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Abstract 
The subtropical coral reefs of Moreton Bay support a rich diversity of corals and micro-benthic 
organisms. These high-latitude reef communities exist in marginal environments that include 
relatively cooler, more light-limited, and more variable environmental conditions than those in the 
tropics. Holocene reef coral communities formed episodically over the Bay’s 7000-year history, 
with a high degree of persistence in community structure and reef accretion rate until European 
colonisation of the Queensland coastline. However, during the most recent phase of the Bay’s reef 
development, reductions in water quality have transformed the Bay’s coral assemblages from 
predominantly large, fast-growing and branching acroporid corals to predominantly slower 
growing and smaller massive corals. The modern composition and diversity of benthic 
foraminiferal and micro-molluscan communities is driven mainly by substrate and water-quality 
parameters and shows a striking gradient from the variable and stressed water conditions of the 
western Bay to the more open-marine higher water quality habitats of the eastern Bay, including 
Myora Reef. Episodic changes also occurred in the Holocene benthic microfaunal composition, 
confirming the fluctuating nature of the Bay’s marine environments. Recent increases in 
foraminifera diversity and symbiont-bearing taxa signals a subtle improvement in water quality 
from the 1970s to 2008; however, for micro-gastropods, comparisons between fossil and modern 
death assemblages illustrate a decline in the condition of modern Bay habitats. The Holocene 
variation in the taxonomic composition and diversity of coral and micro-benthic assemblages of 
Moreton Bay reveals a history of recovery and rapid reef growth. Rapid recovery may still be 
possible if the causes of anthropogenic degradation are reversed and for this the highest priority is 
to reduce sediment and nutrient delivery into the Bay’s marine habitats.  
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Introduction  
As tropical coral reefs worldwide are threatened by over-exploitation and climate change (1–5), 
the ecological importance of high-latitude reefs and reefal communities has become more 
recognized, both as potential refuge areas for tropical species (6–8) and for their inherent 
ecological values. While tropical coral reefs tend to occur in warm, clear, shallow, oligotrophic, 
fully saline and aragonite supersaturated seas, high-latitude coral reef assemblages exist at the 
margins of species distributions and environmental tolerances, particularly for temperature, light 
availability and aragonite saturation (9–11). High-latitude coral communities are primarily non-
reef building (though exceptions occur), and are distinguished from framework building coral reefs 
in a geological sense by their inability to accrete calcium carbonate reefs (12). Instead, they 
commonly grow as low-relief veneers of living coral on non-reefal substrates that follow the 
existing seafloor morphology (13). High-latitude reef communities are also characterized by a 
unique biogeographic overlap with other benthic organisms, many with temperate distributions 
(Sommer unpubl.) (14–16). High-latitude reefs therefore fit the definition of marginal reefs in 
several ways, as they occur where biodiversity patterns, environmental conditions and ecosystem 
function differ substantially from those associated with ‘classical’ tropical coral reefs (9, 17, 18). 
High-latitude reefs generally occur above 23.5° latitude (9) in a range of locations around the globe 
(see Fig. 1 in 14). In the southern hemisphere the highest latitude true coral reefs (i.e. framework 
building, accreting) are located at 31°33’S at Lord Howe Island, Australia (19, 20) and at 33°48’N 
at Iki Island, Japan, (21) in the northern hemisphere (22). 

Located ~400 km south of the southernmost cay (Lady Elliot Island) on the Great Barrier Reef and 
adjacent to a major city, the reefs of Moreton Bay provide a rare instance of subtropical, marginal 
coral reefs in an urbanised environment (23). Abundant coral communities and reefs have 
characterised the history of Moreton Bay, South East Queensland. These shallow-water coral 
assemblages have experienced episodic reef growth throughout the Holocene related to periods of 
sea-level and natural climate change. Living corals now grow as a veneer on these Holocene 
carbonate deposits (23). Indeed, the Moreton Bay Region has the highest coral diversity along the 
eastern Australian subtropical-to-temperate transition zone, with a marked reduction in species 
richness further south (15, 16, 24, 25). Some high-latitude reefs, such as Flinders Reef at 26°58’S 
in Outer Moreton Bay, harbour rich coral faunas (e.g. 125 scleractinian species from 35 genera 
(23), and are important stepping stones for tropical coral species in this biogeographic transition 
zone.  

In this paper, we focus on three components of subtropical reefal biodiversity — corals, large 
benthic foraminifera and benthic micro-gastropods — because they are easily fossilisable and thus 
provide important clues as to the history of Moreton Bay. Though we provide some information 
about the Bay in general, we focus on ecological patterns that have been compared between 
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modern and ancient settings from western, central and eastern sites within the Bay: Wellington 
Point, Peel Island and Myora Reef. We follow the Wallace et al (23) geographic separation of 
Moreton Bay into an inner region composed of the body of water partly enclosed by North and 
South Stradbroke, Moreton, and Bribie islands, and an outer region composed of the rocky reefs 
immediately outside these large islands, including Flinders Reef near Moreton Island and Flat 
Rock, Shark Gutter and Shag Rock off the north-east corner of North Stradbroke Island. Further 
information on the geological history of reef habitats in Moreton Bay is found in Lybolt & Pandolfi 
2019, this volume (26). 

Contemporary diversity of corals and benthic microfauna  
Corals 
Coral species richness and community composition in the Bay is variable in space and time. The 
spatial pattern of richness generally follows the dominant water-quality gradient from poor water-
quality reefs with lower species richness near the mainland to better water-quality reefs with 
greater richness towards the oceanic inlets in the east (27–29). The modern reefs in the inner Bay 
exhibit reduced cementation, coral cover (2–30%) and richness (S=64 species from 26 genera), 
compared to Flinders Reef from the outer Bay, which contains 28–40% cover and higher richness 
(S=125 species from 35 genera) (Fig. 1) (23). In inner Moreton Bay, based on current taxonomy, 
Merulinidae is the dominant coral family, followed by Lobophylliidae, Acroporidae and 
Dendrophylliidae, while in outer Moreton Bay Acroporidae are dominant based on the number of 
species and genera present (23).  

The modern reefs of outer Moreton Bay (Fig. 1) host about half as many species as Lord Howe 
Island, a pattern generally following water-quality gradients from exceptional at Lord Howe to 
poor in Moreton Bay (29), though other factors such as substrate quality and water circulation also 
play a part in this distribution (15). Although the inner/outer Bay distribution of species suggests 
a nested pattern of richness, 18 inner Moreton Bay species are not found in the outer Moreton Bay 
reefs. Therefore, winnowing out the less hardy species is not the only major process driving 
differences in coral assemblage composition — some degree of local adaptation coupled with 
variance in competition or other aspects of biotic interactions or niche constraints are also likely 
to be involved.  

Recent studies show that, although the coral species on high-latitude reefs of eastern Australia 
generally also occur on the Great Barrier Reef, high-latitude coral assemblages tend to have 
narrower taxonomic, functional and phylogenetic breadth than coral assemblages on the Great 
Barrier Reef (10, 24, 30). High-latitude reefs are characterised by widely distributed, generalist, 
stress-tolerant and opportunistic coral species with massive and horizontally spreading 
morphologies and by diminishing influence of tropical taxa at higher latitudes (24). Flinders Reef 
in outer Moreton Bay is the exception, with broad areas showing high abundance of the tall, 
branching species Acropora intermedia (24, 30), which tends to be common on tropical coral reefs 
(31, 32) and absent or rare at other reefs in the eastern Australian subtropical-to-temperate 
transition (24, 30). Using a biogeographic classification of corals into ‘tropical’, ‘subtropical’ and 
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spatial pattern of richness generally follows the dominant water-quality gradient from poor water-
quality reefs with lower species richness near the mainland to better water-quality reefs with 
greater richness towards the oceanic inlets in the east (27–29). The modern reefs in the inner Bay 
exhibit reduced cementation, coral cover (2–30%) and richness (S=64 species from 26 genera), 
compared to Flinders Reef from the outer Bay, which contains 28–40% cover and higher richness 
(S=125 species from 35 genera) (Fig. 1) (23). In inner Moreton Bay, based on current taxonomy, 
Merulinidae is the dominant coral family, followed by Lobophylliidae, Acroporidae and 
Dendrophylliidae, while in outer Moreton Bay Acroporidae are dominant based on the number of 
species and genera present (23).  

The modern reefs of outer Moreton Bay (Fig. 1) host about half as many species as Lord Howe 
Island, a pattern generally following water-quality gradients from exceptional at Lord Howe to 
poor in Moreton Bay (29), though other factors such as substrate quality and water circulation also 
play a part in this distribution (15). Although the inner/outer Bay distribution of species suggests 
a nested pattern of richness, 18 inner Moreton Bay species are not found in the outer Moreton Bay 
reefs. Therefore, winnowing out the less hardy species is not the only major process driving 
differences in coral assemblage composition — some degree of local adaptation coupled with 
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to be involved.  
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morphologies and by diminishing influence of tropical taxa at higher latitudes (24). Flinders Reef 
in outer Moreton Bay is the exception, with broad areas showing high abundance of the tall, 
branching species Acropora intermedia (24, 30), which tends to be common on tropical coral reefs 
(31, 32) and absent or rare at other reefs in the eastern Australian subtropical-to-temperate 
transition (24, 30). Using a biogeographic classification of corals into ‘tropical’, ‘subtropical’ and 
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‘cosmopolitan’ species, Sommer et al (24) showed that Flinders Reef and Flat Rock in outer 
Moreton Bay have the greatest abundance of tropical corals on rocky reefs south of the Great 
Barrier Reef, with cosmopolitan and subtropical species dominant on rocky reefs in New South 
Wales (24).  
 

 

Figure 1. (a) Overview of Moreton Bay with bathymetry depicting a network of tidal and river 
channels amidst generally shallow waters, (b) Gray bands show the general areas of major Holocene 
reef growth, (c) Historically ephemeral inlets, (d) Modern tidal node. 
Environmental tolerance is important for corals in these marginal environments, and species with 
unsuitable traits cannot persist in the relatively cooler, more light-limited and more variable 
environmental conditions of the subtropics (10, 24, 30). Coral species unable to tolerate these 
marginal conditions are excluded from high-latitude reefs. The important role of abiotic processes 
in structuring high-latitude coral communities is further supported by strong relationships between 
coral biodiversity patterns and environmental gradients in the region (10). Climate envelope 
modelling shows that the relative importance of environmental drivers varies among species (10). 
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Light availability best explains gradients in species richness and the distribution of tropical corals, 
whereas cold stress and temperature variability best explained gradients in Shannon diversity, 
functional diversity and the distribution of subtropical coral species (10). Nevertheless, the 
dominant influence of abiotic filtering at high-latitudes does not diminish the importance of biotic 
interactions (e.g. competition) on high-latitude reefs. Indeed, patterns in phylogenetic diversity 
suggest that species interactions (e.g. competition for space or light) are also important drivers of 
biodiversity patterns at local scales, such as at Flinders Reef (30), where corals with a ‘competitive’ 
life-history strategy (i.e. large, branching and plating species that grow quickly, occur at shallow 
depths and reproduce by broadcast spawning; 33) were particularly abundant (24, 30).  

Benthic microfauna 
Benthic foraminifera 
Benthic foraminifera are abundant and widely distributed in marine sediments across a broad range 
of marine environments (intertidal sand and mud flats, seagrass meadows and coral reefs) in 
Moreton Bay (34–36). The foraminiferal species abundance, diversity and community 
composition vary spatially along a (west-to-east) gradient in water and substrate quality, from 
nearshore, riverine-influenced to near-oceanic and well-flushed conditions (34). This 
environmental gradient drives differences in foraminiferal species composition with a total of 69 
benthic foraminiferal species representing relatively low Shannon–Wiener species diversity 
(H´=1.4 to 2.2) and Margalef’s richness index (d=0.9 to 5.9) (34). Overall, the foraminiferal 
species composition, low diversity assemblages and the resulting FORAM Index values, a metric 
for determining water quality (based on the relative proportion of three functional groups of 
foraminifers: opportunistic, heterotrophic and symbiont-bearing large benthic foraminifers) (37), 
are consistent with the prevalence of contemporary, turbid, eutrophic–mesotrophic, marginal 
marine conditions in Moreton Bay (34, 38).  

Narayan & Pandolfi (34) found a significant positive relationship between community composition 
and sediment types from the Bay-wide environments. Foraminiferal communities that occurred in 
the muddy, (coarse-grained) quartz sand sediments of the westernmost, nearshore, riverine-
influenced environments were compositionally different from the communities found in the 
calcareous sands-muds and coral-algal (reef flat) rubble of the western-central Bay and also from 
the clean, quartz and calcareous sand sediments from the (reef- and seagrass-dominated) tidal delta 
flats of the eastern Bay (34). The species diversity was found to be higher in western Waterloo 
Bay (e.g. Wellington Point, Green and St Helena islands), central Bay (Peel Island) and the eastern 
Bay (north of Peel Island and south-western Moreton Island) than in the Brisbane River delta or 
Deception Bay environments (34). The latter environments are highly influenced by estuarine 
conditions and impacted by sediment run-off (34, 39, 40). However, in contrast to species 
composition, sediment types did not significantly influence species diversity, even though species 
richness was greatly reduced in the nearshore-riverine sediments compared with the other sediment 
types (muddy sands, sandy muds, clean tidal sands, biogenic sands) encountered in the Bay (34).  
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Cosmopolitan, opportunistic foraminiferal taxa (i.e. Ammonia spp. and Elphidium spp.), which can 
tolerate a wide range of water quality, salinities and (low) oxygen conditions (37, 41, 42), 
overwhelmingly dominated (with a frequency of occurrence of 92% and 80%, respectively) in the 
marine sediment samples of Moreton Bay (34). The relatively stress tolerant Ammonia sp. cf. A. 
aoteana (formerly A. beccarrii in (34)) and other agglutinated taxa dominated the biocenosis 
(assemblage) of the westernmost nearshore, riverine-influenced environments (34). Generally, this 
assemblage corresponds with low mean species diversity (d=1.4±0.2) and extremely low mean 
FORAM Index values (≈1) reflecting poor water and sediment quality (34). Moving westward, the 
large, shallow-water, opportunistic-mixotrophic species Elphidium craticulatum (and E. 
discoidales multiloculum) dominates the biocenosis of the calcareous muds and sand sediments of 
the seagrass meadows and marginal reefs, which occur from the western Waterloo Bay 
(Wellington Point, Green and St. Helena islands) to the central Bay (Peel Island) region (34). The 
abundance of mixed opportunistic-heterotrophic (miliolinids) assemblage corresponds with a 
slightly higher mean species diversity (d=2.2±0.3) and low mean FORAM Index values (≈2), 
which again indicate variable and stressed water quality conditions generally not conducive to reef 
growth, despite the presence of patchy coral colonies (23, 28, 38, 40, 43). The cosmopolitan 
symbiont-bearing large benthic foraminifera (LBFs, i.e. Peneroplis spp., Alveolinella quoyi), 
which are indirect indicators of clear water-quality conditions, increased in average percent 
relative abundance (3.5±3.7 to 62.2±12.4) and dominated the biocenosis of the tidal sand flats of 
the eastern Bay, where abundant seagrass meadows supported LBF epiphytes (34). In the eastern 
Bay, the increased abundance of LBFs corresponds with a mean species diversity of d = 2.1±0.2 
and a significantly improved FORAM Index value (7.6). This improved water quality corresponds 
with the occurrence of low diversity, water-quality sensitive, fast-growing Acropora coral 
communities found to occur in the eastern Bay locality of Myora Reef (Fig. 1).  

Benthic micro-gastropods 
Information on the nature and distribution of marine micro-molluscs and the linkages between 
different habitats are rare (44, 45), and this is particularly true for micro-gastropods in subtropical 
estuaries in Australia (46). In Moreton Bay, recent analysis of micro-gastropod relative abundance 
data showed that gastropod assemblage distribution is driven mainly by substrate and water-quality 
parameters (turbidity, total nitrogen, temperature and dissolved oxygen) (47). Rachello-Dolmen 
(47) identified 219 species belonging to 115 genera and 46 families from modern death 
assemblages (grab samples) from Moreton Bay. The variation in the distribution of taxonomic 
composition of micro-gastropod assemblages in the Bay is in part explained by substrate, total 
nitrogen, temperature, turbidity and depth. Environmental conditions were associated with species 
traits: (i) species with discoidal shape and nodulose sculpture exhibited the most pronounced 
preference for western sites, near the Brisbane River, linked with turbidity and high nitrogen 
concentrations; (ii) ectoparasite species on echinoderms or actinarians, anemones and corals were 
associated with western central Bay sites associated with high phosphorous and chlorophyll a; (iii) 
tropical, subtropical and temperate species of small to medium size, fusiform shape, carnivorous, 
and found in the lower intertidal zone were associated with eastern central Bay sites linked with 
good light penetration, high oxygen concentrations and normal marine salinity; and (iv) globose 
species of medium size, herbivore- grazers found in the upper intertidal zone exhibited a preference 
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for eastern sites, away from the Brisbane River mouth, with relatively constant temperature and 
pH. Water temperature plays a significant role in driving changes in rare species. The rare species 
were found mostly at Peel Island (17 species) and Myora Reef (7 species) where recruitment is 
apparently sustained by the influx of the East Australian Current through the South Passage 
between Moreton and North Stradbroke island (48, 49).  
 
Holocene marine benthic faunas 
Holocene coral communities 
Coral richness, for both genera and species, is at its highest today (S=64 (23)), and was lower in 
the early 1970s (S=24 (50)) and in the early 1950s (S=24 from 12 genera (51)). Earlier surveys 
listed a number of species and described coral communities that seem similar to today including 
Myora’s unique Acropora-dominated community (52–54). Changes in the coral assemblage over 
longer temporal scales are already known for some genera, although the timing of the changes is 
poorly understood. The fossil reefs of the Bay were first shown to host 36 species from 20 genera 
(51), and the single Pleistocene reef discovered in the Bay included 39 species from 25 genera 
(55). In the rough time frame of modern, Holocene and Pleistocene only 10 genera are common to 
all three. For example, Montipora is known from the Pleistocene and Holocene fossil deposits but 
is absent from the living coral assemblage in Moreton Bay, although it is present on artificial 
structures near oceanic inlets (23, 51, 55). Nonetheless, the modern assemblage of 26 genera is 
greater than both Holocene (20 genera) and the single Pleistocene (25 genera) fossil reef 
assemblages. 

Coral reef development in the Bay was episodic during the past 7000 years of the Holocene, when 
both the taxonomic composition of the coral assemblages and reef accretion rates of Moreton Bay 
were striking for their consistency over time (26, 56). Within each reef site of the Bay, there is no 
change in the taxonomic composition of coral assemblages over time and no change in reef 
accretion rate over time (Fig. 2, (56)).  

Holocene benthic microfauna 
Benthic foraminifera 
Spatio-temporal distribution patterns and species composition of the benthic foraminifer 
microfauna derived from Holocene sediment deposits were assessed from three sites (Wellington 
Point, Peel Island and Myora Island) along a west to east gradient of water quality in Moreton Bay 
(34, 57). The results showed that low-diversity and low-density assemblages of benthic 
foraminifers dominated throughout the Holocene, between 0.4 to 7.4 cal ka yBP (57). However, 
episodic changes in the microfaunal and sediment composition confirm the highly fluctuating 
nature of the Bay’s marine environments, since the onset of reef initiation (as represented by pre-
Holocene terrestrial basal sedimentary layers) (38, 57). The episodic disruptions in reef sediment 
deposition (38) are supported by shifts in the foraminiferal assemblages, which are associated with 
sedimentological (biofacies) changes over time (57), despite Holocene sea level being ~ 1.5 to 2m 
higher than today. For example, reef sediment cores from Wellington Point clearly document a 
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marine sediment samples of Moreton Bay (34). The relatively stress tolerant Ammonia sp. cf. A. 
aoteana (formerly A. beccarrii in (34)) and other agglutinated taxa dominated the biocenosis 
(assemblage) of the westernmost nearshore, riverine-influenced environments (34). Generally, this 
assemblage corresponds with low mean species diversity (d=1.4±0.2) and extremely low mean 
FORAM Index values (≈1) reflecting poor water and sediment quality (34). Moving westward, the 
large, shallow-water, opportunistic-mixotrophic species Elphidium craticulatum (and E. 
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for eastern sites, away from the Brisbane River mouth, with relatively constant temperature and 
pH. Water temperature plays a significant role in driving changes in rare species. The rare species 
were found mostly at Peel Island (17 species) and Myora Reef (7 species) where recruitment is 
apparently sustained by the influx of the East Australian Current through the South Passage 
between Moreton and North Stradbroke island (48, 49).  
 
Holocene marine benthic faunas 
Holocene coral communities 
Coral richness, for both genera and species, is at its highest today (S=64 (23)), and was lower in 
the early 1970s (S=24 (50)) and in the early 1950s (S=24 from 12 genera (51)). Earlier surveys 
listed a number of species and described coral communities that seem similar to today including 
Myora’s unique Acropora-dominated community (52–54). Changes in the coral assemblage over 
longer temporal scales are already known for some genera, although the timing of the changes is 
poorly understood. The fossil reefs of the Bay were first shown to host 36 species from 20 genera 
(51), and the single Pleistocene reef discovered in the Bay included 39 species from 25 genera 
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structures near oceanic inlets (23, 51, 55). Nonetheless, the modern assemblage of 26 genera is 
greater than both Holocene (20 genera) and the single Pleistocene (25 genera) fossil reef 
assemblages. 

Coral reef development in the Bay was episodic during the past 7000 years of the Holocene, when 
both the taxonomic composition of the coral assemblages and reef accretion rates of Moreton Bay 
were striking for their consistency over time (26, 56). Within each reef site of the Bay, there is no 
change in the taxonomic composition of coral assemblages over time and no change in reef 
accretion rate over time (Fig. 2, (56)).  

Holocene benthic microfauna 
Benthic foraminifera 
Spatio-temporal distribution patterns and species composition of the benthic foraminifer 
microfauna derived from Holocene sediment deposits were assessed from three sites (Wellington 
Point, Peel Island and Myora Island) along a west to east gradient of water quality in Moreton Bay 
(34, 57). The results showed that low-diversity and low-density assemblages of benthic 
foraminifers dominated throughout the Holocene, between 0.4 to 7.4 cal ka yBP (57). However, 
episodic changes in the microfaunal and sediment composition confirm the highly fluctuating 
nature of the Bay’s marine environments, since the onset of reef initiation (as represented by pre-
Holocene terrestrial basal sedimentary layers) (38, 57). The episodic disruptions in reef sediment 
deposition (38) are supported by shifts in the foraminiferal assemblages, which are associated with 
sedimentological (biofacies) changes over time (57), despite Holocene sea level being ~ 1.5 to 2m 
higher than today. For example, reef sediment cores from Wellington Point clearly document a 
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transition from older (3.9–4.9 cal ka yBP) reefal carbonate mud and sands, rich in foraminifer 
shells, to younger (3.6–3.7 cal ka yBP) clean medium-course shell hash/sands, with minor 
occurrences of foraminifer shells, indicating a shoaling event from a deep, subtidal (depositional) 
reef slope setting to a (non-depositional) intertidal environment over time (57). 

 
 
 
 
 
 
 
 

Holocene foraminiferal species composition consistently displayed a relatively high abundance 
(~60%) of foraminiferal assemblages dominated by miliolid, small-heterotrophic taxa (e.g. 
Quinqueloculina spp., Spiroloculina spp. and Triloculina spp.) (57). This is indicative of normal 
marine conditions, likely as a result of higher sea levels than today (57). The stress-tolerant rotalid, 

Figure 2. Age, depth, and community composition of coral death assemblages from Moreton 
Bay, Queensland, Australia. (a) Scatter plot of coral death assemblage age versus depth relative 
to lowest astronomical tide, uncorrected for paleo sea level, (b–c) Sea-level fluctuations after 
Lewis et al. (87, 88) (shaded blue area) and Sloss et al. (88, 89) (dashed blue line), (d) Statistically 
significant episodes of coral growth, (e) Coral community composition depicted as percent 
branching corals versus other corals (from Lybolt et al. (37, 38)). 
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opportunistic taxa (e.g. Ammonia sp. cf. A. aoteana, Elphidium craticulatum and E. hispidulum) 
followed in abundance (~20–30%) (57). For example, the large, mixotrophic-opportunistic E. 
craticulatum was found to dominate in the shallow-water (2 m) intertidal reef flats during the 
Holocene and today (34, 57). In contrast, low percentages (~ <10%) of symbiont-bearing large 
benthic foraminifers (LBFs, predominantly epiphytic Peneroplis spp.) were recorded, with their 
highest frequency in the eastern south-west Peel Island and Myora Island reef sites (57). The 
symbiont-bearing LBF assemblage, indicative of good water- quality conditions optimal for coral 
reef growth, and their predominance in the eastern Bay reefs and tidal flats is comparable to their 
distribution today (57). Over time, the FORAM Index value remained below 4 in the western 
Wellington Point Reef, indicating the prevalence of variable but mostly marginal marine 
conditions throughout the Holocene (57). However, the FORAM Index at times exceeded 4 in the 
south-west Peel Island and Myora Island reefs, suggesting episodic improvements in water quality 
(57). 

Benthic changes since European colonisation  
Coral community changes  
The coral reefs of Moreton Bay exhibited robust growth in the mid-Holocene that gradually 
declined in the absence of major anthropogenic disturbance, but recently exhibited significant 
modern degradation (4, 28, 38). Previous studies of the marginal reefs of Moreton Bay have 
proposed that changes in temperature, sea level, El Niño–Southern Oscillation intensity, and 
sedimentation led to natural reef declines sometime between 3000 and 8000 years ago (28), prior 
to major anthropogenic disturbance. Further decline, due to over-exploitation and water-quality 
degradation, has been indicated since European settlement began in 1824 (4, 40).  

Anthropogenic stressors in the Bay and its catchment occurred in three periods closely tied to land-
use practices. The early and mid-Holocene probably had negligible cumulative anthropogenic 
impacts aside from small weirs built as fish traps (58). During the second period, the late Holocene, 
the primary anthropogenic impact was selective burning to promote grasslands for hunting (40, 
59–61). This practice, termed ‘firestick farming’, was only possible after ~5000 ybp because the 
enhanced mid-Holocene precipitation regime prevented most fires (60, 62). Increased erosion and 
sedimentation associated with natural fires and burning by Aboriginal people would have impacted 
the Bay, but the magnitude of this impact probably did not increase through the late Holocene 
because fire frequency did not increase during this time (62). During the third period, rapidly 
accumulating anthropogenic impacts followed European settlement from the early 19th century, ~ 
1850 CE to present, particularly land-use changes that enhanced erosion by 2–10 times (63, 64), 
direct impacts of coastal construction, overharvesting, and increased nutrient loading from 
husbandry, agriculture and sewage (4, 28, 45, 65). The naturalist and photographer Saville-Kent 
noted the coral mining in Moreton Bay and wrote that ‘By these means, beyond doubt, the original 
abundant growth of coral in this special area has been materially diminished’ (52 p96). Direct 
harvest of Moreton Bay corals for use as building materials persisted until 1997 (66).  
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degradation, has been indicated since European settlement began in 1824 (4, 40).  
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The modern coral assemblages of Moreton Bay are strikingly different from the fossil assemblages 
(23, 28, 38). The modern assemblage is dominated by massive, encrusting and foliose genera such 
as Favia, Goniastrea, Goniopora and Turbinaria, whereas branching Acropora is uncommon. 
Dominance in the fossil assemblage is reversed, and branching Acropora is a dominant component 
of the Holocene assemblage (23, 38). This distinction was noted very early in the study of the Bay 
(52, 53) and first quantified by Wells (51). Subsequent research in Moreton Bay confirmed these 
observations and included constraints on the potential timing of the change from branching to 
massive-coral-dominated assemblages. Flood (67) attributed the shift to a ≈1 m sea-level fall 
estimated at 4000–3000 years ago. Johnson and Neil (28) attributed the shift to synergistic impacts 
starting 5500 years ago and progressively worsening to modern times. However, Lybolt et al. (38) 
and Lybolt (56) demonstrated that the shift occurred in modern times. There was no evidence of 
the assemblage shift while reefs were growing from 7400–165 years ago, but sometime between 
165 and 52 years ago (1852 and 1956 CE) most reefs in the Bay ceased to be Acropora-dominated.  

The timing of this unprecedented change between fossil and modern assemblages strongly 
suggests a modern anthropogenic cause. European settlement of the area began in 1824, and within 
decades radical landscape changes and habitat destruction caused more than a threefold increase 
in sedimentation to nearshore waters (39, 63, 68). Furthermore, the modern Acropora-dominated 
assemblage at Myora, a living remnant of the Bay’s formerly typical coral assemblage, 
demonstrates that water quality near the oceanic inlets remains suitable for this assemblage. This 
shift in community dominance is unlikely to indicate senescence (69) because it is recorded across 
the depth range of corals in the Bay (29), rather than confined to those shallowest portions of the 
reef most affected by reduced accommodation space. The trajectory of decline in Moreton Bay, 
however, is not monotonic. Wells (51) found three genera living but absent in the fossil reefs, and 
nine genera in the fossil reefs but absent from the living assemblage. In 1955, the fossil coral 
assemblages were richer than the living coral assemblages. The situation today is reversed. 
Wallace et al. (23) found seven (colonial) coral genera in the living assemblages but absent from 
the fossil assemblage within Moreton Bay, while there are only four (colonial) coral genera found 
in the fossil reefs but absent from the living assemblage. While this apparent increase in Moreton 
Bay coral diversity since 1955 is not significant (56), a potential reversal of a trajectory of 
anthropogenic degradation would be encouraging, and seldom seen in studies of historical range 
of variation (4) (though see Hawaii example in (70)). Alternatively, more recent higher diversity 
might also stem from temperature increases allowing successful recruitment of larvae arriving 
from the north. 
 
Benthic microfauna changes  

Benthic foraminifera 
The calcium carbonate tests of benthic foraminifers are well preserved and abundant in shallow to 
deep-water marine sedimentary deposits worldwide (71, 72). They have been used as important 
ecosystem bio-indicators for reconstructing present and past environmental changes and in 
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understanding the baseline conditions prior to significant human-induced impacts in the coastal 
marine environments of eastern Australia (57, 73). A comparison of foraminiferal species 
composition data between samples collected by the Geological Survey of Queensland in the 1970s 
(36) and samples collected in 2008 revealed significant differences in species composition (74). 
The finding of an increase in diversity in the Brisbane River delta and the Waterloo Bay areas and 
the presence of epiphytic, symbiont-bearing LBF taxa (Peneroplis spp.) in the Waterloo Bay area 
signals a subtle improvement in water quality in the latter period, a surprising result considering 
that the catchment now hosts more than two million people (74).  

Benthic micro-gastropods 
Comparison of micro-gastropod community data derived from Holocene cores with data collected 
from modern reefs at the same location has great potential to inform assessments of long-term reef 
ecological trajectories (75). In Moreton Bay, the taxonomic composition of fossil and modern 
micro-gastropod assemblages varies significantly (47). At Wellington Point, fossil assemblages 
are composed predominantly of Rissooidea (biofilm grazer) and modern assemblages by 
Columbellidae (herbivore or carnivore); both families can live on algae, coral rubble, under stones, 
soft substrate or seagrass (76). At Peel Island, fossil assemblages are composed predominantly of 
Rissooidea and modern death assemblages of Scaliolidae (biofilm grazer) and Cerithiidae 
(detritivore), both families living in soft substrate. Certihiidae also can be found on hard substrates. 
At Myora Reef, fossil assemblages are composed predominantly of Cerithiidae, Calopiidae 
(biofilm grazer), Triphoridae and Cerithiopsidae (both ectoparasites of sponges). All these families 
live on soft or hard substrata and seagrass. Modern death assemblages in Myora are composed 
predominantly of Trochidae (carnivore or grazer or herbivore) and Columbellidae (carnivore or 
herbivore), both families can live on algae or hard or soft substrate and seagrass. Data on substrate 
and feeding type are abundant for gastropod families (76), but environmental and biotic parameters 
associated with micro-gastropods are unknown.  

Differences between fossil and modern death assemblages in the Bay are probably due to the 
anthropogenic stressors that occurred in the three periods closely tied to land-use practices noted 
above. During European colonization, fisheries and dredging activities were developed, coinciding 
with marked ecosystem changes. Relative changes in rare vs intermediate abundance of families 
can be an indication of human-disturbed environments (77), and in Moreton Bay, micro-
gastropods show a decreasing number of rare families coupled with an increasing number of 
families with intermediate abundance in modern samples compared with Holocene occurrences. 
The larger number of rare species encountered in the fossil assemblages resulted in slightly higher 
diversity in fossil assemblages than in modern death assemblages. Patterns of changing diversity 
and family abundance distribution have the potential to serve as environmental indicators (78), 
and in Moreton Bay illustrate a decline in the condition of modern reefs (47).  

Threats and management considerations 
The condition of reefs is directly related to the duration and intensity of human impact on reef 
systems and, as a consequence, reefs worldwide are threatened by the cumulative effects of 
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overfishing and pollution (4). Moreton Bay is no exception to the effect of these threats. Studies 
of processes structuring species assemblages and temporal and spatial variation in the fauna are 
necessary in Moreton Bay as they will have implications for attempts to manage diversity and to 
monitor trends in the health of Moreton Bay reefs (44, 79). Management strategies that help 
maintain large populations are likely to best facilitate the continuity of high-latitude reefs and their 
refuge potential (14). For example, the larger populations of tropical species in South East 
Queensland than in New South Wales means that tropical corals in South East Queensland are 
likely to be less dependent on Great Barrier Reef source populations for their replenishment than 
their New South Wales counterparts. These South East Queensland populations may also provide 
important stepping stones for higher-latitude reefs located further south (22). 

Moreover, larger populations tend to have greater standing genetic variation and to be less 
susceptible to genetic drift, likely also bestowing higher evolutionary potential (80, 81). A 
phylogenetic signal found in seven tested coral species traits indicates that environmental 
tolerances of corals are likely to be stable over time, and that corals will only expand their ranges 
to regions where environmental conditions are similar to conditions experienced in their core 
ranges (30). The high abundance of tropical coral species in the Moreton Bay Region (24) therefore 
suggests that this region has high refuge potential for tropical coral species (22) as Great Barrier 
Reef populations become threatened by increasing temperature (5). Environmental conditions at 
outer Moreton Bay sites are less light limited and warmer than sites in New South Wales (10) and 
probably more favourable for establishment of tropical coral species than higher latitude regions 
(22).  

The key benefit of applied palaeoecology is improved natural resource management planning and 
setting goals that consider the region’s history. Reefs in Moreton Bay grew episodically over 7000 
years with no significant change in community composition or accretion rate. However, in the past 
200 years the coral species composition of Bay reefs changed substantially, and for the first time 
in 7000 years the corals of Moreton Bay persist in a degraded state caused by increased sediment 
and nutrient run-off from anthropogenic land-use changes (38). This means that natural resource 
managers hoping to reverse this degraded state should target any prescription that reduces sediment 
and nutrient loads onto the reefs. The historically relevant indicator of success, over the short-term, 
is any increase in the abundance of Acropora (i.e. increases in the abundance of Acropora indicate 
the success of natural resource management actions to improve water quality in the catchment). 
Even a marginal reef habitat such as Moreton Bay has a history of recovery and rapid reef growth, 
and rapid recovery may yet be possible if the causes of anthropogenic degradation are reversed.  

A review of active and passive management initiatives suggests that stringent protection of reefs 
in no-take marine protected areas is critical to foster ecosystem resilience and refuge potential of 
high-latitude reefs (14). Moreton Bay reefs are currently protected in marine parks, however a 
concerning trend in recent years has been a reduction in the level of protection and size of protected 
areas along the subtropical-to-temperate transition zone; a trend that needs to be urgently reversed 
to maximise marine park effectiveness (82).  
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Effective coastal marine management practices that aim to preserve ecosystem services can benefit 
from the incorporation of relevant marine bio-indicators, which can provide an indirect link 
between environmental conditions such as water quality and ecosystem (coral reef) health (83, 84). 
Micro- and meio-benthic organisms, especially benthic foraminifers, have been successfully 
applied in short- and long-term water quality and coral reef health assessments by several studies 
including those from Moreton Bay and the Great Barrier Reef (34, 73, 85–87). Foraminifers are 
considered high-priority bio-indicators for long- and short-term monitoring programs (37, 42, 83). 
While the necessity for taxonomic expertise has been considered the main limiting factor in the 
application of foraminifers to ecological monitoring practice, developing and successfully 
establishing foraminiferal metrics such as the FORAM Index (37) has made it possible for 
researchers and/or marine managers with limited taxonomic expertise to quantify species 
composition. In addition, foraminifer bio-indicators provide a means for quick, low-cost collection 
with a low ecological footprint where there are limited technological resources available for 
monitoring (37, 42). Their continued application for assessing short- and long-term environmental 
changes in Moreton Bay, along with studies of benthic micro-gastropods, is highly recommended. 
 

References 
1. Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS. 2010. Rising to the challenge of 

sustaining coral reef resilience. Trends in Ecology & Evolution. 25(11): 633-642 
2. Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL. 2011. Projecting coral reef futures under global 

warming and ocean acidification. Science. 333(6041):418-422 
3. Hughes TP, Baird AH, Bellwood DR, Card M, Connolly SR, Folke C, Grosberg R, Hoegh-Guldberg O, 

Jackson JBC, Kleypas J, Lough JM, Marshall P, Nystrom M, Palumbi SR, Pandolfi JM, Rosen B, 
Roughgarden J. 2003. Climate change, human impacts, and the resilience of coral reefs. 
Science. 301(5635):929-933 

4. Pandolfi JM, Bradbury RH, Sala E, Hughes TP, Bjorndal KA, Cooke RG, McArdle D, McClenachan L, 
Newman MJH, Paredes G, Warner RR, Jackson JBC. 2003. Global trajectories of the long-term 
decline of coral reef ecosystems. Science. 301(5635):955-958 

5. Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock RC, 
Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE, Comeau S, 
Connolly SR, Cumming GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF, Gilmour JB, 
Harrison HB, Heron SF, Hoey AS, Hobbs JPA, Hoogenboom MO, Kennedy EV, Kuo CY, Lough 
JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ, Pandolfi JM, Pears RJ, 
Pratchett MS, Schoepf V, Simpson T, Skirving WJ, Sommer B, Torda G, Wachenfeld DR, Willis 
BL, Wilson SK. 2017. Global warming and recurrent mass bleaching of corals. 
Nature. 543(7645):373-377 

6. Greenstein BJ, Pandolfi JM. 2008. Escaping the heat: range shifts of reef coral taxa in coastal Western 
Australia. Global Change Biology. 14(3):513-528 

7. Makino A, Yamano H, Beger M, Klein CJ, Yara Y, Possingham HP. 2014. Spatio-temporal marine 
conservation planning to support high-latitude coral range expansion under climate change. 
Diversity and Distributions. 20(8):859-871 

8. Yamano H, Sugihara K, Nomura K. 2011. Rapid poleward range expansion of tropical reef corals in 
response to rising sea surface temperatures. Geophysical Research Letters, 38(4): L04601 
https://doi.org/10.1029/2010GL046474 

9. Kleypas JA, McManus JW, Menez LAB. 1999. Environmental limits to coral reef development: Where 
do we draw the line? American Zoologist 39(1):146-159 



372

  Chapter 5 - Habitats, Biodiversity and Ecosystem Function 

Moreton Bay Quandamooka & Catchment: Past, present, and future

overfishing and pollution (4). Moreton Bay is no exception to the effect of these threats. Studies 
of processes structuring species assemblages and temporal and spatial variation in the fauna are 
necessary in Moreton Bay as they will have implications for attempts to manage diversity and to 
monitor trends in the health of Moreton Bay reefs (44, 79). Management strategies that help 
maintain large populations are likely to best facilitate the continuity of high-latitude reefs and their 
refuge potential (14). For example, the larger populations of tropical species in South East 
Queensland than in New South Wales means that tropical corals in South East Queensland are 
likely to be less dependent on Great Barrier Reef source populations for their replenishment than 
their New South Wales counterparts. These South East Queensland populations may also provide 
important stepping stones for higher-latitude reefs located further south (22). 

Moreover, larger populations tend to have greater standing genetic variation and to be less 
susceptible to genetic drift, likely also bestowing higher evolutionary potential (80, 81). A 
phylogenetic signal found in seven tested coral species traits indicates that environmental 
tolerances of corals are likely to be stable over time, and that corals will only expand their ranges 
to regions where environmental conditions are similar to conditions experienced in their core 
ranges (30). The high abundance of tropical coral species in the Moreton Bay Region (24) therefore 
suggests that this region has high refuge potential for tropical coral species (22) as Great Barrier 
Reef populations become threatened by increasing temperature (5). Environmental conditions at 
outer Moreton Bay sites are less light limited and warmer than sites in New South Wales (10) and 
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in 7000 years the corals of Moreton Bay persist in a degraded state caused by increased sediment 
and nutrient run-off from anthropogenic land-use changes (38). This means that natural resource 
managers hoping to reverse this degraded state should target any prescription that reduces sediment 
and nutrient loads onto the reefs. The historically relevant indicator of success, over the short-term, 
is any increase in the abundance of Acropora (i.e. increases in the abundance of Acropora indicate 
the success of natural resource management actions to improve water quality in the catchment). 
Even a marginal reef habitat such as Moreton Bay has a history of recovery and rapid reef growth, 
and rapid recovery may yet be possible if the causes of anthropogenic degradation are reversed.  

A review of active and passive management initiatives suggests that stringent protection of reefs 
in no-take marine protected areas is critical to foster ecosystem resilience and refuge potential of 
high-latitude reefs (14). Moreton Bay reefs are currently protected in marine parks, however a 
concerning trend in recent years has been a reduction in the level of protection and size of protected 
areas along the subtropical-to-temperate transition zone; a trend that needs to be urgently reversed 
to maximise marine park effectiveness (82).  
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between environmental conditions such as water quality and ecosystem (coral reef) health (83, 84). 
Micro- and meio-benthic organisms, especially benthic foraminifers, have been successfully 
applied in short- and long-term water quality and coral reef health assessments by several studies 
including those from Moreton Bay and the Great Barrier Reef (34, 73, 85–87). Foraminifers are 
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While the necessity for taxonomic expertise has been considered the main limiting factor in the 
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establishing foraminiferal metrics such as the FORAM Index (37) has made it possible for 
researchers and/or marine managers with limited taxonomic expertise to quantify species 
composition. In addition, foraminifer bio-indicators provide a means for quick, low-cost collection 
with a low ecological footprint where there are limited technological resources available for 
monitoring (37, 42). Their continued application for assessing short- and long-term environmental 
changes in Moreton Bay, along with studies of benthic micro-gastropods, is highly recommended. 
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