterial biofilm 
community consisting mainly of coccoid cyanobacteria. 
Many of these taxa are endolithic and will bore into 
the embedded carbonate sand grains and fuse adjacent 
grains. This phase represents a period of high metabolic 
activity which enhances aragonite precipitation and 
formation of the distinctive stromatolite structures. 
The fusing of sediment grains and aragonite formation 
further develops the carbonate crust which persists into 
the subsurface and facilitates further development of 
the stromatolite. This process, however, is unlikely to 
be universal. In Hamelin Pool, for example, subtidal 
and intertidal stromatolites have slightly different 

morphogenesis characteristics (Reid et al., 2003). 
Nonetheless, the process of sediment entrapment by 
filamentous cyanobacteria and coccoid cyanobacterial 
biofilm lithification appears common to stromatolite 
development (Grey et al., 1990; Moore & Burne, 1994; 
Jahnert & Collins, 2012).

Many coastal lakes in Western Australia provide other 
habitats for stromatolites, although they have received 
much less attention than those of Hamelin Pool. The 
northernmost of these habitats are the Northern Ponds of 
Lake MacLeod (Shark Bay Bioregion; Fig. 1) where some 
of the ponds contain colloform stromatolites (Logan, 
1987; Shepherd, 1990). The MacLeod basin also contains 
vast areas of blister, tufted and pustular mats like those 
found in the supratidal and intertidal regions of Shark 
Bay (Logan, 1987; Shepherd, 1990; Kavazos & Horwitz, 
2016). Lake Thetis, near Cervantes (Central West Coast 
Bioregion; Fig. 1), contains stromatolites that closely 
resemble the dome structures found in the Precambrian 
fossil record (Grey et al., 1990; Grey & Planavsky, 2009). In 
Lake Clifton, 120 km south of Perth (Leeuwin–Naturaliste 
Bioregion; Fig. 1), large thrombolitic stromatolites inhabit 
the shallow waters (Moore, 1993; Moore & Burne, 1994). 
Similar to stromatolites, the thrombolites are composed 
of coccoid and filamentous cyanobacteria taxa (Warden 
et al., 2016) which build large lithified domal structures 
(John et al., 2009) by facilitating development of calcium 
carbonate minerals; aragonite and stevensite (Burne et 
al., 2014). The Clifton thrombolites also share a complex 
microbial–metazoan relationship, which includes 
amphipods and isopods grazing on the microbialite 
structure (Konishi et al., 2001).

Stromatolites are found in other lakes along the 
Western Australian coast, including Government 
House Lake, Rottnest Island (Playford, 1983; John et 
al., 2009), Pink Lake near Esperance (Burne & Moore 
1987), and near Rockingham in Lake Richmond 
(Kenneally et al., 1987, Chilton et al., 2012) and Lake 
Walyungup (Coshell et al., 1998). These lakes are 
susceptible to anthropogenic impacts largely because 
of the degradation within their catchment regions from 
urban development and agricultural use. Salinity and 
phosphate concentrations in Lake Clifton, for example, 
have increased above previously recorded levels (Knott 
et al., 2003). These chemical shifts in water quality are 
thought to be responsible for reduction in the filamentous 
cyanobacteria essential to the growth of the thrombolite 
structure (Smith et al., 2010). 

Recent phylogenetic analyses of Shark Bay 
stromatolites have identified a diverse community 
of cyanobacteria, archaea and sulphate-reducing 
bacteria (Goh et al., 2009). Specifically, Alpha- and 
Gammaproteobacteria are highly abundant in Shark Bay 
stromatolites and cyanobacterial communities where 
they are represented by species of Euhalotheca, Gloeocapsa, 
Gloeotheca, Chroococcidiopsis, Dermacarpella, Acaryochloris, 
Geitlerinema and Schizothrix (Goh et al., 2009). Typically, 
the surface mats are dominated by cyanobacteria (Garby 
et al., 2013), although members of Alphaproteobacteria 
and Bacteroidetes have also been detected on the 
surface of smooth and pustular mats (Wong et al., 
2015). Recently, a new photosynthetic pigment, 
chlorophyll-f, was discovered in the cyanobacteria 
Halomicronema hongdechloris (Li et al., 2014). Archaea, 
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represented by members of Methanomicrobiales, 
Methanosarcinales, Methanococcales, Methanobacteriales, 
Methanomassiliicoccaceae, Halobacteria (Goh et al., 
2006; Allen et al., 2008) and Parvarchaeota (Wong et al., 
2017), are abundant in Shark Bay stromatolites (Burns et 
al., 2004) and likely have critical roles in the metabolic 
pathways within the microbialite communities (Ruvindy 
et al., 2016). Despite the importance of microbial 
environments along Western Australia’s coastline, their 
ecologies are poorly researched. This is a serious omission 
considering the important roles these communities play 
in the biogeochemical cycling of many essential elements. 
There is a critical need to understand the functioning and 
taxonomic diversity driving the complex redox reactions 
within microbial communities as such studies will 
continue to reveal novel ecological processes, metabolic 
pathways and biologically important molecules.

MICROBIOMES AND ENVIRONMENTAL 
CHANGE 
Oceans are critical for many ecological and economic 
activites: they are valuable in climate regulation, 
tourism, carbon sequestration, buffering of atmospheric 
gases, recreation and culture, aquaculture, biodiversity, 
conservation, biogeochemical cycling and provision 
of pharmaceuticals. In Australia, the combined value 
of the benefits that oceans will provide by 2025 is 
estimated to be in excess of $100 billion per annum 
(Ocean Policy Science Advisory Group, 2013). Despite 
their tremendous importance, marine ecosystems are 
currently facing unprecedented environmental change 
due to warming and acidification within coastal zones 
as well as eutrophication, sedimentation, overfishing, 
and increasing frequency and intensity of cyclones, 
storm events and heat waves. The critical nature of these 
issues has led many marine scientists to focus research 
on understanding, predicting, modelling and mitigating 
the outcomes of global and local stressors to oceans. 
Studies from Western Australia have led the world in 
some of these areas with seminal work on oceanographic 
modelling (Feng et al., 2003, 2013; Lowe & Falter, 2015), 
impacts of ocean acidification (Cornwall et al., 2017), 
tropicalization of temperate systems (Wernberg et al., 
2011a, 2016a) and thermal tolerance and recovery of coral 
reefs (Gilmour et al., 2013; Schoepf et al., 2015). 

On a regional scale, Western Australian coastal zones 
are subject to many of the concerns that face the global 
ocean, with notable environmental changes in the State 
such as increasingly frequent heat waves (Feng et al., 
2013), warming and acidification (IPCC) and sediment 
resuspension from dredge activities (Jones et al., 2015). In 
situ temperature measurements at a coastal monitoring 
station on the State’s continental shelf have shown a 
mean temperature rise of 0.013°C year−1 since 1951, 
corresponding to ~0.6°C over the past five decades. 
Measurements from three other shallow stations between 
1985 and 2004 indicated even higher warming trends of 
0.026 – 0.034°C year−1 (Pearce & Feng, 2007). Recorded 
impacts of environmental changes to coastal services 
in Western Australia include widespread mortality of 
fish and invertebrates (Pearce et al., 2011) resulting in 
declining fisheries production (Caputi et al., 2014), range 
shifts of ecosystem engineer species such as corals and 

macroalgae (Wernberg et al., 2011b, 2013), tropicalization 
of temperate regions (Vergés et al., 2014) and substantial 
loss of seagrass and coral habitat (Fraser et al., 2014; Fig. 
5). Examining marine microbes can reveal key impacts of 
environmental change. For an example, recent evidence 
suggests that tropicalization of the ocean reduces 
bacterial diversity (Raes et al., 2018) and many of the key 
functional roles of microbial communities are altered 
under stressors such as temperature and acidification 
(Webster et al., 2016; Huggett et al., 2018, Westwood et al., 
2018). 

An important component for understanding the 
response of marine systems to environmental change are 
field-based studies, a powerful tool that enables scientists 
to observe likely impacts of environmental change 
under natural conditions. Such studies measure specific 
responses by marine communities where variation 
in multiple factors (warming, heat waves, trophic 
interactions, range-shifts and so on) are at play in situ. 
In particular, the western coastline of Australia offers a 
unique opportunity to directly examine in situ impacts 
of temperature on marine ecosystems, due to the steady 
temperature gradients and the lack of other stressors such 
as high anthropogenic influence and nutrient inputs via 
upwelling (Smale et al., 2010). The extreme temperatures 
in the Kimberley region may also provide an important 
natural system in which to study genetic adaptation to 
heat stress (Camp et al., 2018). Aquaria-based experiments 
are a complementary and valuable approach to field 
studies (Wernberg et al., 2012; Cornwall & Hurd, 2015) as 
the measurement of how specific organisms respond to 
discrete changes under controlled conditions can provide 
essential data on the impacts of environmental change. 
Given that microbes have rapid generation times they are 
often the first responders to environmental alterations 
and are thus critical for incorporation into management, 
early warning and modelling of the response of marine 
ecosystems to environmental change. 

Whereas microbiomes have mostly been overlooked, 
field and aquaria-based studies of marine microbial 
responses to environmental change in Western Australia 
are beginning to emerge. For instance, Luter et al., (2015) 
examined the biogeography of the abundant Indo-Pacific 
sponge Carteriospongia foliascens and concluded that light 
plays a significant role in shaping the microbiome of this 
species. Also, the rabbitfish Siganus fuscescens has been 
identified as an important range-shifting herbivore that 
is now common on southern reefs in both the east and 
west of the continent. A biogeographic analysis of the gut 
microbiome of wild populations of S. fuscescens across 
over 2000 km of Western Australia’s coastline indicates 
that, despite substantial difference in diet and habitat 
between populations, there is a persistent and abundant 
microbial community in all populations. In addition, 
short chain fatty acid production by their microbial 
community is comparable in some tropical and temperate 
populations, suggesting that this fish is well suited 
to its new environment (Jones et al., 2018). Aquaria-
based studies testing the direct response of microbial 
communities are also emerging; some of these are based 
directly on key Western Australian benthic microbiomes 
(Huggett et al., 2018) whereas others are focused on 
organisms that reside in Western Australia but examine 
responses by populations from the east coast (Pineda 
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Figure 5. Summary of predicted environmental changes to key habitats from Western Australia. a) illustrates the state 
of various reef environments under stable/healthy environmental conditions whereas b) indicates possible effects in 
response to significant environmental change. Symbols are from the Integration and Application Network (ian.umces.
edu/symbols/)
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et al., 2017). These studies indicate that temperature, 
acidification and sediment resuspension will all have 
substantial impacts to microbiomes in the State’s benthic 
marine ecosystems and enable us to understand the 
processes that underpin the persistence of some species 
and the decline of others under environmental change. 

Encouragingly, the largest marine science research 
organisation in the State, the Western Australian Marine 
Science Institution (WAMSI) recently identified “enhanced 
understanding of the marine microbial systems that underpin 
all marine biological activity in the Western Australian marine 
environments” as a high priority for future research to be 
addressed by year 2020. In addition, the BPA-MM project 
(https://data.bioplatforms.com/organization/bpa-marine-
microbes) is the focus of a long-term monitoring program 
examining microbial communities in situ at both benthic 
and pelagic sites across Australia, (Fig. 4). The BPA-MM 
program is of a world-class standard and will provide 
critical data facilitating our ability to predict potential 
climate impacts (Webster & Bourne, 2012). Microbes 
respond quickly to alterations of the environment 
and we can now determine the structure of microbial 
communities relatively simply and easily. Therefore, 
the development of microbial indicator species and 
indicative microbial community shifts as early warnings 
of environmental stress and ecosystem health, both in 
water (Ferrera et al., 2016) and microbiomes of other 
organisms (Glasl et al., 2017), is a viable and achievable 
goal. Incorporation of microbial ecology within marine 
research and management is now urgent for the State.

CONCLUSIONS 
We anticipate that the coming years will uncover 
additional fundamental knowledge of microbes from the 
west coast of Australia. This review highlights that this 
coastline is vast, encompassing a wide range of marine 
habitats, with unique features due to the attendant 
currents in the region. There are many reasons why 
marine microbial studies are lacking: the isolation of 
the coastline, the large distances that it encompasses, 
the difficulties in reaching remote coastal areas, the 
persistent swell that batters a considerable portion of 
the southern region and the substantial tides in the 
north. Whereas there remain challenges to studying 
these coastal environments, we conclude by highlighting 
that the region has been home to some influential 
studies not mentioned above. For example, Usher et al. 
(2001) were the first to demonstrate that the microbial 
symbionts of sponges could be passed directly from 
parent to offspring via vertical transmission. These 
authors have since discovered the first photosynthetic 
cyanobacterial symbionts from mesophotic temperate 
sponges (Keesing et al., 2012) and have provided one 
of the few reports of the microbial assemblages of any 
calcarean sponge (Fromont et al., 2016). Furthermore, 
a recent environmental DNA (eDNA) study in Coral 
Bay, intended to identify all organisms across the 
Tree of Life, including bacteria and eukaryotes, uses 
metagenomics and metabarcoding (Stat et al., 2017). The 
metagenomics approach recovered mostly bacteria, while 
the metabarcoding approach uncovered 2000 sequences 
and 195 different bacterial OTUs. Fot eukaryotes, the 
metabarcoding approach was much more informative, 

revealing comparatively more biodiversity than 
metagenomics. This study is avant-la-lettre and shows 
the promise of these techniques and their usefulness as 
applied to different portions of the Tree of Life.

It is an exciting time for microbiologists across the 
globe, no matter what their subject area is. All fields of 
environmental research have experienced exponential 
growth in the understanding of the abundance, diversity 
and importance of microbes via the new generations of 
‘omics technologies. Now we are poised on the edge of 
new era that moves from the discovery of organisms 
and their genes to the incorporation of ‘omics’ within 
fieldwork, experimental manipulations, modelling and 
bench work. This era will forge new, multidisciplinary 
datasets that will undoubtedly uncover even more of the 
remarkable capabilities of the microbes of our planet. 
Western Australia is one of the most isolated and pristine 
coastlines on the earth, provides a steady gradient of 
temperature and, uniquely, co-hosts both tropical and 
temperate organisms for much of the coastline. Whereas 
much of the basic work remains to be done, we argue that 
this region also presents an unparalleled opportunity for 
the next era of marine microbial research, and as such 
should be the focus of futher research efforts.

ACKNOWLEDGEMENTS
We thank J. Raes for access to his unpublished 
manuscript, and A. Bissett for bioinformatics analysis 
of data for Figure 4. These data were accessed from 
https://data.bioplatforms.com/organization/pages/
australian-microbiome/tools, which is a contribution of 
the Marine Microbes (MM) and Biomes of Australian Soil 
Environments (BASE) projects, through the Australian 
Microbiome Initiative. The Australian Microbiome 
Initiative is supported by funding from Bioplatforms 
Australia through the Australian Government National 
Collaborative Research Infrastructure Strategy (NCRIS). 
We thank L. Bodrossy, T. Thomas, A. Fitzgerald and 
A. Bissett for access to the seawater microbiome data. 
David Haig is thanked for the supporting F. Evans to 
attend the Royal Society of Western Australia Symposia 
“Landscapes, Seascapes and Biota: Unique Western 
Australia – Past, Present and Future” associated with this 
publication.

REFERENCES
ABBY S S, TOUCHON M, DE JODE A, GRIMSLEY N & PIGANEAU G 

2014. Bacteria in Ostreococcus tauri cultures–friends, foes or 
hitchhikers? Frontiers in Microbiology 5, 505, DOI: 10.3389/
fmicb.2014.00505.

ACKERMAN J D & OKUBO A 1993. Reduced mixing in a marine 
macrophyte canopy. Functional Ecology 7:3, 305–309, DOI: 
10.2307/2390209.

AINSWORTH T D, KRAUSE L, BRIDGE T, TORDA G, RAINA J-B, 
ZAKRZEWSKI M, GATES R D, PADILLA-GAMIÑO J L, SPALDING H 
L, SMITH C, WOOLSEY E S, BOURNE D G, BONGAERTS P, HOEGH-
GULDBERG O & LEGGAT W 2015. The coral core microbiome 
identifies rare bacterial taxa as ubiquitous endosymbionts. 
The ISME Journal 9:10, 2261–2274, DOI: 10.1038/ismej.2015.39.

AITKEN J D 1967. Classification and environmental significance 
of cryptalgal limestones and dolomites, with illustrations 
from the Cambrian and Ordovician of southwestern Alberta. 
Journal of Sedimentary Research 37:4.

https://data.bioplatforms.com/organization/bpa-marine-microbes
https://data.bioplatforms.com/organization/bpa-marine-microbes
https://data.bioplatforms.com/organization/pages/australian-microbiome/tools
https://data.bioplatforms.com/organization/pages/australian-microbiome/tools


	

33

AKHTER N, WU B, MEMON A M & MOHSIN M 2015. Probiotics 
and prebiotics associated with aquaculture: a review. 
Fish & Shellfish Immunology 45:2, 733–741, DOI: 10.1016/j.
fsi.2015.05.038.

AKINBOWALE O L, PENG H & BARTON M D 2006. Antimicrobial 
resistance in bacteria isolated from aquaculture sources in 
Australia. Journal of Applied Microbiology 100:5, 1103–1113, 
DOI: 10.1111/j.1365-2672.2006.02812.x.

ALLEN M A, GOH F, LEUKO S, ECHIGO A, MIZUKI T, USAMI R, 
KAMEKURA M, NEILAN B A & BURNS B P 2008. Haloferax elongans 
sp. nov. and Haloferax mucosum sp. nov., isolated from 
microbial mats from Hamelin Pool, Shark Bay, Australia. 
International Journal of Systematic and Evolutionary Microbiology 
58:4, 798–802, DOI: 10.1099/ijs.0.65360-0.

ALLISON S D & MARTINY J B H 2008. Resistance, resilience, and 
redundancy in microbial communities. Proceedings of the 
National Academy of Sciences 105:Suppl 1, 11512–11519, DOI: 
10.1073/pnas.0801925105.

Al-Qassab S, Lee W J, Murray S, Simpson A G B & Patterson 
D J 2002 Flagellates from Stromatolites and surrounding 
sediments in Shark Bay, Western Australia, Acta Protozoologica 
41 91–144.

APPELTANS W, AHYONG S T, ANDERSON G, ANGEL M V, ARTOIS T, 
BAILLY N, BAMBER R, BARBER A, BARTSCH I, BERTA A, BŁAŻEWICZ-
PASZKOWYCZ M, BOCK P, BOXSHALL G, BOYKO C B, BRANDÃO 
S N, BRAY R A, BRUCE N L, CAIRNS S D, CHAN T-Y, CHENG L, 
COLLINS A G, CRIBB T, CURINI-GALLETTI M, DAHDOUH-GUEBAS F 
& DAVIE P J F 2012. The magnitude of global marine species 
diversity. Current Biology 22:23, 2189–2202, DOI: 10.1016/j.
cub.2012.09.036.

APPRILL A, MARLOW H Q, MARTINDALE M Q & RAPPÉ M S 2009. 
The onset of microbial associations in the coral Pocillopora 
meandrina. The ISME Journal 3:6, 685–699, DOI: 10.1038/
ismej.2009.3.

APPRILL A, MILLER C A, MOORE M J, DURBAN J W, FEARNBACH H 
& BARRETT-LENNARD L G 2017. Extensive core microbiome in 
drone-captured whale blow supports a framework for health 
monitoring. mSystems 2:5, DOI: 10.1128/mSystems.00119-17.

APPRILL A, ROBBINS J, EREN A M, PACK A A, REVEILLAUD J, MATTILA 
D, MOORE M, NIEMEYER M, MOORE K M & MINCER T J 2014. 
Humpback whale populations share a core skin bacterial 
community: towards a health index for marine mammals? 
PLoS One 9:3, e90785, DOI: 10.1371/journal.pone.0090785.

ARIAS-ORTIZ A, SERRANO O, MASQUÉ P, LAVERY P S, MUELLER U, 
KENDRICK G A, ROZAIMI M, ESTEBAN A, FOURQUREAN J W, MARBÀ 
N, MATEO M A, MURRAY K, RULE M J & DUARTE C M 2018. A 
marine heatwave drives massive losses from the world’s 
largest seagrass carbon stocks. Nature Climate Change 8:4, 338, 
DOI: 10.1038/s41558-018-0096-y.

ARMSTRONG E, YAN L, BOYD K G, WRIGHT P C & BURGESS J G 2001. 
The symbiotic role of marine microbes on living surfaces. 
Hydrobiologia 461:1–3, 37–40, DOI: 10.1023/A:1012756913566.

ARNAUD-HAOND S, ARRIETA J M & DUARTE C M 2011. Marine 
biodiversity and gene patents. Science 331:6024, 1521–1522, 
DOI: 10.1126/science.1200783.

ARRIETA J M, ARNAUD-HAOND S & DUARTE C M 2010. What lies 
underneath: conserving the oceans’ genetic resources. 
Proceedings of the National Academy of Sciences 107:43, 18318–
18324, DOI: 10.1073/pnas.0911897107.

BÄCKHED F, LEY R E, SONNENBURG J L, PETERSON D A & GORDON 
J I 2005. Host-bacterial mutualism in the human intestine. 
Science 307:5717, 1915–1920, DOI: 10.1126/science.1104816.

BAGARINAO T 1992. Sulfide as an environmental factor 
and toxicant: tolerance and adaptations in aquatic 
organisms. Aquatic Toxicology  24 :1–2, 21–62, DOI: 
10.1016/0166-445x(92)90015-F.

BANERJEE G & RAY A K 2017. The advancement of probiotics 
research and its application in fish farming industries. 
Research in Veterinary Science 115, 66–77, DOI: 10.1016/j.
rvsc.2017.01.016.

BASTYAN G R 1986. Distribution of seagrass in Prince Royal 
Harbour and Oyster Harbour on the southern coast of 

Western Australia, Technical Series 1, Western Australia 
Department of Conservation and Environment. Perth, 
Western Australia, 50 pp.

BAUMGARTNER L K, SPEAR J R, BUCKLEY D H, PACE N R, 
REID R P, DUPRAZ C & VISSCHER P T 2009. Microbial 
diversity in modern marine stromatolites, Highborne Cay, 
Bahamas. Environmental Microbiology 11:10, 2710–2719, DOI: 
10.1111/j.1462-2920.2009.01998.x.

BEATTIE D, LACHNIT T, DINSDALE E, THOMAS T & STEINBERG P D 2017. 
Novel ssDNA viruses detected in the virome of bleached, 
habitat-forming kelp Ecklonia radiata. Frontiers in Marine 
Science 4, 441, DOI: 10.3389/mars.2017.00441.

BECATTINI S, TAUR Y & PAMER E G 2016. Antibiotic-induced 
changes in the intestinal microbiota and disease. Trends 
in Molecular Medicine 22:6, 458–478, DOI: 10.1016/j.
molmed.2016.04.003.

BERTELLI C M & UNSWORTH R K F 2014. Protecting the hand that 
feeds us: Seagrass (Zostera marina) serves as commercial 
juvenile fish habitat. Marine Pollution Bulletin 83:2, 425–429, 
DOI: 10.1016/j.marpolbul.2013.08.011.

BESSELL-BROWNE P, NEGRI A P, FISHER R, CLODE P L, DUCKWORTH A 
& JONES R 2017. Impacts of turbidity on corals: The relative 
importance of light limitation and suspended sediments. 
Marine Pollution Bulletin 117:1–2, 161–170, DOI: 10.1016/j.
marpolbul.2017.01.050.

BIK E M, COSTELLO E K, SWITZER A D, CALLAHAN B J, HOLMES 
S P, WELLS R S, CARLIN K P, JENSEN E D, VENN-WATSON S 
& RELMAN D A 2016. Marine mammals harbor unique 
microbiotas shaped by and yet distinct from the sea. Nature 
Communications 7, 10516, DOI: 10.1038/ncomms10516.

BLANDON A & ZU ERMGASSEN P S E 2014. Quantitative estimate of 
commercial fish enhancement by seagrass habitat in southern 
Australia. Estuarine, Coastal and Shelf Science 141, 1–8, DOI: 
10.1016/j.ecss.2014.01.009.

BLONDEAU-PATISSIER D, DEKKER A G, SCHROEDER T & BRANDO V 
E 2011. Phytoplankton dynamics in shelf waters around 
Australia.  Report prepared for the Australian Government 
Department of Sustainability, Environment, Water, 
Population and Communities on behalf of the State of the 
Environment 2011 Committee. DSEWPaC, 2011, Canberra.

BORUM J, PEDERSEN O, GREVE T, FRANKOVICH T, ZIEMAN J, 
FOURQUREAN J W & MADDEN C 2005. The potential role of 
plant oxygen and sulphide dynamics in die-off events of the 
tropical seagrass, Thalassia testudinum. Journal of Ecology 93:1, 
148–158, DOI: 10.1111/j.1365-2745.2004.00943.x.

BREARLEY A 2005. Estuaries and Coastal Lagoons of South, Ernest 
Hodgkin’s Swanland. University of Western Australia Press, 
Perth, Western Australia.

BROWN M, VAN DE KAMP J, OSTROWSKI M, SEYMOUR J, INGLETON T, 
MESSER L, JEFFREY T, SIBONI N, LAVEROCK B, BIBILONI-ISAKSSON J, 
NELSON T M, COMAN F, DAVIES C H, FRAMPTON D, RAYNER M, 
GOOSSEN K, ROBERT S, HOLMES B, ABELL G C J, CRAW P, KAHLKE 
T, SOW S, MCALLISTER K, WINDSOR J, SKUZA M, CROSSING R, 
PATTEN N, MALTHOUSE P, VAN RUTH P, PAULSEN I T, FUHRMAN J, 
RICHARDSON A, KOVAL J, BISSETT A, FITZGERALD A, MOTLTMANN 
T & BODROSSY L 2018. Systematic, continental scale temporal 
monitoring of marine pelagic microbiota by the Australian 
Marine Microbial Biodiversity Initiative. Scientific Data 
5:180130, DOI: 10.1038/sdata.2018.130. 

BURKE C, THOMAS T, LEWIS M, STEINBERG P & KJELLEBERG S 2011. 
Composition, uniqueness and variability of the epiphytic 
bacterial community of the green alga Ulva australis. The 
ISME Journal 5:4, 590–600, DOI: 10.1038/ismej.2010.164.

BURNE R V & MOORE L S 1987. Microbialites: organosedimentary 
deposits of benthic microbial communities. Palaios 2:3, 
241–254.

BURNE R V, MOORE L S, CHRISTY A G, TROITZSCH U, KING P L, 
CARNERUP A M & HAMILTON P J 2014. Stevensite in the modern 
thrombolites of Lake Clifton, Western Australia: A missing 
link in microbialite mineralization? Geology 42:7, 575–578, 
DOI: 10.1130/G35484.1.

BURNS B P, GOH F, ALLEN M & NEILAN B A 2004. Microbial diversity 

C. M. Phelps et al.: Microbiomes of Western Australian marine environments



34

Journal of the Royal Society of Western Australia, 101, 2018

of extant stromatolites in the hypersaline marine environment 
of Shark Bay, Australia. Environmental Microbiology 6:10, 1096–
1101, DOI: 10.1111/j.1462-2920.2004.00651.x.

CAMBRIDGE M L & MCCOMB A J 1984. The loss of seagrasses 
in Cockburn Sound, Western Australia. I. The time 
course and magnitude of seagrass decline in relation to 
industrial development. Aquatic Botany 20:3–4, 229–243, DOI: 
10.1016/0304-3770(84)90089-5.

CAMP E F, SCHOEPF V & SUGGETT D J 2018. How can “Super Corals” 
facilitate global coral reef survival under rapid environmental 
and climatic change? Global Change Biology 24:7, 2755–2757, 
DOI: 10.1111/gcb.14153.

CAPUTI N, G J & PEARCE A 2014. The marine heat wave off Western 
Australia during the summer of 2010/11 – 2 years on. Fisheries 
Research Report No. 250. Department of Fisheries, Western 
Australia., 40pp.

CARRUTHERS T J B, DENNISON W C, KENDRICK G A, WAYCOTT M, 
WALKER D I & CAMBRIDGE M L 2007. Seagrasses of south–west 
Australia: A conceptual synthesis of the world’s most diverse 
and extensive seagrass meadows. Journal of Experimental 
Marine Biology and Ecology 350:1–2, 21–45, DOI: 10.1016/j.
jembe.2007.05.036.

CASE R J, LONGFORD S R, CAMPBELL A H, LOW A, TUJULA N, 
STEINBERG P D & KJELLEBERG S 2011. Temperature induced 
bacterial virulence and bleaching disease in a chemically 
defended marine macroalga. Environmental Microbiology 13:2, 
529–537, DOI: 10.1111/j.1462-2920.2010.02356.x.

CEH J, KILBURN M R, CLIFF J B, RAINA J B, KEULEN M & BOURNE D G 
2013a. Nutrient cycling in early coral life stages: Pocillopora 
damicornis larvae provide their algal symbiont (Symbiodinium) 
with nitrogen acquired from bacterial associates. Ecology and 
Evolution 3:8, 2393–2400, DOI: 10.1002/ece3.642.

CEH J, VAN KEULEN M & BOURNE D G 2011. Coral-associated 
bacterial communities on Ningaloo Reef, Western Australia. 
FEMS Microbiology Ecology 75:1, 134–144, DOI: 10.1111/j.1574-
6941.2010.00986.x.

CEH J, VAN KEULEN M & BOURNE D G 2013b. Intergenerational 
transfer of specific bacteria in corals and possible implications 
for offspring fitness. Microbial Ecology 65:1, 227–231, DOI: 
10.1007/s00248-012-0105-z.

CEH J, RAINA J-B, SOO R M, VAN KEULEN M & BOURNE D G 2012. 
Coral-bacterial communities before and after a coral mass 
spawning event on Ningaloo Reef. PLoS One 7:5,3–9, DOI: 
10.1371/journal.pone.0036920.

CHILTON A, NEILAN B & BURNS B 2012. Characterisation of 
freshwater thrombolite microbial communities from Lake 
Richmond via barcoded pyrosequencing. Department of 
Environment and Conservation. University of NSW.

COLE L W & MCGLATHERY K J 2012. Nitrogen fixation in restored 
eelgrass meadows. Marine Ecology Progress Series 448, 235–246, 
DOI: 10.3354/meps09512.

COLLINS L B & JAHNERT R J 2014. Stromatolite research in the Shark 
Bay world heritage area. Journal of the Royal Society of Western 
Australia 97, 189–219.

COLSTON T J & JACKSON C R 2016. Microbiome evolution along 
divergent branches of the vertebrate tree of life: what is 
known and unknown. Molecular Ecology 25:16, 3776–3800, 
DOI: 10.1111/mec.13730.

COMMONWEALTH OF AUSTRALIA 2006. A Guide to the Integrated 
Marine and Coastal Regionalisation of Australia Version 4.0. 
Department of the Environment and Heritage, Canberra, 
Australia.

CORNWALL C E, COMEAU S & MCCULLOCH M T 2017. Coralline 
algae elevate pH at the site of calcification under ocean 
acidification. Global Change Biology 23:10, 4245–4256, DOI: 
10.1111/gcb.13673.

CORNWALL C E & HURD C L 2015. Experimental design in ocean 
acidification research: problems and solutions. ICES Journal 
of Marine Science 73:3, 572–581, DOI: 10.1093/icesjms/fsv118.

COSHELL L, ROSEN M & MCNAMARA K 1998. Hydromagnesite 
replacement of biomineralized aragonite in a new location 

of Holocene stromatolites, Lake Walyungup, Western 
Australia. Sedimentology 45:6, 1005–1018, DOI: 10.1046/j.1365-
3091.1998.00187.x.

CRABBE M J C & CARLIN J P 2009. Multiple Symbiodinium clades in 
Acropora species scleractinian corals from the Ningaloo reef, 
Australia. International Journal of Integrative Biology 5:2, 72–74.

CROSSLAND C J, HATCHER B G & SMITH S V 1991. Role of coral reefs 
in global ocean production. Coral Reefs 10:2, 55–64, DOI: 
10.1007/BF00571824.

CURE K, HOBBS J-P A, LANGLOIS T J, ABDO D A, BENNETT S & HARVEY 
E S 2018. Distributional responses to marine heat waves: 
insights from length frequencies across the geographic range 
of the endemic reef fish Choerodon rubescens. Marine Biology 
165:1, DOI: 10.1007/s00227-017-3259-x.

CURSON A R J, TODD J D, SULLIVAN M J & JOHNSTON A W 
B 2011. Catabolism of dimethylsulphoniopropionate: 
microorganisms, enzymes and genes. Nature Reviews 
Microbiology 9:12, 849–859, DOI: 10.1038/nrmicro2653.

DAVIES C H, AJANI P, ARMBRECHT L, ATKINS N, BAIRD M E, BEARD 
J, BONHAM P, BURFORD M, CLEMENTSON L, COAD P, CRAWFORD 
C, DELA-CRUZ J, DOBLIN M A, EDGAR S, ERIKSEN R, EVERETT J D, 
FURNAS M, HARRISON D P, HASSLER C, HENSCHKE N, HOENNER 
X, INGLETON T, JAMESON I, KEESING J, LETERME S C, JAMES 
MCLAUGHLIN M, MILLER M, MOFFATT D, MOSS A, NAYAR S, 
PATTEN N L, PATTEN R, PAUSINA S A, PROCTOR R, RAES E, ROBB 
M, ROTHLISBERG P, SAECK E A, SCANES P, SUTHERS I M, SWADLING 
K M, TALBOT S, THOMPSON P, THOMSON P G, URIBE-PALOMINO J, 
VAN RUTH P, WAITE A M, WRIGHT S & RICHARDSON A J 2018. A 
database of chlorophyll a in Australian waters. Scientific Data 
5, 180018, DOI: 10.1038/sdata.2018.18.

DAVIES C H, COUGHLAN A, HALLEGRAEFF G, AJANI P, ARMBRECHT L, 
ATKINS N, BONHAM P, BRETT S, BRINKMAN R & BURFORD M 2016. 
A database of marine phytoplankton abundance, biomass and 
species composition in Australian waters. Scientific Data 3, 
160043, DOI: 10.1038/sdata.2016.43.

DE LESTANG S, THOMSON A, ROSSBACH M & BAUDAINS G 2009. West 
coast rock lobster fishery status report. State of the Fisheries and 
Aquatic Resources Report 10, 28–38.

DEL GIORGIO P A & DUARTE C M 2002. Respiration in the open 
ocean. Nature 420:6914, 379–384, DOI: 10.1038/nature01165.

DELPORT T C, POWER M L, HARCOURT R G, WEBSTER K N & TETU 
S G 2016. Colony location and captivity influence the gut 
microbial community composition of the Australian sea lion 
(Neophoca cinerea). Applied and Environmental Microbiology 
82:12, 3440–3449, DOI: 10.1128/AEM.00192-16.

DEPCZYNSKI M, GILMOUR J, RIDGWAY T, BARNES H, HEYWARD A, 
HOLMES T, MOORE J, RADFORD B, THOMSON D, TINKLER P & 
WILSON S K 2013. Bleaching, coral mortality and subsequent 
survivorship on a West Australian fringing reef. Coral Reefs 
32:1, 233–238, DOI: 10.1007/s00338-012-0974-0.

DUARTE C M & CEBRIAN J 1996. The fate of marine autotrophic 
production. Limnology and Oceanography 41:8, 1758–1766, DOI: 
10.4319/lo.1996.41.8.1758.

DUPRAZ C, REID R P, BRAISSANT O, DECHO A W, NORMAN R S & 
VISSCHER P T 2009. Processes of carbonate precipitation in 
modern microbial mats. Earth-Science Reviews 96:3, 141–162, 
DOI: 10.1016/j.earscirev.2008.10.005.

DUPRAZ C, VISSCHER P T, BAUMGARTNER L K & REID R P 2004. 
Microbe–mineral interactions: early carbonate precipitation in 
a hypersaline lake (Eleuthera Island, Bahamas). Sedimentology 
51:4, 745–765, DOI: 10.1111/j.1365-3091.2004.00649.x.

EDGCOMB V P, BERNHARD J M, SUMMONS R E, ORSI W, BEAUDOIN 
D & VISSCHER P T 2014. Active eukaryotes in microbialites 
from Highborne Cay, Bahamas, and Hamelin Pool (Shark 
Bay), Australia. The ISME Journal 8:2, 418–429, DOI: 10.1038/
ismej.2013.130.

EGAN S, FERNANDES N D, KUMAR V, GARDINER M & THOMAS T 2014. 
Bacterial pathogens, virulence mechanism and host defence 
in marine macroalgae. Environmental Microbiology 16:4, 925–
938, DOI: 10.1111/1462-2920.12288.

EGAN S, HARDER T, BURKE C, STEINBERG P, KJELLEBERG S & THOMAS 
T 2013. The seaweed holobiont: understanding seaweed–



	

35

bacteria interactions. FEMS Microbiology Reviews 37:3, 462–
476, DOI: 10.1111/1574-6976.12011.

EGAN S, JAMES S, HOLMSTRÖM C & KJELLEBERG S 2001. Inhibition 
of algal spore germination by the marine bacterium 
Pseudoalteromonas tunicata. FEMS Microbiology Ecology 35:1, 
67–73, DOI: 10.1111/j.1574-6941.2001.tb00789.x.

EGAN S, THOMAS T, HOLMSTRÖM C & KJELLEBERG S 2000. 
Phylogenetic relationship and antifouling activity of 
bacterial epiphytes from the marine alga Ulva lactuca. 
Environmental Microbiology 2:3, 343–347, DOI: 10.1046/j.1462-
2920.2000.00107.x.

EGAN S, THOMAS T & KJELLEBERG S 2008. Unlocking the diversity 
and biotechnological potential of marine surface associated 
microbial communities. Current Opinion in Microbiology 11:3, 
219–225, DOI: 10.1016/j.mib.2008.04.001.

EIGELAND K A, LANYON J M, TROTT D J, OUWERKERK D, BLANSHARD 
W, MILINOVICH G J, GULINO L-M, MARTINEZ E, MERSON S 
& KLIEVE A V 2012. Bacterial community structure in the 
hindgut of wild and captive dugongs (Dugong dugon). Aquatic 
Mammals 38:4, 402, DOI: 10.1578/Am.38.4.2012.402.

ERFTEMEIJER P L A, RIEGL B, HOEKSEMA B W & TODD P A 2012. 
Environmental impacts of dredging and other sediment 
disturbances on corals: a review. Marine Pollution Bulletin 64:9, 
1737–1765, DOI: 10.1016/j.marpolbul.2012.05.008.

FALKOWSKI P G, BARBER R T & SMETACEK V 1998. Biogeochemical 
controls and feedbacks on ocean primary production. Science 
281:5374, 200–207, DOI: 10.1126/science.281.5374.200.

FENG M, MCPHADEN M J, XIE S-P & HAFNER J 2013. La Niña forces 
unprecedented Leeuwin Current warming in 2011. Scientific 
Reports 3, 1277, DOI: 10.1038/srep01277.

FENG M, MEYERS G, PEARCE A & WIJFFELS S 2003. Annual and 
interannual variations of the Leeuwin Current at 32°S. Journal 
of Geophysical Research: Oceans 108:C11.

FERRERA I, GINER C R, REÑÉ A, CAMP J, MASSANA R, GASOL 
J M & GARCÉS E 2016. Evaluation of alternative high-
throughput sequencing methodologies for the monitoring 
of marine picoplanktonic biodiversity based on rRNA gene 
amplicons. Frontiers in Marine Science 3, 147, DOI: 10.3389/
fmars.2016.00147.

FIELD C B, BEHRENFELD M J, RANDERSON J T & FALKOWSKI P 1998. 
Primary production of the biosphere: integrating terrestrial 
and oceanic components. Science 281:5374, 237–240, DOI: 
10.1126/science.281.5374.237.

FOURNIER A 2013. The story of symbiosis with zooxanthellae, 
or how they enable their host to thrive in a nutrient poor 
environment. Master BioSciences, Biology department, Ecole 
Normale Supérieure, Lyon. CRIOBE USR 3278 CNRS EPHE, 
Papetoai, Moorea 1.

FOURQUREAN J W, DUARTE C M, KENNEDY H, MARBÀ N, HOLMER M, 
MATEO M A, APOSTOLAKI E T, KENDRICK G A, KRAUSE-JENSEN D, 
MCGLATHERY K J & SERRANO O 2012. Seagrass ecosystems as 
a globally significant carbon stock. Nature Geoscience 5:7, 505, 
DOI: 10.1038/ngeo1477.

FRASER M W, KENDRICK G A, STATTON J, HOVEY R K, ZAVALA‐PEREZ A 
& WALKER D I 2014. Extreme climate events lower resilience of 
foundation seagrass at edge of biogeographical range. Journal 
of Ecology 102:6, 1528–1536, DOI: 10.1111/1365-2745.12300.

FRASER M W, STATTON J, HOVEY R K, LAVEROCK B & KENDRICK 
G A 2016. Seagrass derived organic matter influences 
biogeochemistry, microbial communities, and seedling 
biomass partitioning in seagrass sediments. Plant and Soil 
400:1–2, 133–146, DOI: 10.1007/s11104-015-2721-0.

FROMONT J, HUGGETT M J, LENGGER S K, GRICE K & SCHÖNBERG C 
H 2016. Characterization of Leucetta prolifera, a calcarean 
cyanosponge from south-western Australia, and its 
symbionts. Journal of the Marine Biological Association 
of the United Kingdom 96:2, 541–552, DOI: 10.1017/
S0025315415000491.

GACIA E & DUARTE C 2001. Sediment retention by a 
Mediterranean Posidonia oceanica meadow: the balance 
between deposition and resuspension. Estuarine, Coastal and 
Shelf Science 52:4, 505–514, DOI: 10.1006/ecss.2000.0753.

GARBY T J, WALTER M R, LARKUM A W D & NEILAN B A 2013. 
Diversity of cyanobacterial biomarker genes from the 
stromatolites of Shark Bay, Western Australia. Environmental 
Microbiology  15 :5,  1464–1475,  DOI: 10.1111/j .1462-
2920.2012.02809.x.

GARCÍA-MARTÍNEZ M, KUO J, KILMINSTER K, WALKER D I, ROSSELLÓ-
MORA R & DUARTE C M 2005. Microbial colonization in the 
seagrass Posidonia spp. roots. Marine Biology Research 1:6, 
388–395, DOI: 10.1080/17451000500443419.

GARCIAS-BONET N, ARRIETA J M, DUARTE C M & MARBÀ N 2016. 
Nitrogen-fixing bacteria in Mediterranean seagrass (Posidonia 
oceanica) roots. Aquatic Botany 131, 57–60, DOI: 10.1016/j.
aquabot.2016.03.002.

GILBERT J A, FIELD D, SWIFT P, THOMAS S, CUMMINGS D, TEMPERTON 
B, WEYNBERG K, HUSE S, HUGHES M, JOINT I, SOMERFIELD P J & 
MUHLING M 2010. The taxonomic and functional diversity of 
microbes at a temperate coastal site: a ‘multi-omic’ study of 
seasonal and diel temporal variation. PLoS One 5:11, e15545, 
DOI: 10.1371/journal.pone.0015545.

GILMOUR J P, SMITH L D, HEYWARD A J, BAIRD A H & PRATCHETT M 
S 2013. Recovery of an isolated coral reef system following 
severe disturbance. Science 340:6128, 69–71, DOI: 10.1126/
science.1232310.

GLASL B, WEBSTER N S & BOURNE D G 2017. Microbial indicators 
as a diagnostic tool for assessing water quality and climate 
stress in coral reef ecosystems. Marine Biology 164:4, 91, DOI: 
10.1007/s00227-017-3097-x.

GLEASON F K & PAULSON J L 1984. Site of action of the natural 
algicide, cyanobacterin, in the blue-green alga, Synechococcus 
sp. Archives of Microbiology 138:3, 273–277, DOI:  10.1007/
Bf00402134.

GOH F, ALLEN M A, LEUKO S, KAWAGUCHI T, DECHO A W, BURNS 
B P & NEILAN B A 2009. Determining the specific microbial 
populations and their spatial distribution within the 
stromatolite ecosystem of Shark Bay. The ISME Journal 3:4, 
383, DOI: 10.1038/ismej.2008.114.

GOH F, LEUKO S, ALLEN M A, BOWMAN J P, KAMEKURA M, NEILAN B 
A & BURNS B P 2006. Halococcus hamelinensis sp. nov., a novel 
halophilic archaeon isolated from stromatolites in Shark Bay, 
Australia. International Journal of Systematic and Evolutionary 
Microbiology 56:6, 1323–1329, DOI: 10.1099/ijs.0.64180-0.

GREY K, MOORE L, BURNE R, PIERSON B & BAULD J 1990. Lake Thetis, 
Western Australia: and example of saline lake sedimentation 
dominated by benthic microbial processes. Marine and 
Freshwater Research 41:2, 275–300, DOI: 10.1071/MF9900275.

GREY K & PLANAVSKY N J 2009.Microbialites of Lake Thetis, 
Cervantes, Western Australia: a Field Guide. Geological 
Survey of Western Australia, Record 2009/11. 21p.

GROTZINGER J P & KNOLL A H 1999. Stromatolites in Precambrian 
carbonates: evolutionary mileposts or environmental 
dipsticks? Annual Review of Earth and Planetary Sciences 27:1, 
313–358, DOI: 10.1146/annurev.earth.27.1.313.

GUDHKA R K, NEILAN B A & BURNS B P 2015. Adaptation, ecology, 
and evolution of the halophilic stromatolite archaeon 
Halococcus hamelinensis inferred through genome analyses. 
Archaea, DOI: org/10.1155/2015/241608.

HALLEGRAEFF G & JEFFREY S 1984. Tropical phytoplankton species 
and pigments of continental shelf waters of north and north-
west Australia. Marine Ecology Progress Series 20:1, 59–74.

HALLEGRAEFF G M 1984. Coccolithophorids (calcareous 
nanoplankton) from Australian waters. Botanica Marina 27:6, 
229–248.

HANSON C E, PATTIARATCHI C B & WAITE A M 2005. Seasonal 
production regimes off south-western Australia: influence 
of the Capes and Leeuwin Currents on phytoplankton 
dynamics. Marine and Freshwater Research 56:7, 1011–1026, 
DOI: 10.1071/Mf04288.

HARLEY C D G, ANDERSON K M, DEMES K W, JORVE J P, KORDAS R 
L, COYLE T A & GRAHAM M H 2012. Effects of climate change 
on global seaweed communities. Journal of Phycology 48:5, 
1064–1078, DOI: 10.1111/j.1529-8817.2012.01224.x.

C. M. Phelps et al.: Microbiomes of Western Australian marine environments



36

Journal of the Royal Society of Western Australia, 101, 2018

HECK K L, CARRUTHERS T J B, DUARTE C M, HUGHES A R, KENDRICK 
G, ORTH R J & WILLIAMS S W 2008. Trophic transfers from 
seagrass meadows subsidize diverse marine and terrestrial 
consumers. Ecosystems 11:7, 1198–1210, DOI: 10.1007/s10021-
008-9155-y.

HOLMER M, PEDERSEN O & IKEJIMA K 2006. Sulfur cycling and 
sulfide intrusion in mixed Southeast Asian tropical seagrass 
meadows. Botanica Marina 49:2, 91–102, DOI: 10.1515/
BOT.2006.013.

HOLMSTRÖM C, EGAN S, FRANKS A, MCCLOY S & KJELLEBERG S 2002. 
Antifouling activities expressed by marine surface associated 
Pseudoalteromonas species. FEMS Microbiology Ecology 41:1, 
47–58, DOI: 10.1111/j.1574-6941.2002.tb00965.x.

HOLMSTRÖM C, JAMES S, EGAN S & KJELLEBERG S 1996. Inhibition of 
common fouling organisms by marine bacterial isolates ith 
special reference to the role of pigmented bacteria. Biofouling 
10:1–3, 251–259, DOI: 10.1080/08927019609386284.

HOWARD E C, SUN S, REISCH C R, DEL VALLE D A, BÜRGMANN 
H, KIENE R P & MORAN M A 2011.  Changes in 
dimethylsulfoniopropionate demethylase gene assemblages 
in response to an induced phytoplankton bloom. Applied 
and Environmental Microbiology 77:2, 524–531, DOI: 10.1128/
AEM.01457-10.

HUGGETT M J, KAVAZOS C R, BERNASCONI R, CZARNIK R & HORWITZ P 
2017. Bacterioplankton assemblages in coastal ponds reflect 
the influence of hydrology and geomorphological setting. 
FEMS Microbiology Ecology 93:6, DOI: 10.1093/femsec/fix067.

HUGGETT M J, MCMAHON K & BERNASCONI R 2018. Future warming 
and acidification result in multiple ecological impacts to a 
temperate coralline alga. Environmental Microbiology 20:8, 
2769–2782, DOI: 10.1111/1462-2920.14113.

HUGHES T P, KERRY J T, ÁLVAREZ-NORIEGA M, ÁLVAREZ-ROMERO J G, 
ANDERSON K D, BAIRD A H, BABCOCK R C, BEGER M, BELLWOOD 
D R, BERKELMANS R, BRIDGE T C, BUTLER I R, BYRNE M, CANTIN 
N E, COMEAU S, CONNOLLY S R, CUMMING G S, DALTON S J, DIAZ-
PULIDO G, EAKIN C M, FIGUEIRA W F, GILMOUR J P, HARRISON H B, 
HERON S F, HOEY A S, HOBBS J A, HOOGENBOOM M O, KENNEDY 
E V, KUO C Y, LOUGH J M, LOWE R J, LIU G, MCCULLOCH M 
T, MALCOLM H A, MCWILLIAM M J, PANDOLFI J M, PEARS R J, 
PRATCHETT M S, SCHOEPF V, SIMPSON T, SKIRVING W J, SOMMER 
B, TORDA G, WACHENFELD D R, WILLIS B L & WILSON S K 2017. 
Global warming and recurrent mass bleaching of corals. 
Nature 543:7645, 373–377, DOI: 10.1038/nature21707.

HUISMAN J 2018. Algae of Australia: Marine benthic algae 
of north-western Australia 2. CSIRO publishing. ISBN: 
9781486309542. 688 pp.

HYNDES G A, HECK JR K L, VERGÉS A, HARVEY E S, KENDRICK G A, 
LAVERY P S, MCMAHON K, ORTH R J, PEARCE A, VANDERKLIFT 
M, WERNBERG T, WHITING S & WILSON S 2016. Accelerating 
tropicalization and the transformation of temperate seagrass 
meadows. Bioscience 66:11, 938–948, DOI: 10.1093/biosci/
biw111.

HYNDES G A & LAVERY P S 2005. Does transported seagrass 
provide an important trophic link in unvegetated, nearshore 
areas? Estuarine, Coastal and Shelf Science 63:4, 633–643, DOI: 
10.1016/j.ecss.2005.01.008.

INCE R, HYNDES G A, LAVERY P S & VANDERKLIFT M A 2007. Marine 
macrophytes directly enhance abundances of sandy beach 
fauna through provision of food and habitat. Estuarine, 
Coastal and Shelf Science 74:1–2, 77–86, DOI: 10.1016/j.
ecss.2007.03.029.

INGERSLEV H-C, VON GERSDORFF JØRGENSEN L, STRUBE M L, LARSEN N, 
DALSGAARD I, BOYE M & MADSEN L 2014. The development of 
the gut microbiota in rainbow trout (Oncorhynchus mykiss) is 
affected by first feeding and diet type. Aquaculture 424, 24–34, 
DOI: 10.1016/j.actuaculture.2013.12.032.

JAHNERT R J & COLLINS L B 2011. Significance of subtidal microbial 
deposits in Shark Bay, Australia. Marine Geology 286:1–4, 
106–111, DOI: 10.1016/j.margeo.2011.05.006.

JAHNERT R J & COLLINS L B 2012. Characteristics, distribution 
and morphogenesis of subtidal microbial systems in Shark 

Bay, Australia. Marine Geology 303, 115–136, DOI: 10.1016/j.
margeo.2012.02.009.

JAHNERT R J & COLLINS L B 2013. Controls on microbial activity 
and tidal flat evolution in Shark Bay, Western Australia. 
Sedimentology 60:4, 1071–1099, DOI: 10.1111/sed.12023.

JAMESON I & HALLEGRAEFF G M 2010.Planktonic diatoms, Algae 
of Australia: phytoplankton of temperate coastal waters. 
Australian Biological Resources Study and CSIRO Publishing. 
16–82.

JEFFREY S W & HALLEGRAEFF G M 1980.  Phytoplankton ecology of 
Australian waters.in Clayton M N & King R J, editors, Biology 
of Marine Plants, Longman.

JOHN J 1983. The diatom flora of the Swan River estuary Western 
Australia. Bibliotheca Phycologica 64, 1–359.

JOHN J, HAY M & PATON J 2009. Cyanobacteria in benthic microbial 
communities in coastal salt lakes in Western Australia. 
Algological Studies 130:1, 125–135, DOI: 10.1127/1864-
1318/2009/0130-0125.

JONES C G, LAWTON J H & SHACHAK M 1994 Organisms as 
ecosystem engineers. Pages 130–147, Ecosystem Management, 
Springer.

JONES J, DIBATTISTA J D, STAT M, BUNCE M, BOYCE M C, FAIRCLOUGH 
D V, TRAVERS M J & HUGGETT M J 2018. The microbiome 
of the gastrointestinal tract of a range-shifting marine 
herbivorous fish. Frontiers in Microbiology 9, DOI: 10.3389/
fmicb.2018.02000.

JONES N L, PATTEN N L, KRIKKE D L, LOWE R J, WAITE A M & IVEY 
G N 2014. Biophysical characteristics of a morphologically-
complex macrotidal tropical coastal system during a dry 
season. Estuarine, Coastal and Shelf Science 149, 96–108, DOI: 
10.1016/j.ecss.2014.07.018.

JONES R, FISHER R, STARK C & RIDD P 2015. Temporal patterns in 
seawater quality from dredging in tropical environments. 
PloS One 10:10, e0137112, DOI: 10.1371/journal.pone.0137112.

KAVAZOS C R J & HORWITZ P 2016. Biodiversity and ecosystem 
functioning of the northern ponds, Lake MacLeod, Western 
Australia.  Centre for Ecosystem Management: Edith Cowan 
University, 03.

KAVAZOS C R J, HUGGETT M J, MUELLER U & HORWITZ P 2017. 
Biogenic processes or terrigenous inputs? Permanent water 
bodies of the Northern Ponds in the Lake MacLeod basin 
of Western Australia. Marine and Freshwater Research 68:7, 
1366–1376, DOI: 10.1071/Mf16233.

KAVAZOS C R J, HUGGETT M J, MUELLER U & HORWITZ P 2018. 
Bacterial and ciliate biofilm community structure at 
different spatial levels of a salt lake meta-community. FEMS 
Microbiology Ecology 94:10, fiy148, DOI: 10.1093/femsec/fiy148.

KEESING J K, USHER K M & FROMONT J 2012. First record of 
photosynthetic cyanobacterial symbionts from mesophotic 
temperate sponges. Marine and Freshwater Research 63:5, 403–
408, DOI: 10.1071/Mf11216.

KENNEALLY K F, DELL J, HUSSEY B J M & JOHNSON D P 1987. A 
survey of Lake Richmond, Western Australia. The Naturalists 
News January/February 8, 37–41.

KILMINSTER K, MCMAHON K, WAYCOTT M, KENDRICK G A, SCANES P, 
MCKENZIE L, O’BRIEN K R, LYONS M, FERGUSON A, MAXWELL P, 
GLASBY T & UDY J 2015. Unravelling complexity in seagrass 
systems for management: Australia as a microcosm. 
Science of the Total Environment 534, 97–109, DOI: 10.1016/j.
scitotenv.2015.04.061.

KIRCHMAN D L 2008. Microbial Ecology of the Oceans, 2nd 
Edition. John Wiley & Sons, New Jersey, USA.

KIRKMAN H 1981. The first year in the life history and the survival 
of the juvenile marine macrophyte, Ecklonia radiata (Turn.) 
J. Agardh. Journal of Experimental Marine Biology and Ecology 
55:2, 243–254, DOI: 10.1016/0022-0981(81)90115-5.

KIRKMAN H 1987. Decline of seagrass beds in Princess Royal 
Harbour and Oyster Harbour, Albany, Western Australia, 
Technical Series 15, Environmental Protection Authority. 
Perth, Western Australia, 11 pp.



	

37

KIRKMAN H 1997. Seagrasses of Australia. Environment Australia, 
Dept. of the Environment Canberra, A.C.T. 

KLEYPAS J A, MCMANUS J W & MENEZ L A B 1999. Environmental 
limits to coral reef development: where do we draw the line? 
American Zoologist 39:1, 146–159, DOI: 10.1093/icb/39.1.146.

KNOTT B, BRUCE L, LANE J, KONISHI Y & BURKE C 2003. Is the 
salinity of Lake Clifton (Yalgorup National Park) increasing? 
Journal of the Royal Society of Western Australia 86:4, 119–122.

KOCH M, BOWES G, ROSS C & ZHANG X H 2013. Climate change 
and ocean acidification effects on seagrasses and marine 
macroalgae. Global Change Biology 19:1, 103–132, DOI: 
10.1111/j.1365-2486.2012.02791.x.

KONISHI Y, PRINCE J & KNOTT B 2001. The fauna of thrombolitic 
microbialites, Lake Clifton, Western Australia. Hydrobiologia 
457:1–3, 39–47, DOI: 10.1023/A:1012229412462.

KURTZ J C, YATES D F, MACAULEY J M, QUARLES R L, GENTHNER F J, 
CHANCY C A & DEVEREUX R 2003. Effects of light reduction on 
growth of the submerged macrophyte Vallisneria americana 
and the community of root-associated heterotrophic bacteria. 
Journal of Experimental Marine Biology and Ecology 291:2, 199–
218, DOI: 10.1016/S0022-0981(03)00120-5.

KUNIN V, RAES J, HARRIS J K, SPEAR J R, WALKER J J, IVANOVA N, 
VON MERING C, BEBOUT B M, PACE N R, BORK P & HUGENHOLTZ 
P 2008. Millimeter‐scale genetic gradients and community‐
level molecular convergence in a hypersaline microbial mat. 
Molecular Systems Biology 4:1, 198, DOI: 10.1038/msb.2008.35.

KUO J, MCCOMB A J & CAMBRIDGE M L 1981. Ultrastructure of the 
seagrass rhizosphere. New Phytologist 89:1, 139–143, DOI: 
10.1111/j.1469-8137.1981.tb04756.x.

KUO J, RIDGE R W & LEWIS S V 1990. The leaf internal morphology 
and ultrastructure of Zostera muelleri Irmisch ex Aschers.
(Zosteraceae): a comparative study of the intertidal 
and subtidal forms. Aquatic Botany 36:3, 217–236, DOI:  
10.1016/0304-3770(90)90036-K.

KÜSEL K, TRINKWALTER T, DRAKE H L & DEVEREUX R 2006. 
Comparative evaluation of anaerobic bacterial communities 
associated with roots of submerged macrophytes growing in 
marine or brackish water sediments. Journal of Experimental 
Marine Biology and Ecology 337:1, 49–58, DOI: 10.1016/j.
jembe.2006.06.004.

LARSEN A, TAO Z, BULLARD S A & ARIAS C R 2013. Diversity of the 
skin microbiota of fishes: evidence for host species specificity. 
FEMS Microbiology Ecology 85:3, 483–494, DOI: 10.1111/1574-
6941.12136.

LAVERY P S, MATEO M-Á, SERRANO O & ROZAIMI M 2013. Variability 
in the carbon storage of seagrass habitats and its implications 
for global estimates of blue carbon ecosystem service. PloS 
One 8:9, e73748, DOI: 10.1371/journal.pone.0073748.

LENANTON R C J 1982. Alternative non-estuarine nursery habitats 
for some commercially and recreationally important fish 
species of south-western Australia. Marine and Freshwater 
Research 33:5, 881–900, DOI: 10.1071/MF9820881.

LESSER M P, FALCÓN L I, RODRÍGUEZ-ROMÁN A, ENRÍQUEZ S, HOEGH-
GULDBERG O & IGLESIAS-PRIETO R 2007. Nitrogen fixation by 
symbiotic cyanobacteria provides a source of nitrogen for 
the scleractinian coral Montastraea cavernosa. Marine Ecology 
Progress Series 346, 143–152, DOI: 10.3354/meps07008.

LI W K W 2009.  Plankton populations and communities, Marine 
Macroecology.in Witman J D & Roy K, editors, University of 
Chicago Press.

LI Y, LIN Y, LOUGHLIN P C & CHEN M 2014. Optimization 
and effects of different culture conditions on growth of 
Halomicronema hongdechloris–a filamentous cyanobacterium 
containing chlorophyll f. Frontiers in Plant Science 5, 67, DOI: 
10.3389/fpls.2014.00067.

LOGAN B W 1987. AAPG The MacLeod evaporite basin, Western 
Australia: Holocene environments, sediments and geological 
evolution. American Association of Petroleum Geologists, 
Memoir 44, 1–140.

LOGAN B W & CEBULSKI D E 1970. Sedimentary environments 

of Shark Bay, Western Australia. American Association of 
Petroleum Geologists Memoir 13, 1–37.

LOGAN B W, READ J F & M H G 1974. Evolution and diagenesis 
of quaternary carbonate sequences, Shark Bay, Western 
Australia. American Association of Petroleum Geologists 
Memoir 22. 1–358.

LOWE R J & FALTER J L 2015. Oceanic forcing of coral reefs. Annual 
Review of Marine Science 7, 43–66, DOI: 10.1146/annurev-
marine-010814-015834.

LOWREY L, WOODHAMS D C, TACCHI L & SALINAS I 2015. 
Topographical mapping of the rainbow trout (Oncorhynchus 
mykiss) microbiome reveals a diverse bacterial community 
with antifungal properties in the skin. Applied and 
Environmental Microbiology 81:19, 6915–6925, DOI: 10.1128/
AEM.01826-15.

LUTER H M, WIDDER S, BOTTÉ E S, WAHAB M A, WHALAN 
S, MOITINHO-SILVA L, THOMAS T & WEBSTER N S 2015. 
Biogeographic variation in the microbiome of the ecologically 
important sponge, Carteriospongia foliascens. PeerJ 3, e1435, 
DOI: 10.7717/peerj.1435.

Macintyre I G, Reid R P, Steneck R S 1996. Growth history of 
stromatolites in a holocene fringing reef, Stocking Island, 
Bahamas. Journal of Sedimentary Research 66:1, 231–242.

MANEFIELD M, RASMUSSEN T B, HENZTER M, ANDERSEN J B, STEINBERG 
P, KJELLEBERG S & GIVSKOV M 2002. Halogenated furanones 
inhibit quorum sensing through accelerated LuxR turnover. 
Microbiology 148:4, 1119–1127, DOI: 10.1099/00221287-148-4-
1119.

MARHAENI B, RADJASA O K, BENGEN D G & KASWADJI R F 2011. 
Screening of bacterial symbionts of seagrass Enhalus 
sp. against biofilm-forming bacteria. Journal of Coastal 
Development 13:2, 126–132.

MARSHALL K, JOINT I, CALLOW M E & CALLOW J A 2006. Effect of 
marine bacterial isolates on the growth and morphology of 
axenic plantlets of the green alga Ulva linza. Microbial Ecology 
52:2, 302–310, DOI: 10.1007/s00248-006-9060-x.

MARTIN B C, STATTON J, SIEBERS A R, GRIERSON P F, RYAN M H & 
KENDRICK G A 2018. Colonizing tropical seagrasses increase 
root exudation under fluctuating and continuous low light. 
Limnology and Oceanography 63:1, 381–391, DOI: 10.1002/
lno.10746.

MARTIN B C M, GLEESON D, STATTON J, SIEBERS A, GRIERSON P, RYAN 
M H & KENDRICK G A 2017. Low light availability alters root 
exudation and reduces putative beneficial microorganisms in 
seagrass roots. Frontiers in Microbiology 8, 2667, DOI: 10.3389/
fmicb.2017.02667.

MARTONE P T, ALYONO M & STITES S 2010. Bleaching of an 
intertidal coralline alga: untangling the effects of light, 
temperature, and desiccation. Marine Ecology Progress Series 
416, 57–67, DOI: 10.3354/meps08782.

MARZINELLI E M, CAMPBELL A H, ZOZAYA VALDES E, VERGÉS A, 
NIELSEN S, WERNBERG T, BETTIGNIES T, BENNETT S, CAPORASO J 
G & THOMAS T 2015. Continental‐scale variation in seaweed 
host‐associated bacterial communities is a function of host 
condition, not geography. Environmental Microbiology 17:10, 
4078–4088, DOI: 10.1111/1462-2920.12972.

MARZINELLI E M, QIU Z, DAFFORN K A, JOHNSTON E L, STEINBERG P D 
& MAYER-PINTO M 2018. Coastal urbanisation affects microbial 
communities on a dominant marine holobiont. npj Biofilms 
and Microbiomes 4:1, DOI: 10.1038/s41522-017-0044-z.

MAXIMILIEN R, DE NYS R, HOLMSTRÖM C, GRAM L, GIVSKOV M, CRASS 
K, KJELLEBERG S & STEINBERG P D 1998. Chemical mediation of 
bacterial surface colonisation by secondary metabolites from 
the red alga Delisea pulchra. Aquatic Microbial Ecology 15:3, 
233–246, DOI: DOI 10.3354/ame015233.

MAYNARD C L, ELSON C O, HATTON R D & WEAVER C T 2012. 
Reciprocal interactions of the intestinal microbiota and 
immune system. Nature 489:7415, 231–241, DOI: 10.1038/
nature11551.

MAZARD S, PENESYAN A, OSTROWSKI M, PAULSEN I T & EGAN S 2016. 
Tiny microbes with a big impact: The role of cyanobacteria 

C. M. Phelps et al.: Microbiomes of Western Australian marine environments



38

Journal of the Royal Society of Western Australia, 101, 2018

and their metabolites in shaping our future. Marine Drugs 
14:5, 97, DOI: 10.3390/md14050097.

MCCARTHY P M 2013a. Census of Australian Marine Diatoms. 
Australian Biological Resources Study. Canberra. http://www.
anbg.gov.au/abrs/Marine_Diatoms/index.html.version 23 
April 2013.

MCCARTHY P M 2013b. Census of Australian Marine 
Dinoflagellates. Australian Biological Resources Study. 
Canberra. http://www.anbg.gov.au/abrs/Dinoflagellates/
index_Dino.html.version 11 July 2013.

MCLACHLAN A 1985. The biomass of macro-and interstitial fauna 
on clean and wrack-covered beaches in Western Australia. 
Estuarine, Coastal and Shelf Science 21:4, 587–599, DOI: 
10.1016/0272-7714(85)90059-9.

MOBERG F & FOLKE C 1999. Ecological goods and services of coral 
reef ecosystems. Ecological Economics 29:2, 215–233, DOI: 
10.1016/S0921-8009(99)00009-9.

MOELLER A H & OCHMAN H 2014. Microbiomes are true to type. 
Proceedings of the National Academy of Sciences 111:26, 9372–
9373, DOI: 10.1073/pnas.1408654111.

MOHRING M & RULE M 2013. Long-term trends in the condition of 
seagrass meadows in Cockburn and Warnbro Sounds. Report 
prepared for the Cockburn Sound Management Council, 1–94.

MONTALBAN-ARQUES A, DE SCHRYVER P, BOSSIER P, GORKIEWICZ G, 
MULERO V, GATLIN III D M & GALINDO-VILLEGAS J 2015. Selective 
manipulation of the gut microbiota improves immune status 
in vertebrates. Frontiers in Immunology 6, 512, DOI: 10.3389/
fimmu.2015.00512.

MOORE J A, BELLCHAMBERS L M, DEPCZYNSKI M R, EVANS R D, 
EVANS S N, FIELD S N, FRIEDMAN K J, GILMOUR J P, HOLMES T H, 
MIDDLEBROOK R, RADFORD B T, RIDGWAY T, SHEDRAWI G, TAYLOR 
H, THOMSON D P & WILSON S K 2012. Unprecedented mass 
bleaching and loss of coral across 12° of latitude in Western 
Australia in 2010–11. PLoS One 7:12, e51807, DOI: 10.1371/
journal.pone.0051807.

MOORE L S 1993. The modern microbialites of Lake Clifton, south-
western Australia. University of Western Australia, Perth, 
Western Australia.

MOORE L S & BURNE R V 1994.  The modern thrombolites of 
Lake Clifton, Western Australia. Pages 3–29. Phanerozoic 
stromatolites II, Springer, Dordrecht, Netherlands.

MULLER-PARKER G & DELIA C F 1997.Life and death of coral 
reefs, Interactions between corals and their symbiotic algae. 
Chapman and Hall, Nueva York. DOI: 10.1007/978-94-017-
7249-5_5. 96–113 pp.

NEAVE M J, RACHMAWATI R, XUN L, MICHELL C T, BOURNE D G, 
APPRILL A & VOOLSTRA C R 2017. Differential specificity 
between closely related corals and abundant Endozoicomonas 
endosymbionts across global scales. The ISME Journal 11:1, 
186–200, DOI: 10.1038/ismej.2016.95.

NELSON T M, APPRILL A, MANN J, ROGERS T L & BROWN M V 2015. 
The marine mammal microbiome: current knowledge and 
future directions. Microbiology Australia 36:1, 8–13, DOI: 
10.1071/Ma15004.

NIELSEN L B, FINSTER K, WELSH D T, DONELLY A, HERBERT R A, 
DE WIT R & LOMSTEIN B A 2001. Sulphate reduction and 
nitrogen fixation rates associated with roots, rhizomes and 
sediments from Zostera noltii and Spartina maritima meadows. 
Environmental Microbiology 3:1, 63–71, DOI: 10.1046/j.1462-
2920.2001.00160.x.

OCEAN POLICY SCIENCE ADVISORY GROUP 2013. Marine Nation 
2025: Marine Science to Support Australia’s Blue Economy. 
Australian Government: Ocean Policy Science Advisory 
Group. Canberra.

OLSON N D, AINSWORTH T D, GATES R D & TAKABAYASHI M 2009. 
Diazotrophic bacteria associated with Hawaiian Montipora 
corals: diversity and abundance in correlation with symbiotic 
dinoflagellates. Journal of Experimental Marine Biology and 
Ecology 371:2, 140–146, DOI: 10.1016/j.jembe.2009.01.012.

PAGES A, WELSH D T, TEASDALE P R, GRICE K, VACHER M, BENNETT 

W W & VISSCHER P T 2014. Diel fluctuations in solute 
distributions and biogeochemical cycling in a hypersaline 
microbial mat from Shark Bay, WA. Marine Chemistry 167, 
102–112, DOI: 10.1016/j.marchem.2014.05.003.

PATERSON H, HEEL K & WAITE A 2013. A warm-core eddy linking 
shelf, Leeuwin Current and oceanic waters demonstrated 
by near-shelf distribution patterns of Synechococcus spp. and 
Prochlorococcus spp. in the eastern Indian Ocean. Marine and 
Freshwater Research 64:11, 1011–1021, DOI: 10.1071/Mf12271.

PATERSON H L, KNOTT B & WAITE A M 2007. Microzooplankton 
community structure and grazing on phytoplankton, in an 
eddy pair in the Indian Ocean off Western Australia. Deep 
Sea Research Part II: Topical Studies in Oceanography 54:8–10, 
1076–1093, DOI: 10.1016/j.dsr2.2006.12.011.

PATTEN N L, WYATT A S J, LOWE R J & WAITE A M 2011. Uptake of 
picophytoplankton, bacterioplankton and virioplankton by 
a fringing coral reef community (Ningaloo Reef, Australia). 
Coral Reefs 30:3, 555–567, DOI: 10.1007/s00338-011-0777-8.

PEARCE A & FENG M 2007. Observations of warming on the 
Western Australian continental shelf. Marine and Freshwater 
Research 58:10, 914–920, DOI: 10.1071/Mf07082.

PEARCE A, LENANTON R, JACKSON G, MOORE J, FENG M & GAUGHAN 
D 2011. The” marine heat wave” off Western Australia during 
the summer of 2010/11. Fisheries Research Report No. 222.

PENDOLEY K, WHITTOCK P, VITENBERGS A & BELL C 2016. Twenty 
years of turtle tracks: marine turtle nesting activity at remote 
locations in the Pilbara, Western Australia. Australian Journal 
of Zoology 64:3, 217–226, DOI: 10.1071/Zo16021.

PHELPS C M, BOYCE M C & HUGGETT M J 2017. Future climate 
change scenarios differentially affect three abundant algal 
species in southwestern Australia. Marine Environmental 
Research 126, 69–80, DOI: 10.1016/j.marenvres.2017.02.008.

PINEDA M-C, STREHLOW B, STERNEL M, DUCKWORTH A, JONES 
R & WEBSTER N S 2017. Effects of suspended sediments 
on the sponge holobiont with implications for dredging 
management. Scientific Reports 7:1, 4925, DOI: 10.1038/s41598-
017-05241-z.

PLAYFORD P E 1983. Geological research on Rottnest Island. Journal 
of the Royal Society of Western Australia 66, 10–15.

PLAYFORD P E & COCKBAIN A E 1976.  Modern algal stromatolites 
at Hamelin Pool, a hypersaline barred basin in Shark 
Bay, Western Australia. Pages 389–411. Developments in 
Sedimentology, Elsevier.

POLLOCK F J, LAMB J B, FIELD S N, HERON S F, SCHAFFELKE B, 
SHEDRAWI G, BOURNE D G & WILLIS B L 2014. Sediment and 
turbidity associated with offshore dredging increase coral 
disease prevalence on nearby reefs. PLoS One 9:7, e102498, 
DOI: 10.1371/journal.pone.0102498.

PRICE J T, PALADINO F V, LAMONT M M, WITHERINGTON B E, BATES S 
T & SOULE T 2017. Characterization of the juvenile green turtle 
(Chelonia mydas) microbiome throughout an ontogenetic shift 
from pelagic to neritic habitats. PLoS One 12:5, e0177642, DOI: 
org/10.1371/journal.pone.0177642.

RAES E J, BODROSSY L, VAN DE KAMP J, BISSETT A & WAITE A M 2018. 
Marine bacterial richness increases towards higher latitudes 
in the eastern Indian Ocean. Limnology and Oceanography 
Letters 3:1, 10–19, DOI: 10.1002/lol2.10058.

RAES E J, BODROSSY L, VAN DE KAMP J, HOLMES B, HARDMAN-
MOUNTFORD N, THOMPSON P A, MCINNES A S & WAITE A M 2016. 
Reduction of the powerful greenhouse gas N2O in the south-
eastern Indian Ocean. PLoS One 11:1, e0145996, DOI: 10.1371/
journal.pone.0145996.

RAES E J, WAITE A M, MCINNES A S, OLSEN H, NGUYEN H M, 
HARDMAN-MOUNTFORD N & THOMPSON P A 2014. Changes in 
latitude and dominant diazotrophic community alter N2 
fixation. Marine Ecology Progress Series 516, 85–102, DOI: 
10.3354/meps11009.

RAGHUKUMAR S 2017.The macroalgal ecosystem. in Fungi in 
coastal and oceanic marine ecosystems. Springer, Berlin 
Heidelberg.

http://www.anbg.gov.au/abrs/Marine_Diatoms/index.html.version 23 April 2013
http://www.anbg.gov.au/abrs/Marine_Diatoms/index.html.version 23 April 2013
http://www.anbg.gov.au/abrs/Marine_Diatoms/index.html.version 23 April 2013
http://www.anbg.gov.au/abrs/Dinoflagellates/index_Dino.html.version
http://www.anbg.gov.au/abrs/Dinoflagellates/index_Dino.html.version


	

39

RAINA J-B, CLODE P L, CHEONG S, BOUGOURE J, KILBURN M R, REEDER 
A, FORÊT S, STAT M, BELTRAN V, THOMAS-HALL P, TAPIOLAS D, 
MOTTI C M, GONG B, PERNICE M, MARJO C E, SEYMOUR J R, 
WILLIS B L & BOURNE D G 2017. Subcellular tracking reveals 
the location of dimethylsulfoniopropionate in microalgae and 
visualises its uptake by marine bacteria. eLife 6, DOI: 10.7554/
eLife.23008.

RAINA J-B, TAPIOLAS D, MOTTI C A, FORET S, SEEMANN T, TEBBEN J, 
WILLIS B L & BOURNE D G 2016. Isolation of an antimicrobial 
compound produced by bacteria associated with reef-
building corals. PeerJ 4, e2275, DOI: 10.7717/peerj.2275.

RAINA J-B, TAPIOLAS D M, FORÊT S, LUTZ A, ABREGO D, CEH J, SENECA 
F O, CLODE P L, BOURNE D G, WILLIS B L & MOTTI C A 2013. 
DMSP biosynthesis by an animal and its role in coral thermal 
stress response. Nature 502:7473, 677–680, DOI: 10.1038/
nature12677.

RASMUSSEN T B, MANEFIELD M, ANDERSEN J B, EBERL L, ANTHONI U, 
CHRISTOPHERSEN C, STEINBERG P, KJELLEBERG S & GIVSKOV M 2000. 
How Delisea pulchra furanones affect quorum sensing and 
swarming motility in Serratia liquefaciens MG1. Microbiology 
146:12, 3237–3244, DOI: 10.1099/00221287-146-12-3237.

REID R P, JAMES N P, MACINTYRE I G, DUPRAZ C P & BURNE R V 2003. 
Shark Bay stromatolites: Microfabrics and reinterpretation of 
origins. Facies 49:1, 299.

REID R P, VISSCHER P T, DECHO A W, STOLZ J F, BEBOUT B M, DUPRAZ 
C, MACINTYRE I G, PAERL H W, PINCKNEY J L, PRUFERT-BEBOUT 
L, STEPPE T F & DESMARAIS D J 2000. The role of microbes 
in accretion, lamination and early lithification of modern 
marine stromatolites. Nature 406:6799, 989–992, DOI: 
10.1038/35023158.

RÍOS-COVIÁN D, RUAS-MADIEDO P, MARGOLLES A, GUEIMONDE M, 
DE LOS REYES-GAVILÁN C G & SALAZAR N 2016. Intestinal 
short chain fatty acids and their link with diet and human 
health. Frontiers in Microbiology 7:9, 185, DOI: 10.3389/
fmicb.2016.00185.

RITCHIE K & SMITH G 1997. Physiological comparison of 
bacterial communities from various species of scleractinian 
corals. Pages 521–526 in Proc 8th International Coral Reef 
Symposium.

ROBERTSON A I & LENANTON R C J 1984. Fish community 
structure and food chain dynamics in the surf-zone of sandy 
beaches: the role of detached macrophyte detritus. Journal of 
Experimental Marine Biology and Ecology 84:3, 265–283, DOI: 
10.1016/0022-0981(84)90185-0.

ROSENBERG E, KOREN O, RESHEF L, EFRONY R & ZILBER-ROSENBERG 
I 2007. The role of microorganisms in coral health, disease 
and evolution. Nature Reviews Microbiology 5, 355–362, DOI: 
10.1038/nrmicro1635.

RUVINDY R, WHITE III R A, NEILAN B A & BURNS B P 2016. 
Unravelling core microbial metabolisms in the hypersaline 
microbial mats of Shark Bay using high-throughput 
metagenomics. The ISME Journal 10:1, 183, DOI: 10.1038/
ismej.2015.87.

SÄWSTRÖM C, HYNDES G A, EYRE B D, HUGGETT M J, FRASER M 
W, LAVERY P S, THOMSON P G, TARQUINIO F, STEINBERG P D & 
LAVEROCK B 2016. Coastal connectivity and spatial subsidy 
from a microbial perspective. Ecology and Evolution 6:18, 
6662–6671, DOI: 10.1002/ece3.2408.

SCHNEIDER D, ARP G, REIMER A, REITNER J & DANIEL R 2013. 
Phylogenetic analysis of a microbialite-forming microbial mat 
from a hypersaline lake of the Kiritimati Atoll, Central Pacific. 
PLoS One 8:6, e66662, DOI: 10.1371/journal.pone.0066662.

SCHOEPF V, STAT M, FALTER J L & MCCULLOCH M T 2015. Limits 
to the thermal tolerance of corals adapted to a highly 
fluctuating, naturally extreme temperature environment. 
Scientific Reports 5, 17639, DOI: 10.1038/srep17639.

SERRANO O, RUHON R, LAVERY P S, KENDRICK G A, HICKEY S, MASQUÉ 
P, ARIAS-ORTIZ A, STEVEN A & DUARTE C M 2016. Impact of 
mooring activities on carbon stocks in seagrass meadows. 
Scientific Reports 6, 23193, DOI: 10.1038/srep23193.

SHARP K H & RITCHIE K B 2012. Multi-partner interactions in 
corals in the face of climate change. The Biological Bulletin 
223:1, 66–77, DOI: 10.1086/BBLv223n1p66. 

SHEPHERD M J 1990. Hydrologic environments and sedimentation, 
Cygnet Seepage Face, Lake MacLeod, Western Australia. 
University of Western Australia, Perth, Western Australia.

SHIBA T, SHIOI Y, TAKAMIYA K-I, SUTTON D C & WILKINSON C R 1991. 
Distribution and physiology of aerobic bacteria containing 
Bacteriochlorophyll a on the east and west coasts of Australia. 
Applied and Environmental Microbiology 57:1, 295–300.

SHIEH W & YANG J 1997. Denitrification in the rhizosphere of the 
two seagrasses Thalassia hemprichii (Ehrenb.) Aschers and 
Halodule uninervis (Forsk.) Aschers. Journal of Experimental 
Marine Biology and Ecology 218:2, 229–241, DOI: 10.1016/S0022-
0981(97)00076-2.

SHORT F, CARRUTHERS T, DENNISON W & WAYCOTT M 2007. Global 
seagrass distribution and diversity: a bioregional model. 
Journal of Experimental Marine Biology and Ecology 350:1–2, 
3–20, DOI: 10.1016/j.jembe.2007.06.012.

SIBONI N, BEN-DOV E, SIVAN A & KUSHMARO A 2008. Global 
distribution and diversity of coral-associated Archaea 
and their possible role in the coral holobiont nitrogen 
cycle. Environmental Microbiology 10:11, 2979–2990, DOI: 
10.1111/j.1462-2920.2008.01718.x.

SMALE D A, KENDRICK G A, WADDINGTON K I, VAN NIEL K 
P, MEEUWIG J J & HARVEY E S 2010. Benthic assemblage 
composition on subtidal reefs along a latitudinal gradient 
in Western Australia. Estuarine, Coastal and Shelf Science 86:1, 
83–92, DOI: 10.1016/j.ecss.2009.10.016.

SMITH M D, GOATER S E, REICHWALDT E S, KNOTT B & GHADOUANI 
A 2010. Effects of recent increases in salinity and nutrient 
concentrations on the microbialite community of Lake Clifton 
(Western Australia): are the thrombolites at risk? Hydrobiologia 
649:1, 207–216, DOI: 10.1007/s10750-010-0246-3.

SPEED C W, BABCOCK R C, BANCROFT K P, BECKLEY L E, BELLCHAMBERS 
L M, DEPCZYNSKI M, FIELD S N, FRIEDMAN K J, GILMOUR J P, HOBBS 
J A, KOBRYN H T, MOORE J A, NUTT C D, SHEDRAWI G, THOMSON 
D P & WILSON S K 2013. Dynamic stability of coral reefs on 
the west Australian coast. PLoS One 8:7, e69863, DOI: 10.1371/
journal.pone.0069863.

STAPLES D J, VANCE D J & HEALES D S 1985. Habitat requirements 
of juvenile penaeid prawns and their relationship to 
offshore fisheries. Pages 47–54 in 2nd Australian National 
Prawn Seminar Cleveland, Qld. National Prawn Seminar 2, 
Kooralbyn, Qld.

STAT M, HUGGETT M J, BERNASCONI R, DIBATTISTA J D, BERRY T 
E, NEWMAN S J, HARVEY E S & BUNCE M 2017. Ecosystem 
biomonitoring with eDNA: metabarcoding across the tree of 
life in a tropical marine environment. Scientific Reports 7:1, 
12240, DOI: 10.1038/s41598-017-12501-5.

Steneck R S, Miller T E, Reid R P, Macintyre I G 1998. 
Ecological controls on stromatolite development in a modern 
reef environment - a test of the ecological refuge paradigm. 
Carbonates and Evaporites 13, 48-65. DOI: 10.1007/BF03175434.

STENECK R S, GRAHAM M H, BOURQUE B J, CORBETT D, ERLANDSON 
J M, ESTES J A & TEGNER M J 2002. Kelp forest ecosystems: 
biodiversity, stability, resilience and future. Environmental 
Conservation 29:4, 436–459, DOI: 10.1017/S0376892902000322.

SUNAGAWA S, COELHO L P, CHAFFRON S, KULTIMA J R, LABADIE K, 
SALAZAR G, DJAHANSCHIRI B, ZELLER G, MENDE D R, ALBERTI 
A, CORNEJO-CASTILLO F M, COSTEA P I, CRUAUD C, D’OVIDIO 
F, ENGELEN S, FERRERA I, GASOL J M, GUIDI L, HILDEBRAND F, 
KOKOSZKA F, LEPOIVRE C, LIMA-MENDEZ G, POULAIN J, POULOS 
B T, ROYO-LLONCH M, SARMENTO H, VIEIRA-SILVA S, DIMIER C, 
PICHERAL M, SEARSON S, KENDELS-LEWIS S, BOWLER C, DE VARGAS 
C, GORSKY G, GRIMSLEY N, HINGAMP P, LUDICONE D, JAILLON O, 
NOT F, OGATA H, PESANT S, SPEICH S, STEMMANN L, SULLIVAN M 
B, WEISSENBACH J, WINCKER P, KARSENTI E, RAES R, ACINAS S G 
& BORK P 2015. Ocean plankton. Structure and function of 
the global ocean microbiome. Science 348:6237, DOI: 10.1126/
science.1261359.

C. M. Phelps et al.: Microbiomes of Western Australian marine environments



40

Journal of the Royal Society of Western Australia, 101, 2018

SUPAPHON P, PHONGPAICHIT S, RUKACHAISIRIKUL V & SAKAYAROJ J 
2013. Antimicrobial potential of endophytic fungi derived 
from three seagrass species: Cymodocea serrulata, Halophila 
ovalis and Thalassia hemprichii. PLoS One 8:8, e72520, DOI: 
10.1371/journal.pone.0072520.

SWEET M J & BULLING M T 2017. On the importance of the 
microbiome and pathobiome in coral health and disease. 
Frontiers in Marine Science 4, 9, DOI: 10.3389/fmars.2017.00009.

TARQUINIO F 2017. The role of the seagrass leaf microbiome in 
assisting nitrogen uptake by the Western Australian seagrass, 
Posidonia sinuosa. Edith Cowan University, Perth, Western 
Australia.

TARQUINIO F, BOUGOURE J, KOENDERS A, LAVEROCK B, SÄWSTRÖM 
C & HYNDES G A 2018. Microorganisms facilitate uptake of 
dissolved organic nitrogen by seagrass leaves. The ISME 
Journal, DOI: 10.1038/s41396-018-0218-6.

THOMAS L, KENDRICK G A, KENNINGTON W J, RICHARDS Z T & STAT 
M 2014. Exploring Symbiodinium diversity and host specificity 
in Acropora corals from geographical extremes of Western 
Australia with 454 amplicon pyrosequencing. Molecular 
Ecology 23:12, 3113–3126, DOI: 10.1111/mec.12801.

THOMAS P O, REEVES R R & BROWNELL R L 2016. Status of the 
world’s baleen whales. Marine Mammal Science 32:2, 682–734, 
DOI: 10.1111/mms.12281.

THOMPSON P A & BONHAM P 2011. New insights into the 
Kimberley phytoplankton and their ecology. Journal of the 
Royal Society of Western Australia 94:2, 161–169.

THOMPSON P A, BONHAM P, THOMSON P, ROCHESTER W, DOBLIN M A, 
WAITE A M, RICHARDSON A & ROUSSEAUX C S 2015b. Climate 
variability drives plankton community composition changes: 
the 2010–2011 El Nino to La Nina transition around Australia. 
Journal of Plankton Research 37:5, 966–984, DOI: 10.1093/plankt/
fbv069.

THOMPSON P, BONHAM P, WAITE A, CLEMENTSON L, CHERUKURU N, 
HASSLER C & DOBLIN M 2011. Contrasting oceanographic 
conditions and phytoplankton communities on the east 
and west coasts of Australia. Deep Sea Research Part II: 
Topical Studies in Oceanography 58:5, 645–663, DOI: 10.1016/j.
dsr2.2010.10.003.

THOMPSON J R, RIVERA H E, CLOSEK C J & MEDINA M 2015a. 
Microbes in the coral holobiont: partners through evolution, 
development, and ecological interactions. Frontiers in 
Cellular and Infection Microbiology 4:176, DOI: 10.3389/
fcimb.2014.00176.

THOMSON P G & PATTIARATCHI C B 2018. Trends in the abundance 
of picophytoplankton due to changes in boundary currents 
and by marine heat waves in Australian coastal waters 
from IMOS National Reference Stations. PeerJ Preprints, 
DOI: 10.7287/peerj.preprints.26677v1, DOI: 10.7287/peerj.
preprints.26677v1.

TREVATHAN-TACKETT S M, SEYMOUR J R, NIELSEN D A, MACREADIE P 
I, JEFFRIES T C, SANDERMAN J, BALDOCK J, HOWES J M, STEVEN A D 
L & RALPH P J 2017. Sediment anoxia limits microbial-driven 
seagrass carbon remineralization under warming conditions. 
FEMS Microbiology Ecology 93:6, DOI: 10.1093/femsec/fix033.

UGARELLI K, CHAKRABARTI S, LAAS P & STINGL U 2017. The seagrass 
holobiont and its microbiome. Microorganisms 5:4, 81, DOI: 
10.3390/microorganisms5040081.

USHER K M, KUO J, FROMONT J & SUTTON D C 2001. Vertical 
transmission of cyanobacterial symbionts in the marine 
sponge Chondrilla australiensis (Demospongiae). Hydrobiologia 
461:1–3, 15–23, DOI: 10.1023/A:1012792426770.

VERGÉS A, STEINBERG P D, HAY M E, POORE A G, CAMPBELL A H, 
BALLESTEROS E, HECK K L, BOOTH D J, COLEMAN M A, FEARY 
D A, FIGUEIRA W, LANGLOIS T, MARZINELLI E M, MIZEREK T, 
MUMBY P J, NAKAMURA Y, ROUGHAN M, VAN SEBILLE E, GUPTA A 
S, SMALE D A, TOMAS F, WERNBERG T & WILSON S K 2014. The 
tropicalization of temperate marine ecosystems: climate-
mediated changes in herbivory and community phase shifts. 
Proceedings of the Royal Society B 281:1789, 20140846, DOI: 
10.1098/rspb.2014.0846.

VERON J J E N & MARSH L 1988. Hermatypic corals of Western 
Australia. Records and annotated species list. Supplement. 
Records of the Western Australian Museum, 1–136, DOI: 10.5962/
bhl.title.60555. 

WAITE A M, THOMPSON P A, PESANT S, FENG M, BECKLEY L E, 
DOMINGUES C M, GAUGHAN D, HANSON C E, HOLL C M, 
KOSLOW T, MEULENERS M, MONTOYA J P, MOORE T, MUHLING B 
A, PATERSON H, RENNIE S, STRZELECKI J & TWOMEY L 2007. The 
Leeuwin Current and its eddies: An introductory overview. 
Deep Sea Research Part II: Topical Studies in Oceanography 54:8–
10, 789–796, DOI: 10.1016/j.dsr2.2006.12.008.

WALKER D I 1989. Regional studies-seagrass in Shark Bay, the 
foundations of an ecosystem. eds Larkum A W D, McComb 
A J, & Shepherd S A. Biology of Seagrass: a treatise on the 
biology of seagrasses with special reference to the Australian 
region. 182–210, Elsevier, Amsterdam.

WALKER D I 1991. Effect of sea temperature on seagrasses and 
algae on the Western Australian coastline. Journal of the Royal 
Society of Western Australia 74, 71–77.

WALTZEK T, CORTÉS‐HINOJOSA G, WELLEHAN JR J & GRAY G C 
2012. Marine mammal zoonoses: a review of disease 
manifestations. Zoonoses and Public Health 59:8, 521–535, DOI: 
10.1111/j.1863-2378.2012.01492.x.

WARDEN J G, CASABURI G, OMELON C R, BENNETT P C, BREECKER 
D O & FOSTER J S 2016. Characterization of microbial 
mat microbiomes in the modern thrombolite ecosystem 
of Lake Clifton, Western Australia using shotgun 
metagenomics. Frontiers in Microbiology 7, 1064, DOI: 10.3389/
fmicb.2016.01064.

WAYCOTT M, DUARTE C M, CARRUTHERS T J B, ORTH R J, DENNISON 
W C, OLYARNIK S, CALLADINE A, FOURQUREAN J W, HECK K L, 
HUGHES A R, KENDRICK G A, KENWORTHY W J, SHORT F T & 
WILLIAMS S L 2009. Accelerating loss of seagrasses across the 
globe threatens coastal ecosystems. Proceedings of the National 
Academy of Sciences 106:30, 12377–12381, DOI: 10.1073/
pnas.0905620106.

WEBSTER N S & BOURNE D G 2012. Microbes. eds Poloczanska E 
S, Hobday A J, & Richardson A J. A marine climate change 
impacts and adaptation report card for Australia 2012. 1–17.

WEBSTER N S, NEGRI A P, BOTTÉ E S, LAFFY P W, FLORES F, NOONAN 
S, SCHMIDT C & UTHICKE S 2016. Host-associated coral reef 
microbes respond to the cumulative pressures of ocean 
warming and ocean acidification. Scientific Reports 6, 19324, 
DOI: 10.1038/srep19324.

WELSH D T 2000. Nitrogen fixation in seagrass meadows: 
regulation, plant–bacteria interactions and significance 
to primary productivity. Ecology Letters 3:1, 58–71, DOI: 
10.1046/j.1461-0248.2000.00111.x.

WERNBERG T, BENNETT S, BABCOCK R C, DE BETTIGNIES T, CURE K, 
DEPCZYNSKI M, DUFOIS F, FROMONT J, FULTON C J, HOVEY R K, 
HARVEY E S, HOLMES T H, KENDRICK G A, RADFORD B, SANTANA-
GARCON J, SAUNDERS B J, SMALE D A, THOMSEN M S, TUCKETT 
C A, TUYA F, VANDERKLIFT M A & WILSON S 2016a. Climate-
driven regime shift of a temperate marine ecosystem. Science 
353:6295, 169–172, DOI: 10.1126/science.aad8745.

WERNBERG T, DE BETTIGNIES T, JOY B A & FINNEGAN P M 2016b. 
Physiological responses of habitat-forming seaweeds to 
increasing temperatures. Limnology and Oceanography 61:6, 
2180–2190, DOI: 10.1002/lno.10362.

WERNBERG T, RUSSELL B D, MOORE P J, LING S D, SMALE D A, 
CAMPBELL A, COLEMAN M A, STEINBERG P D, KENDRICK G A & 
CONNELL S D 2011a. Impacts of climate change in a global 
hotspot for temperate marine biodiversity and ocean 
warming. Journal of Experimental Marine Biology and Ecology 
400:1, 7–16, DOI: 10.1016/j.jembe.2011.02.021.

WERNBERG T, RUSSELL B D, THOMSEN M S, GURGEL C F D, BRADSHAW 
C J, POLOCZANSKA E S & CONNELL S D 2011b. Seaweed 
communities in retreat from ocean warming. Current Biology 
21:21, 1828–1832, DOI: 10.1016/j.cub.2011.09.028.

WERNBERG T, SMALE D A & THOMSEN M S 2012. A decade of climate 
change experiments on marine organisms: procedures, 
patterns and problems. Global Change Biology 18:5, 1491–1498, 



	

41

DOI: 10.1111/j.1365-2486.2012.02656.x.
WERNBERG T, SMALE D A, TUYA F, THOMSEN M S, LANGLOIS T J, DE 

BETTIGNIES T, BENNETT S & ROUSSEAUX C S 2013. An extreme 
climatic event alters marine ecosystem structure in a global 
biodiversity hotspot. Nature Climate Change 3:1, 78–82, DOI: 
10.1038/Nclimate1627.

WESTWOOD K J, THOMSON P G, VAN DEN ENDEN R L, MAHER L E, 
WRIGHT S W & DAVIDSON A T 2018. Ocean acidification impacts 
primary and bacterial production in Antarctic coastal waters 
during austral summer. Journal of Experimental Marine Biology 
and Ecology 498, 46–60, DOI: 10.1016/j.jembe.2017.11.003.

WHITMAN W B, COLEMAN D C & WIEBE W J 1998. Prokaryotes: the 
unseen majority. Proceedings of the National Academy of Sciences 
95:12, 6578–6583, DOI: 10.1073/pnas.95.12.6578.

WONG H L, SMITH D-L, VISSCHER P T & BURNS B P 2015. Niche 
differentiation of bacterial communities at a millimeter scale 
in Shark Bay microbial mats. Scientific Reports 5, 15607, DOI: 
10.1038/srep15607.

WONG H L, VISSCHER P T, WHITE III R A, SMITH D-L, PATTERSON 
M M & BURNS B P 2017. Dynamics of archaea at fine spatial 
scales in Shark Bay mat microbiomes. Scientific Reports 7, 
46160, DOI: 10.1038/srep46160.

WOOD‐CHARLSON E M, WEYNBERG K D, SUTTLE C A, ROUX S & 
OPPEN M J H 2015. Metagenomic characterization of viral 
communities in corals: mining biological signal from 
methodological noise. Environmental Microbiology 17:10, 3440–
3449, DOI: 10.1111/1462-2920.12803.

YEO S K, HUGGETT M J, EILER A & RAPPÉ M S 2013. Coastal 
bacterioplankton community dynamics in response to a 
natural disturbance. PLoS One 8:2, e56207, DOI: 10.1371/
journal.pone.0056207.

YOOSEPH S, SUTTON G, RUSCH D B, HALPERN A L, WILLIAMSON S J, 
REMINGTON K, EISEN J A, HEIDELBERG K B, MANNING G, LI W, 
JAROSZEWSKI L, CIEPLAK P, MILLER C S, LI H, MASHIYAMA S T, 
JOACHIMIAK M P, VAN BELLE C, CHANDONIA J M, SOERGEL D A, 
ZHAI Y, NATARAJAN K, LEE S, RAPHAEL B J, BAFNA V, FRIEDMAN 
R, BRENNER S E, GODZIK A, EISENBERG D, DIXON J E, TAYLOR S S, 
STRAUSBERG R L, FRAZIER M & VENTER J C 2007. The Sorcerer II 
Global Ocean Sampling expedition: expanding the universe 
of protein families. PLoS Biology 5:3, e16, DOI: 10.1371/
journal.pbio.0050016.

YORK P H, SMITH T M, COLES R G, MCKENNA S A, CONNOLLY R M, 
IRVING A D, JACKSON E L, MCMAHON K, RUNCIE J W, SHERMAN 
C D H, SULLIVAN B K, TREVATHAN-TACKETT S M, BRODERSEN K E, 
CARTER A B, EWERS C J, LAVERY P S, ROELFSEMA C M, SINCLAIR E 
A, STRYDOM S, TANNER J E, VAN DIJK K J, WARRY F Y, WAYCOTT M 
& WHITEHEAD S 2017. Identifying knowledge gaps in seagrass 
research and management: an Australian perspective. 
Marine Environmental Research 127, 163–172, DOI: 10.1016/j.
marenvres.2016.06.006.

Zozaya‐Valdés E, Egan S & Thomas T 2015. A comprehensive 
analysis of the microbial communities of healthy and 
diseased marine macroalgae and the detection of known and 
potential bacterial pathogens. Frontiers in Microbiology 6 146, 
DOI: 10.3389/fmicb.2015.00146.

APPENDIX 1

Meta-analysis references for Figure 2.
 Articles were searched using the University of Western Australia’s OneSearch (accessed January 2018), which searches 
across multiple databases including ISI Web of Science, Scopus, ScienceDirect, and PubMed. Articles were searched using 
the terms: microbiome/microorganisms/microbes + (“host”) + Western Australia and manually checked for relevance. 
Additional articles were also added when uncovered during the preparation of this review.

Aires T, Serrão E A, Kendrick G, Duarte C M & Arnaud-Haond 
S 2013. Invasion is a community affair: clandestine followers 
in the bacterial community associated to green algae, Caulerpa 
racemosa, track the invasion source. PLoS One 8:7, https://doi.
org/10.1371/journal.pone.0068429.

Allen M A, Goh F, Burns B P & Neilan B A 2009. Bacterial, 
archaeal and eukaryotic diversity of smooth and pustular 
microbial mat communities in the hypersaline lagoon of 
Shark Bay. Geobiology 7:1, 82–96.

Blondeau-Patissier D, Dekker A G, Schroeder T & Brando 
V E 2011. Phytoplankton dynamics in shelf waters around 
Australia. Report prepared for the Australian Government 
Department of Sustainability, Environment, Water, 
Population and Communities on behalf of the State of the 
Environment 2011 Committee. DSEWPaC, 2011, Canberra.

Bosak T, Greene S E & Newman D K 2007. A likely role for 
anoxygenic photosynthetic microbes in the formation of 
ancient stromatolites. Geobiology 5:2, 119–126.

Brown M, Van de Kamp J, Ostrowski M, Seymour J, Ingleton T, 
Messer L, Jeffrey T, Siboni N, Laverock B, Bibiloni-Isaksson 
J, Nelson T M, Coman F, Davies C H, Frampton D, Rayner 
M, Goossen K, Robert S, Holmes B, Abell G C J, Craw 
P, Kahlke T, Sow S, McAllister K, Windsor J, Skuza M, 
Crossing R, Patten N, Malthouse P, van Ruth P, Paulsen I 
T, Fuhrman J, Richardson A, Koval J, Bissett A, Fitzgerald 
A, Motltmann T & Bodrossy L in press. Continental scale 
monitoring of marine microbiota by the Australian Marine 
Microbial Biodiversity Initiative. Scientific Data 5:180130 doi: 
10.1038/sdata.2018.130.

Burne R V & Johnson K 2012. Sea-level variation and the 
zonation of microbialites in Hamelin Pool, Shark Bay, Western 
Australia. Marine and Freshwater Research 63:11, 994–1004.

Burns B P, Goh F, Allen M & Neilan B A 2004. Microbial 
diversity of extant stromatolites in the hypersaline marine 
environment of Shark Bay, Australia. Environmental 
Microbiology 6:10, 1096–1101.

Ceh J, Kilburn M R, Cliff J B, Raina J B, Keulen M & Bourne D 
G 2013a. Nutrient cycling in early coral life stages: Pocillopora 
damicornis larvae provide their algal symbiont (Symbiodinium) 
with nitrogen acquired from bacterial associates. Ecology and 
Evolution 3:8, 2393–2400.

Ceh J, Raina J-B, Soo R M, van Keulen M & Bourne D G 2012. 
Coral-bacterial communities before and after a coral mass 
spawning event on Ningaloo Reef. PLoS One 7:5, e36920 
doi:10.1371/journal.pone.0036920.

Ceh J, Van Keulen M & Bourne D G 2011. Coral-associated 
bacterial communities on Ningaloo Reef, Western Australia. 
FEMS Microbiology Ecology 75:1, 134–144.

Ceh J, van Keulen M & Bourne D G 2013b. Intergenerational 
transfer of specific bacteria in corals and possible implications 
for offspring fitness. Microbial Ecology 65:1, 227–231.

Chen Z-Q, Wang Y, Kershaw S, Luo M, Yang H, Zhao L, Feng Y, 
Chen J, Yang L & Zhang L 2014. Early Triassic stromatolites 
in a siliciclastic nearshore setting in northern Perth Basin, 
Western Australia: geobiologic features and implications for 
post-extinction microbial proliferation. Global and Planetary 
Change 121, 89–100.

Davies C H, Ajani P, Armbrecht L, Atkins N, Baird M E, Beard 
J, Bonham P, Burford M, Clementson L & Coad P 2018. A 
database of chlorophyll a in Australian waters. Scientific Data 
5, 180018.

Davies C H, Coughlan A, Hallegraeff G, Ajani P, Armbrecht 
L, Atkins N, Bonham P, Brett S, Brinkman R & Burford 
M 2016. A database of marine phytoplankton abundance, 

C. M. Phelps et al.: Microbiomes of Western Australian marine environments

https://doi.org/10.1371/journal.pone.0068429
https://doi.org/10.1371/journal.pone.0068429


42

Journal of the Royal Society of Western Australia, 101, 2018

biomass and species composition in Australian waters. 
Scientific Data 3, 160043 doi:10.1038/sdata.2016.43.

Delport T C, Harcourt R G, Beaumont L J, Webster K N & 
Power M L 2015. Molecular detection of antibiotic-resistance 
determinants in Escherichia coli isolated from the endangered 
Australian sea lion (Neophoca cinerea). Journal of Wildlife 
Diseases 51:3, 555–563.

Edgcomb V P, Bernhard J M, Summons R E, Orsi W, Beaudoin D 
& Visscher P T 2014. Active eukaryotes in microbialites from 
Highborne Cay, Bahamas, and Hamelin Pool (Shark Bay), 
Australia. The ISME Journal 8:2, 418–429.

Forehead H, Thomson P & Gary A K 2013. Shifts in composition 
of microbial communities of subtidal sandy sediments 
maximise retention of nutrients. FEMS Microbiology Ecology 
83:2, 279–298.

Fraser M W, Statton J, Hovey R K, Laverock B & Kendrick 
G A 2016. Seagrass derived organic matter influences 
biogeochemistry, microbial communities, and seedling 
biomass partitioning in seagrass sediments. Plant and Soil 
400:1–2, 133–146.

Garby T J, Walter M R, Larkum A W D & Neilan B A 2013. 
Diversity of cyanobacterial biomarker genes from the 
stromatolites of Shark Bay, Western Australia. Environmental 
Microbiology 15:5, 1464–1475.

García-Martínez M, Kuo J, Kilminster K, Walker D 
I, Rosselló-Mora R & Duarte C M 2005. Microbial 
colonization in the seagrass Posidonia spp. roots. Marine 
Biology Research 1:6, 388–395.

Goh F, Allen M A, Leuko S, Kawaguchi T, Decho A W, Burns 
B P & Neilan B A 2009. Determining the specific microbial 
populations and their spatial distribution within the 
stromatolite ecosystem of Shark Bay. The ISME Journal 3:4, 
383–396.

Grey K 1982. Aspects of Proterozoic stromatolite biostratigraphy 
in Western Australia. Precambrian Research 18:4, 347–365.

Hallegraeff G & Jeffrey S 1984. Tropical phytoplankton species 
and pigments of continental shelf waters of north and north-
west Australia. Marine Ecology Progress Series 20:1, 59–74.

Hallegraeff G M 1984. Coccolithophorids (calcareous 
nanoplankton) from Australian waters. Botanica Marina 27:6, 
229–248.

Hofmann H J, Grey K, Hickman A H & Thorpe R I 1999. Origin 
of 3.45 Ga coniform stromatolites in Warrawoona group, 
Western Australia. Geological Society of America Bulletin 111:8, 
1256–1262.

Huggett M J, Kavazos C R, Bernasconi R, Czarnik R & Horwitz 
P 2017. Bacterioplankton assemblages in coastal ponds reflect 
the influence of hydrology and geomorphological setting. 
FEMS Microbiology Ecology 93:6 doi: 10.1093/femsec/fix067.

Huggett M J, McMahon K & Bernasconi R 2018. Future 
warming and acidification result in multiple ecological 
impacts to a temperate coralline alga. Environmental 
Microbiology, doi:10.1111/1462-2920.14113.

Jahnert R J & Collins L B 2012. Characteristics, distribution and 
morphogenesis of subtidal microbial systems in Shark Bay, 
Australia. Marine Geology 303, 115–136.

Jahnert R J & Collins L B 2013. Controls on microbial activity 
and tidal flat evolution in Shark Bay, Western Australia. 
Sedimentology 60:4, 1071–1099.

Jameson I & Hallegraeff G M 2010.Planktonic diatoms, Algae 
of Australia: phytoplankton of temperate coastal waters. 
Australian Biological Resources Study and CSIRO Publishing. 
16–82.

Jones N L, Patten N L, Krikke D L, Lowe R J, Waite A M & Ivey 
G N 2014. Biophysical characteristics of a morphologically-
complex macrotidal tropical coastal system during a dry 
season. Estuarine, Coastal and Shelf Science 149, 96–108.

Kennard J M & James N P 1986. Thrombolites and stromatolites: 
two distinct types of microbial structures. Palaios 1, 492–503.

Kimmerer W J, McKinnon A D, Atkinson M J & Kessell J A 
1985. Spatial distributions of plankton in Shark Bay, Western 
Australia. Marine and Freshwater Research 36:3, 421–432.

Kuo J, Ridge R W & Lewis S V 1990. The leaf internal morphology 
and ultrastructure of Zostera muelleri Irmisch ex Aschers.
(Zosteraceae): a comparative study of the intertidal and 
subtidal forms. Aquatic Botany 36:3, 217–236.

Logan B W 1961. Cryptozoon and associate stromatolites from 
the Recent, Shark bay, Western Australia. The Journal of 
Geology 69:5, 517–533.

Martin B C M, Gleeson D, Statton J, Siebers A, Grierson 
P, Ryan M H & Kendrick G A 2017. Low light availability 
alters root exudation and reduces putative beneficial 
microorganisms in seagrass roots. Frontiers in Microbiology 8, 
2677 doi: 10.3389/fmicb.2017.02667.

Martindale R C, Strauss J V, Sperling E A, Johnson 
J E, Van Kranendonk M J, Flannery D, French K, 
Lepot K, Mazumder R & Rice M S 2015. Sedimentology, 
chemostrat igraphy,  and s t romatol i tes  of  lower 
Paleoproterozoic carbonates, Turee Creek Group, Western 
Australia. Precambrian Research 266, 194–211.

Marzinelli E M, Campbell A H, Zozaya Valdes E, Vergés A, 
Nielsen S, Wernberg T, Bettignies T, Bennett S, Caporaso 
J G & Thomas T 2015. Continental‐scale variation in seaweed 
host‐associated bacterial communities is a function of host 
condition, not geography. Environmental Microbiology 17:10, 
4078–4088.

McCarthy P M 2013a. Census of Australian Marine Diatoms.
Australian Biological Resources Study. Canberra. http://www.
anbg.gov.au/abrs/Marine_Diatoms/index.html.version 23 
April 2013. 

McCarthy P M  2013b. Census of Australian Marine 
Dinoflagellates.Australian Biological Resources Study. 
Canberra. http://www.anbg.gov.au/abrs/Dinoflagellates/
index_Dino.html.version 11 July 2013. 

McLachlan A 1985. The biomass of macro-and interstitial fauna 
on clean and wrack-covered beaches in Western Australia. 
Estuarine, Coastal and Shelf Science 21:4, 587–599.

Moore L S 1987. Water chemistry of the coastal saline lakes of the 
Clifton-Preston Lakeland System, south-western Australia, 
and its influence on stromatolite formation. Marine and 
Freshwater Research 38:5, 647–660.

Neave M J, Rachmawati R, Xun L, Michell C T, Bourne D 
G, Apprill A & Voolstra C R 2017. Differential specificity 
between closely related corals and abundant Endozoicomonas 
endosymbionts across global scales. The ISME Journal 11:1, 
186–200.

Pagès A, Grice K, Welsh D T, Teasdale P T, Van Kranendonk 
M J & Greenwood P 2015. Lipid biomarker and isotopic study 
of community distribution and biomarker preservation in a 
laminated microbial mat from Shark Bay, Western Australia. 
Microbial Ecology 70:2, 459–472.

Pages A, Welsh D T, Teasdale P R, Grice K, Vacher M, Bennett 
W W & Visscher P T 2014. Diel fluctuations in solute 
distributions and biogeochemical cycling in a hypersaline 
microbial mat from Shark Bay, WA. Marine Chemistry 167, 
102–112.

Palmisano A C, Summons R E, Cronin S E & Des Marais D J 
1989. Lipophilic pigments from cyanobacterial (blue‐green 
algal) and diatom mats in Hamelin Pool, Shark Bay, Western 
Australia Journal of Phycology 25:4, 655–661.

Papineau D, Walker J J, Mojzsis S J & Pace N R 2005. 
Composition and structure of microbial communities 
from stromatolites of Hamelin Pool in Shark Bay, Western 
Australia. Applied and Environmental Microbiology 71:8, 4822–
4832.

Paterson H L, Knott B & Waite A M 2007. Microzooplankton 
community structure and grazing on phytoplankton, in an 
eddy pair in the Indian Ocean off Western Australia. Deep 
Sea Research Part II: Topical Studies in Oceanography 54:8-10, 
1076–1093.

http://www.anbg.gov.au/abrs/Marine_Diatoms/index.html
http://www.anbg.gov.au/abrs/Marine_Diatoms/index.html
http://www.anbg.gov.au/abrs/Dinoflagellates/index_Dino.html.version
http://www.anbg.gov.au/abrs/Dinoflagellates/index_Dino.html.version


	

43

Patten N L, Wyatt A S J, Lowe R J & Waite A M 2011. Uptake of 
picophytoplankton, bacterioplankton and virioplankton by 
a fringing coral reef community (Ningaloo Reef, Australia). 
Coral Reefs 30:3, 555–567.

Patterson D J & Simpson A G B 1996. Heterotrophic flagellates 
from coastal marine and hypersaline sediments in Western 
Australia. European Journal of Protistology 32:4, 423–448.

Raes E J, Bodrossy L, van de Kamp J, Bissett A & Waite A M 
2018. Marine bacterial richness increases towards higher 
latitudes in the eastern Indian Ocean. Limnology and 
Oceanography Letters 3:1, 10–19.

Raes E J, Bodrossy L, Van de Kamp J, Holmes B, Hardman-
Mountford N, Thompson P A, McInnes A S & Waite A M 
2016. Reduction of the powerful greenhouse gas N2O in the 
south-eastern Indian Ocean. PLoS One 11:1, e0145996 https://
doi.org/10.1371/journal.pone.0145996.

Raes E J, Waite A M, McInnes A S, Olsen H, Nguyen H M, 
Hardman-Mountford N & Thompson P A 2014. Changes 
in latitude and dominant diazotrophic community alter N2 
fixation. Marine Ecology Progress Series 516, 85–102.

Riding R 1999. The term stromatolite: towards an essential 
definition. Lethaia 32:4, 321–330.

Säwström C, Hyndes G A, Eyre B D, Huggett M J, Fraser M 
W, Lavery P S, Thomson P G, Tarquinio F, Steinberg P D & 
Laverock B 2016. Coastal connectivity and spatial subsidy 
from a microbial perspective. Ecology and Evolution 6:18, 
6662–6671.

Shiba T, Shioi Y, Takamiya K-I, Sutton D C & Wilkinson C 
R 1991. Distribution and physiology of aerobic bacteria 
containing Bacteriochlorophyll a on the east and west coasts 
of Australia. Applied and Environmental Microbiology 57:1, 
295–300.

Suosaari E P, Reid R P, Playford P E, Foster J S, Stolz J F, 
Casaburi G, Hagan P D, Chirayath V, Macintyre I G & 
Planavsky N J 2016. New multi-scale perspectives on the 
stromatolites of Shark Bay, Western Australia. Scientific 
Reports 6, 20557 doi: 10.1038/srep20557.

Tarquinio F, Bougoure J, Koenders A, Laverock B, Säwström 
C & Hyndes G A 2018. Microorganisms facilitate uptake of 
dissolved organic nitrogen by seagrass leaves. The ISME 
Journal, doi:10.1038/s41396-018-0218-6 

Thomas L, Kendrick G A, Kennington W J, Richards Z T & Stat 
M 2014. Exploring Symbiodinium diversity and host specificity 
in Acropora corals from geographical extremes of Western 
Australia with 454 amplicon pyrosequencing. Molecular 
Ecology 23:12, 3113–3126.

Thompson J R, Rivera H E, Closek C J & Medina M 2015. 
Microbes in the coral holobiont: partners through evolution, 
development, and ecological interactions. Frontiers in Cellular 
and Infection Microbiology 4:176 10.3389/fcimb.2014.00176.

Thompson P, Bonham P, Waite A, Clementson L, Cherukuru 
N, Hassler C & Doblin M 2011. Contrasting oceanographic 
conditions and phytoplankton communities on the east and 
west coasts of Australia. Deep Sea Research Part II: Topical 
Studies in Oceanography 58:5, 645–663.

Thompson P A & Bonham P 2011. New insights into the 
Kimberley phytoplankton and their ecology. Journal of the 
Royal Society of Western Australia 94:2, 161–169.

Thomson P G & Pattiaratchi C B 2018. Trends in the abundance 
of picophytoplankton due to changes in boundary currents 
and by marine heat waves in Australian coastal waters 
from IMOS National Reference Stations. PeerJ Preprints, 
doi:10.7287/peerj.preprints.26677v1.

Walter M R, Buick R & Dunlop J S R 1980. Stromatolites 3,400–
3,500 Myr old from the North Pole area, Western Australia. 
Nature 284:5755, 443–445.

Warden J G, Casaburi G, Omelon C R, Bennett P C, Breecker 
D O & Foster J S 2016. Characterization of microbial mat 
microbiomes in the modern thrombolite ecosystem of Lake 
Clifton, Western Australia using shotgun metagenomics. 
Frontiers in Microbiology 7, 1064 doi: 10.3389/fmicb.2016.01064.

C. M. Phelps et al.: Microbiomes of Western Australian marine environments

https://doi.org/10.1371/journal.pone.0145996
https://doi.org/10.1371/journal.pone.0145996

