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High-latitude habitats have become increasingly recognized as a potential

climate refuge for coral communities, supporting both tropical and sub-

tropical corals. Despite the increasing interest in the ecology of high-

latitude corals, our current knowledge of their temporal dynamics is limited,

especially within urbanized settings. Here, we examined the entire history of

a high-latitude coral reef ecosystem in an urbanized setting. We surveyed

Holocene fossil and modern coral communities along a water quality gradient

in Moreton Bay, southeast Queensland, Australia, representing near-river

(Wellington Point), intermediate (Peel Island) and near-oceanic (Myora Reef)

environmental conditions. Reef accretion occurred during three discrete

episodes from 7,400 to 5,800, 4,900 to 3,000, and 2,100 to 300 years

BP, each separated by roughly 1,000-year hiatuses, where conditions were

probably not favorable enough for reef accretion to occur. Episodic reef

initiation and termination suggests strong environmental controls over reef

development. Eastern Australian Holocene reef growth and cessation has

been linked previously to sea level fluctuations and climatic regimes (e.g.,

ENSO). Within each reef building episode, there were few changes in coral

assemblages over time. The fast growing and branching Acropora had a

relative abundance greater than 90% in ten of the 13 sediment cores and

all the submerged terrace excavations. However, substantial modification

of adjacent coastal catchments from European colonization in the mid

1800’s resulted in increased sediment and nutrient discharge into the bay.

This perturbation coincided with a greater abundance of stress-tolerant

coral species (e.g., Dipsastraea, Goniastrea, and Goniopora) and the near

extirpation of Acropora in the modern coral communities of near-river and

intermediate sites due to poor water quality. In contrast, the modern coral

assemblage at the near-oceanic site (Myora Reef) continues to be dominated

by Acropora, likely due to the consistent oceanic input, resulting in lower

sediment loading and higher water quality. In order for conditions for reef

growth to improve, especially within the near-river portions of the bay, further
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sediment and nutrient runoff from anthropogenic land-use changes need to

be mitigated. Given the historical abundance of Acropora, we recommend

this genus be used as an indicator of natural resource management success

in the bay.

KEYWORDS

historical ecology, high-latitude reefs, urban reefs, water quality, coral reef
management, marine paleoecology, climate refuge

Introduction

Globally, coral reefs are experiencing a dramatic loss of hard
coral abundance and habitat structure from a myriad of local
and global anthropogenic and climatic factors (Bellwood et al.,
2004; Bruno and Selig, 2007; Heron et al., 2016). Of increasing
concern are the direct anthropogenic effects of urbanization
(reviewed in Heery et al., 2018). Increases in population and
coastal infrastructure are major threats to coral reef ecosystems,
causing increased sediment delivery as well as the proliferation
of nutrients and pollutants (Fabricius, 2005; McDonnell, 2011).
Studies of urban coral reefs in Hong Kong (Zhao et al., 2012),
Singapore (Guest et al., 2016), Brazil (Barros et al., 2021), and
Vietnam (Nguyen and Phan, 2008) note key characteristics
of urban coral reefs, such as: increased turbidity, dominance
of domed coral growth forms (causing subsequent low reef
complexity and the potential to negatively affect reef accretion
rates), declines in branching corals and an inshore to offshore
gradient in coral cover and condition (Heery et al., 2018).
However, most studies of urbanized coral reefs have occurred
within the tropics.

Historical records reveal corals expanded their geographic
ranges toward the poles during previous periods of climate
warming (Greenstein and Pandolfi, 2008; Kiessling et al., 2012).
Contemporary records echo this pattern of poleward range
expansions of Scleractinian corals (Woodroffe et al., 2010),
tropical reef fish (Denis et al., 2013), and many other marine
taxa (Poloczanska et al., 2013). Consequently, high-latitude
settings have been increasingly recognized for their potential
to act as a climate refugia for coral communities, potentially
supporting both tropical and sub-tropical corals as climate
continues to warm (Kleypas et al., 1999; Wallace et al., 2009;
Lybolt et al., 2011; Denis et al., 2013; Beger et al., 2014). However,
high-latitude coral communities occur in an environment with
lower seawater temperature as compared to their more tropical
counterparts. As such, these communities typically have a
lower diversity of corals with lower growth rates (Denis et al.,
2013), and also contain a reduced diversity of coral associated
invertebrates (De Palmas et al., 2015; Chan et al., 2018).
High-latitude reefs also contend with similar localized threats
as compared to their tropical counterparts, such as boring

sponge and crown of thorn starfish outbreaks (Yomogida et al.,
2017; Adjeroud et al., 2018; Hirose et al., 2021). Despite the
geographic distribution of coral reefs, and the increasing interest
in high-latitude coral ecology (Bridge et al., 2014; Sommer
et al., 2014, 2021; Kim et al., 2019), our current knowledge
of fundamental ecological dynamics in high-latitude coral reef
settings is limited. Thus, questions still persist as to whether
high-latitude marine ecosystems are more or less susceptible
to the effects of coastal modification/urbanization than their
tropical counterparts, and whether they can serve as a climate
refugia for corals under future warming scenarios.

Historical ecology provides critical context for predicting
how coral communities might respond to current and future
environmental disturbances (e.g., ocean acidification, thermal
stress, sea level rise, urbanization), and for prioritizing protected
areas for management, restoration, and conservation. The study
of paleoecology enables long-term understanding of ecological
changes on ecosystems and places the magnitude and effects of
current disturbance regimes in an historical context (Pandolfi
et al., 2011; Roff et al., 2013; O’Dea et al., 2020). Such
interpretations aid the reconstruction of past environments
and produce a baseline against which modern environmental
conditions and biotic composition can be compared. By using
historical data, paleoecology provides the framework necessary
to anticipate and plan for future changes and discern a reef ’s
potential to act as a coral refugia.

The Quandamooka sea-country of Moreton Bay (MB),
southeast Queensland (QLD), Australia (Figure 1), is a region
that contains coral communities disproportionately affected
by anthropogenic disturbances (Fellegara and Harrison, 2008;
Lybolt et al., 2011). The reefs developed during the late
Holocene (∼7,400 years), leaving behind a multi-millennial
fossil record of reef growth and coral composition (Lybolt
and Pandolfi, 2019; Pandolfi et al., 2019). A previous historical
study involving U-Th dating of surficial death assemblages
revealed four discrete episodes when conditions in the bay
were conducive for coral growth (Lybolt et al., 2011). Owing
to the Bay’s high latitudinal location (∼27 S), these reefs
experience cool water temperatures during the winter (e.g.,
mean range of winter monthly temperatures between 18 and
20◦C), and are highly turbid, with reduced solar irradiance,
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making them light-limited (i.e., low photosynthetically active
radiation (PAR) and high light attenuation with depth; Fellegara
and Harrison, 2008). Due to this environmental setting, MB
is considered a marginal environment for coral reef growth
(Perry and Larcombe, 2003; Fellegara et al., 2013; Sommer
et al., 2014). In addition, the semi-enclosed geomorphology
of MB with its reduced tidal flow in parts of the bay, acts
to amplify the effects of natural and anthropogenic stressors,
potentially making ecological responses readily detectable (Neil,
1998; Fellegara and Harrison, 2008; Lybolt et al., 2011). Climatic
changes during the past several thousand years within the
bay have principally manifested as sea level fluctuations and
variations between drier and wetter conditions due to El Nino
Southern Oscillation events (ENSO; Donders et al., 2007; Sloss
et al., 2007; Lewis et al., 2008; Lybolt et al., 2011; Lybolt and
Pandolfi, 2019). Anthropogenic disturbance was likely minimal
during the late Holocene, due to a small and gradually increasing
aboriginal population, until the mid–1800’s (Walters, 1989;
Hiscock, 1994; Neil, 1998; Lybolt et al., 2011) when European
colonization along the MB catchment resulted in substantial
modification of adjacent coastal wetlands, increasing sediment
and nutrient discharge (principally from the outflow of the
Brisbane River). This perturbation created a strong water quality
gradient within the bay and has been previously implicated
as the primary driver for suppressing modern reef growth
and altering coral species composition (Neil, 1998; Fellegara
and Harrison, 2008; Lybolt et al., 2011; Lybolt and Pandolfi,
2019). Following European colonization, increased urbanization
and population growth along the Brisbane catchment has
increasingly threatened coral communities. Despite recent
degradation, there are a few locations where high coral cover
still persists (Wallace et al., 2009; Lybolt et al., 2011; Sommer
et al., 2014). Of these, Myora Reef is unique due to its Acropora-
dominated living reef flat, which overlies a submerged fossil
reef terrace that preserves a history of the reef over hundreds
of years. While MB is known to contain degraded modern
coral communities (e.g., Fellegara and Harrison, 2008; Lybolt
et al., 2011; Lybolt and Pandolfi, 2019), the magnitude of that
change has not been quantified using historical data, limiting
our ability to predict how coral communities may function
into the future and what management actions can be taken
to aid recovery.

While the modern and geological record hints at the
potential for high-latitude reefs to act as a lifeboat under future
climate change (Beger et al., 2014; Lybolt and Pandolfi, 2019),
the management of coral reefs at regional and global scales is
hindered by a lack of understanding of the distribution and
environmental constraints of high-latitude reef growth. As
such, this study represents rare insight into the history of an
entire high-latitude coral reef ecosystem in an urbanized setting.
To test the susceptibility of high-latitude coral communities
to coastal modification/urbanization, we combined coral
composition data from the submerged fossil reef terrace

of Myora Reef with those from previously collected reef
sediment cores along Moreton Bay’s current water quality
gradient. We used this historical repository to discern how
coral communities have both spatially and temporally varied
in relation to past climatic and anthropogenic disturbance. In
this paper we: (1) reconstruct the millennial-scale history of
coral assemblages in a high-latitude and marginal environment,
(2) correlate climactic and environmental drivers with
fossil and modern coral reef growth, and (3) predict how
MB coral communities may respond to future warming
and urbanization.

Materials and methods

Site selection and study area

We selected sites within MB where modern reef
communities occur along the dominant water quality gradient,
from terrigenous-dominated near-river (Wellington Point) to
intermediate (southwest corner of Peel Island) to near-oceanic
(Myora Reef) reefs (Figure 1). We avoided sites historically
and currently disturbed by dredging. Historical and modern
data on coral community composition exists from previous
investigations at all three of our sites (e.g., Fellegara and
Harrison, 2008; Lybolt et al., 2011; Figure 1 and Supplementary
Tables 1, 2).

Sampling the fossil assemblages

Separate sampling strategies were used for analyzing the
fossil vs. modern reefs at each site. To assess the fossil
assemblages from the three sites from MB, we analyzed 13
previously extracted reef sediment cores from the reef slope
and reef flat of Wellington Point (3 cores), Peel Island (5
cores) and Myora Reef (5 cores; Supplementary Table 1).
Reef sediment cores were sampled from both the reef flat
(0 m water depth) and reef slope (2 and 4 m water depth)
at each of the three sites. Core names are a 3-character code
indicating the site name (W = Wellington, P = Peel, and
M = Myora), depth (0, 2, 4 m) and replicate (a, b, c). After
cores were sectioned longitudinally, one half of each core was
archived at 4◦C, and the other half was logged and used for
compositional and geochemical analyses. These core halves were
logged at 5 cm intervals using four sieve fractions (4 mm,
1 mm, 500 µm, and 63 µm) and dried overnight at 60◦C. To
determine the contribution of corals to each interval within
each core, all coral material from the 4 mm sieve fractions
was grouped according to morphological characteristics (e.g.,
overall morphology, corallite preservation) with reference to
taxonomic features described in Veron and Pichon (1980)
and Veron (2000), and when possible, identified to genus
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FIGURE 1

Map of Moreton Bay, southeast Australia with location of sampling sites in the Bay (Satellite images courtesy of Google Maps). Representative
photographs of coral assemblages from: (A) Myora Reef, (B) Peel Island, and (C) Wellington Point (Photo credit: Nicholas M. Hammerman).

level, using the current understanding of coral systematics
(WoRMS Editorial Board, 2021). To characterize the coral
composition of each core, the contribution of each genus to
the total weight of the identified coral constituents within
each interval (refer to Supplementary Table 4) was plotted
using the R statistical environment (R Core Team, 2020).
Core compaction was calculated using core and penetration
measurements, assuming compaction was linear and consistent
along the core (Supplementary Table 1).

Core compaction

=
(inside of core depth− outside of core depth)

(original core length− outside of core depth)

At Myora Reef, a channel exists parallel to the reef flat
and contains a submerged fossil reef terrace, which is roughly
80 m long and occurs from 4 to 12 m depth. We sampled three
locations spaced at least ten meters apart from one another and
chosen randomly along the terrace. Within each location, 20 m
transects were run horizontally along the submerged terrace at 4,

5, 6, 8, and 10 m depth intervals, resulting in 15 transects. At 5 m
intervals along each horizontal transect, corals were excavated
from the fossil outcrop using a chisel and on average from 30
to 50 cm depth into the terrace, resulting in roughly 50 cm
(length) by 50 cm (height) excavations. The collected corals were
placed into calico bags and equated to roughly 1 L of material per
collection. Generic coral relative abundance data were calculated
by weight per excavation. To characterize the coral composition
of each terrace excavation, the contribution of each genus
to the total weight of the identified coral constituents within
each excavation was plotted using the R statistical environment
(R Core Team, 2020).

Sampling the modern assemblages

At Myora Reef, we surveyed the living reef flat in August
of 2019 using four 20-m belt transects (1 m wide × 20 m
long) at ∼2 m water depth using SCUBA. The transects were
photographed at one-meter intervals (n= 20 x 1 m2 image field
per transect), and the benthic percent cover was determined by
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FIGURE 2

Relative probability plots of radiometric (U-Th) age-dates for Moreton Bay, derived from reef sediment cores showing episodes of reef growth:
Episode 1 (7,400 to 5,800 years BP), Episode 2 (4,900 to 3,000 years BP), and Episode 3 (2,100 to 300 years BP). Error bars are ± 2SD per date.
Gray shaded regions represent Kernel Density Estimates (KDEs).

FIGURE 3

Age-depth plots showing reef growth and accretion rates from individual reef sediment cores and the submerged fossil reef terrace of:
(A) Wellington Point, (B) Peel Island, (C) Myora Reef cores, and (D) Myora fossil reef terrace. Core depths were uncompacted and corrected to
lowest astronomical tide (LAT). Note differences in x-axis scale between cores and the Myora fossil reef terrace. Different colors and font styles
within site are used to visually differentiate cores and terrace sections. All accretion rates are presented as mm yr-1.

point annotations using Coral Point Count with Excel (CPCe)
extensions by overlaying 50 random points on top of each
1 m2 photo (Kohler and Gill, 2006). Benthic composition was
categorized by quantifying total cover of live hard coral, dead
hard coral, soft coral, other substrate (e.g., sand, pavement,

rubble) and algae (e.g., macroalgae, coralline algae, turf). For
Wellington Point and Peel Island, modern coral community
compositional data was taken from previous investigations
conducted in 2002 (Fellegara and Harrison, 2008; Lybolt, 2012;
Supplementary Table 2). Relative abundance data for the
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modern assemblages were calculated at the genus level using the
same taxonomic resources as described above.

To assess temporal trends in coral cover, data were
supplemented with surveys conducted in 1975 (Lovell, 1975),
1991, 1994 (Maguire, 1994), 2002 (Fellegara and Harrison,
2008), and 2004 (Environmental Protection Agency, EPA).
Additionally, we incorporated permanent transect data on
broad benthic substrate categories (i.e., hard coral, soft coral,
sand, rubble, algae) from citizen science surveys conducted
at Myora Reef and Peel Island from 2009 until present by
Reef Check Australia (RCA, 2020) as scatterplots of overall
coral cover through time. However, RCA does not quantify
coral community data to any taxonomic level, solely grouping
it as hard or soft coral. Thus, there is a paucity of data in
the characterization of modern reef communities post-2002
and there are limitations for relying on RCA data for an
understanding of MB coral communities.

Assessing variation between fossil and
modern coral assemblages

We analyzed modern and fossil coral assemblage
composition through time and between sites (Wellington,
Peel and Myora) using relative abundance data. Relative
abundance data were square root transformed prior to
multivariate analyses to reduce the influence of dominant
genera and increase the influence of rare genera in subsequent
analyses (as in Clark et al., 2017). Multivariate analysis of
coral community structure was used to visualize variability
in coral modern and fossil assemblage composition, using
non-metric multidimensional scaling (nMDS). The nMDS
used the weighted Jaccard index (aka Ružička index) and
was computed using the vegan R package (Oksanen et al.,
2017). The weighted Jaccard index was chosen because it
preserves 2D shape from multi-dimensional data better than
other indices (Oksanen et al., 2017). We overlaid ordination
vectors as the weighted centroids of the relative abundance
of each genus. We used a two-way permutational analysis of
variance (PERMANOVA) to examine differences in taxonomic
composition among Myora, Peel and Wellington and between
life and fossil assemblages. These models stratified modern
transects and fossil assemblages within each site constraining
permutations to account for nested data structure (i.e., sites in
time). Values of the pseudo-F statistic were computed using
1,000 permutations. Post hoc pairwise PERMANOVAs were
conducted separately between each pair of sites to identify
whether there was a compositional difference between modern
and fossil coral assemblages. P-values from these pairwise
models were adjusted for multiple comparisons using a
Bonferroni correction factor equivalent to the number of
pairwise PERMANOVAs performed. Dispersion was evaluated
using the “betadisper” function in the vegan R package

(Oksanen et al., 2017). All analyses were conducted in R
(R Core Team, 2020).

Inferring episodes of reef growth and
the magnitude of coral community
change

High-precision (U-Th) radiometric age dating of fossil
assemblages were used to estimate rates of reef accretion and
bracket periods of reef growth and hiatuses. A total of 65 corals
were U-Th radiometrically age-dated from the 13 reef sediment
cores across all three sites, with an additional 39 corals from
the fossil reef terrace (n = 28) and modern reef flat (n = 11)
of Myora Reef (Supplementary Table 3). Aragonite for U-Th
dating was taken from well-preserved areas near the coral
growth margin, thereby representing growth just prior to coral
mortality (Clark et al., 2017). Each sample was first sectioned
laterally using a lapidary saw (2–3 cm from apical tip) and a
sub-sample (2–3 g) of skeleton was taken using a Dremel drill.
Coral sub-samples were crushed in an agate mortar and pestle
to ∼ sand size. Crushed samples were subsequently soaked in
15% H2O2 overnight, followed by 3–5 rounds of rinsing and
ultrasonication in Milli-Q-water (18.2 �). Samples were then
dried and hand-picked under a stereoscopic microscope to select
for the purest aragonite (i.e., no detritus, not altered). Details for
sample preparation and column chemistry can be found in the
appendices of Zhao et al. (2009) and Clark et al. (2012, 2014).
Samples were analyzed on a Nu I multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) optimized
for U-Th dating (Zhao et al., 2009; Clark et al., 2012) at the
Radiogenic Isotope Facility at The University of Queensland.
To correct for non-radiogenic 230Th contributions the two-
component equation described by Clark et al. (2014) was used.
This correction was applied to all dates using Isoplot 3.75
(Ludwig, 2012). Mean 230Th ages were reported with two sigma
error bars (Tukey’s bi-weighted means for repeated analysis).
Peak distributions of age-dates from the reef sediment cores and
the Myora submerged fossil reef terrace were fitted to the raw
age data using Kernel Density Estimates (KDEs). The Kernel
Density Estimation works by creating a curve of the distribution.
The curve is calculated by weighting the distance of all the points
in each specific region along the distribution. The bandwidth for
the KDEs was set to default settings using the density function in
R, thus the bandwidth of the kernel changes its shape in response
to the density distribution, and the shaded densities sum to 1.

Uncompacted down-core distances were used for the rate
calculations. Within the fossil composition and age-depth
plots, all core and terrace depths were corrected to lowest
astronomical tide (LAT). Rates of accretion from the sediment
cores and from the Myora fossil reef terrace were calculated
by depth as the vertical distance between two adjacent dated
core/terrace sections divided by the age difference between the
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two core/terrace sections. Classifications for vertical accretion
within each time-series were derived from the data by excluding
negative rates (i.e., age reversals, < 0 m ka−1) and defining
all positive rates within ± 1 standard error of the mean as
“medium.” “Fast” and “slow” were all rates greater and smaller
than “medium,” respectively. When core/terrace sections had
paired dates, the average of those two values was used in the
interval rate calculation.

Interval accretion raten

=
downcore depthn+1 − downcore depthn

agen+1 − agen

Results

Reef accretion

U-Th dating of reef flat and reef slope sediment cores from
Wellington Point, Peel Island and Myora Reef revealed reefs
vertically accreted during three discrete episodes from roughly
7,400 to 5,800 (Episode 1), 4,900 to 3,000 (Episode 2), and
2,100 to 300 (Episode 3) years BP (Figure 2). Each of these
episodes of reef accretion were separated by roughly 1,000-
year hiatuses where no reef accretion was detected (Figure 2).
During periods of growth, all three reefs displayed variable
rates of accretion but when averaged together equated to
approximately 5.2 mm yr−1 (Figure 3 and Supplementary
Table 4). The wave exposed side of the submerged fossil reef
terrace of Myora Reef developed during the latter episode of
MB reef development, roughly 1,000 years ago (Supplementary
Figure 1). This submerged fossil reef terrace revealed several
meters of linear reef growth from 4 m depth to the edge
of the reef flat at ∼ 2 m depth, averaging between 5.1
and 8.6 mm yr−1 (Figure 3D). Between 4 and 8 m depth,
however, pronounced age reversals indicates progradation of
the reef slope from detrital accumulation of reef material
(Supplementary Figure 1). U-Th dating of dead corals on the
Myora modern reef flat showed a bi-modal age distribution,
indicative of pronounced time averaging. The earliest dates
occurred roughly 1,600 years ago, whereas the most recent
dates occurred roughly 21 years ago (Supplementary Figure 1 –
top row).

Fossil coral community composition

Within each reef the taxonomic composition of coral
assemblages was similar over Holocene time. Ten of the 13
reef sediment cores in this study contained greater than 90%
Acropora by relative abundance. The coral composition of the
three reef slope cores and submerged fossil reef terrace at
Myora Reef was 100% arborescent Acropora (Figure 4 and

Supplementary Tables 5, 6). Two of the three cores from
Wellington Point contained a mixed coral assemblage, one
each from the reef flat (W0a) and reef slope (W2b), with
Acropora, Dipsastraea (formerly Favia) and Goniopora in similar
proportions (Figure 4 and Supplementary Tables 5, 6). During
periods of reef growth, which equated to roughly 50% of the time
during the past 7,400 years, conditions in MB were conducive
for Acropora corals.

Modern coral community composition

Wellington Point had a modern community composition
comprised of corals mostly from the Merulinidae family and a
lack of Acropora (Figure 5A). Peel Island had a similar modern
community composition, but with scattered Acropora corals
persisting (Figure 5B), particularly on the northeastern edge of
the island. Myora Reef differs in that the modern assemblage
is dominated by Acropora corals (Figure 5C). The relative
percentage of live coral in the overall benthic composition
followed an inshore to offshore gradient, with 1.8 ± 0.8%
(mean ± SD) at Wellington Point, 13.5 ± 8.3% at Peel Island
and 34.9± 11.7% at Myora Reef (Supplementary Figure 2).

Assessing the magnitude of coral
community change

To assess the temporal and spatial extent of coral
community variability, we compared the fossil coral assemblages
from the three sites with their respective contemporary
counterparts. Wellington Point, the site closest to shore, had a
modern community composition that was significantly different
from its fossil assemblage, which was characterized by mixed
Acroporidae and Merulinidae corals (Figure 6; PERMANOVA,
F = 3.75, P = 0.036; Table 1). The modern and fossil coral
assemblages were significantly different at Peel Island (Figure 6;
PERMANOVA, F = 8.68, P = 0.01; Table 1). Myora Reef
differs in that there is no significant difference between the fossil
and modern assemblages (Figure 6; PERMANOVA, F = 2.66,
P= 0.1; Table 1), with both assemblages dominated by Acropora
corals. Tests for dispersion revealed heterogeneity of variance
across sites (P < 0.05); thus, significant differences among
groups from the PERMANOVA results should be interpreted
with caution. However, clear compositional differences between
fossil and modern assemblages within and between sites
is supported by relative abundance scatterplots of coral
composition (Figure 5) and the clustering of modern and
fossil coral assemblages within and among sites in the nMDS
ordination (Figure 6). Within the nMDS the fossil assemblages
are strikingly consistent in space (i.e., they are constrained),
whereas the modern assemblages are dispersed. This most likely
does not represent an increase in diversity through time, but
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FIGURE 4

Percent contribution of coral genera from the fossil assemblages per reef sediment core and the submerged fossil reef terrace of Myora Reef.
U-series radiometric ages are reported per core and terrace as Calendar year (AD) ± 2SD error. Note differences in y-axis scales among cores;
these were adjusted to accommodate the longest core from each site. Fossil coral assemblages are plotted per interval accretion rate as per
Supplementary Table 4.

FIGURE 5

Relative abundance (percent ± SE) for most common coral genera from: (A) Wellington Point, (B) Peel Island, and (C) Myora Reef in modern
versus fossil assemblages from Moreton Bay. Each symbol represents pooled transects or cores from each site. Diagonal line represents equal
contribution for modern versus fossil assemblages.

more likely an artifact of different sampling methods between
the fossil and modern assemblages. Dispersion in fossil and
modern assemblages through time is similar at Wellington
Point but varies substantially within Peel Island and Myora
Reef. The fossil assemblages are remarkably consistent through
time (i.e., Acropora dominated). The modern assemblages show
a clear water quality gradient, where Wellington Point and
Peel Island modern assemblages are dominated by more stress
tolerant genera (i.e., Dipsastraea, Acanthastrea, Goniastrea,
and Cyphastrea), whereas Myora Reef modern assemblages
are dominated by Acropora. Lastly, the modern assemblages
are very different than the fossil assemblages at all sites

apart from Myora Reef, where there is overlap between both
assemblages (Figure 6).

Discussion

Historical studies are vital to conceptualize rates and
magnitude of ecosystem change. Resource management is often
predicated on decision making derived from already highly
altered ecosystems over short time periods, while natural
systems change and evolve across multiple timescales. Long-
term studies reconstruct a baseline of past environments
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FIGURE 6

Non-metric multi-dimensional scaling (nMDS) ordinations of community composition among modern and fossil coral assemblages from all
three sites using relative abundance data, to infer historical variation for reefs in Moreton Bay. Each symbol represents either the modern or
fossil assemblage per site. Overlaid vectors are the weighted contribution of each genera’s relative abundance and are only shown for the
genera with a significant contribution (p < 0.05) to the dissimilarities between fossil and modern assemblages among sites. Black outline
represents total hull space. Gray shading represents total hull volume for both the fossil and modern coral assemblages per site.

TABLE 1 Permutational analysis of variance (PERMANOVA) for the coral composition among sites, between modern and fossil assemblages, and
between assemblages among sites from Moreton Bay, including post hoc pairwise comparisons between coral modern and fossil
assemblages within sites.

Coral community composition comparison Posthoc pairwise PERMANOVA

DF Sum of squares R2 F Pr (>F) F value P-value

Site 2 2.07 0.245 7.37 0.001 Myora M – Myora F 2.66 0.1

Modern vs. Fossil 1 1.39 0.164 9.89 0.001 Peel M – Peel F 8.68 0.01

Site X Modern vs. Fossil 2 1.04 0.123 3.71 0.005 Wellington M –Wellington F 3.75 0.036

Residual 28 3.93 0.466

Total 33 8.43 1

Significant values are in bold (M =modern, F = fossil).

that can be compared with modern environmental conditions
and biotic composition (Knowlton and Jackson, 2008). By
doing so, the relative abundance of key species can be
identified as indicators of impending change and/or help
understand resource management success. Historical datasets
have shown remarkable fidelity among coral life, death, and
fossil assemblages from both the Caribbean (Greenstein et al.,
1996; Greenstein and Pandolfi, 1997; Pandolfi and Greenstein,
1997) and Indo-Pacific (Pandolfi and Minchin, 1995), this is
especially true for dominant taxa such as, Acropora. Thus,
conservation-minded palaeoecological studies are especially
vital for coral reefs, as these systems are experiencing a dramatic
loss of hard coral abundance and habitat structure from a
myriad of local and global anthropogenic and climatic factors
(Bellwood et al., 2004; Bruno and Selig, 2007; Heron et al., 2016),
and of increasing concern is the urbanization of coastal wetlands
fringing coral reefs. Yet, most studies of coral-related ecosystem
change occur within the tropics, and generally lack assessments

of long term temporal dynamics. This study revealed the
magnitude of coral community change within an urbanized
high-latitude setting, allowing for predictions of how MB coral
communities may respond to future warming and urbanization.

Holocene reef growth and coral
composition in a high-latitude coral
habitat

The coral reefs of MB grew episodically during the late
Holocene in three discrete periods separated by ∼1,000-
year intervals, during which conditions in the bay were not
conducive for reef accretion (Leonard et al., 2013; Lybolt
and Pandolfi, 2019; Pandolfi et al., 2019). Patterns of reef
growth derived from the fossil assemblages largely corroborate
a previous study using surficial death assemblages (Lybolt et al.,
2011). However, Lybolt et al. (2011) found a fourth episode of
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coral and reef growth occurring from 400 years BP to present.
This contrasting pattern is likely the result of focused age-dating
of surficial death assemblages that represented the youngest
available coral communities inhabiting the Bay. Regardless,
Lybolt et al.’s (2011) first three episodes of coral growth
largely overlap with our three episodes of reef growth. Similar
patterns of episodic high-latitude Holocene reef growth has
occurred within the northern Caribbean (26oN; Toth et al.,
2021), northern South China Sea (22oN; Yan et al., 2019) and
southern Great Barrier Reef (GBR; 26–27oS; Smithers et al.,
2006; Perry and Smithers, 2011; Leonard et al., 2013, 2016).
Episodic Holocene reef initiation and termination (i.e., hiatuses)
suggests strong environmental controls over reef development
(reviewed in Donders et al., 2007; Sloss et al., 2007; Lewis et al.,
2008, 2012; Perry and Smithers, 2011; Leonard et al., 2013,
2016).

The earliest episode of MB reef growth occurred during the
mid-Holocene from ∼8–6 ka. During this time period, Sr/Ca
analysis of Holocene corals from the western Pacific revealed
mean annual high temperature anomalies upwards of∼0.5–3◦C
(Sadler et al., 2016). Global trends in sea surface temperature
anomalies echo this pattern (Figure 7; Rosenthal et al., 2022).
Sedimentation to nearshore reefs, as evidenced from a study
on the Great Barrier Reef lagoon, was an estimated 40% less
than today because of enhanced vegetation, which reduced
erosion (Neil, 1998, Neil, 2002). Specific to MB, this period of
reef growth occurred when sea level was an estimated 1.1 m
above modern lowest astronomical tide (LAT; Lewis et al.,
2008; Leonard et al., 2013). Paleo-ENSO records of the central
and western Pacific also revealed strong reductions in ENSO
variance (Cobb et al., 2013; Grothe et al., 2019), with some
datasets suggesting this period of reduced ENSO instability
lasted from∼5–7 ka (White et al., 2018). This period of climatic
stability, termed the Holocene climatic optimum (HCO), is a
time when prolific reef growth occurred within MB and other
high-latitude locations (Lybolt et al., 2011; Yan et al., 2019).

Abruptly at 5 ka conditions changed, and the western Pacific
became cooler, with cycles of extreme flood and drought (Neil,
1998; Donders et al., 2007; Rosenthal et al., 2022), which may
have played a role in reduced accretion. This climatic change
caused erosion and sedimentation rates to nearly double that
of the HCO (Neil et al., 2002; Perry and Smithers, 2011).
Oscillations in relative sea level (RSL) during this time period
may have also led to reduced reef accretion (turn-off), followed
by significant hiatuses in reef growth that lasted for nearly two
millennia (Sloss et al., 2007; Leonard et al., 2013, 2016). Then
a resurgence of high-latitude reefs occurred ∼2 ka, despite a
significant increase in El Niño events and ENSO instability
(Figure 7; Moy et al., 2002; Donders et al., 2007; Grothe et al.,
2019). Our U-series dating from MB and other studies from
parts of the southern GBR (Leonard et al., 2013, 2020), suggest
reef growth halted roughly 300–400 years ago. This modern
hiatus is in contrast to the Lybolt et al. (2011) study, which

identified an additional, more recent episode of MB reef growth
from surficial death assemblages from 400 years BP to present.
Their four episodes of coral growth occurred in progressively
deeper water over time, with the upper depth range of earlier
episodes in the intertidal, while the last two episodes did not
leave deposits in the upper subtidal zone (Figure 4 in Lybolt
et al., 2011). Overall, a key consideration from their surficial
death assemblages and our sediment cores is that while there is
a history of intertidal accretion in the bay, this zone is no longer
suitable for coral substrate. Thus, Holocene reef development
is linked to natural geomorphological responses to vertical
accommodation space (i.e., reefs growing to sea-level, as in
Leonard et al., 2013, 2020) and climatic regimes (i.e., ENSO, as
in Perry and Smithers, 2011).

During episodes of reef growth, rates of MB reef accretion
were similar to those that characterize nearshore fringing reefs
on the northern and southern GBR (Perry and Smithers, 2011;
Roff et al., 2015; Leonard et al., 2018, 2020). During the mid-
Holocene climatic and environmental optimum along eastern
Australia, minimal latitudinal disparity in net accretion rates
occurred between tropical and high-latitude reef habitats (Perry
and Smithers, 2011; Leonard et al., 2013). Each episode of reef
growth occurred during different climatic regimes and sea levels
(Leonard et al., 2013; reviewed in Lybolt and Pandolfi, 2019),
so differences in coral composition might be expected among
Holocene episodes of reef growth. Instead, within each site there
were few changes in coral assemblages over Holocene time.
During periods of reef growth, which equated to roughly 50%
of the time during the past 7,400 years (Lybolt et al., 2011),
conditions in MB were conducive for Acropora corals.

Modern change in coral assemblages
within an urbanized high-latitude reef
habitat

U-Th dating of modern coral death assemblages revealed
a transition in community composition of MB reefs (Lybolt
et al., 2011), and temporally bracketed this change between 165
and 52 years ago (1852 to 1956 AD), coincident with European
settlement that increased land-use changes and amplified
sediment and nutrient runoff along the entire Queensland
coastline (reviewed in Lybolt et al., 2011; Lybolt and Pandolfi,
2019; Lewis et al., 2021). Modification and urbanization of
the local bay catchments potentially enhanced erosion by 2–10
times as compared to pre-colonization levels (Neil et al., 2002).
This erosion was further amplified due to direct harvest of MB
corals for use as building materials, a practice continued into
the late 1990’s (Neil, 1998). Such coastal modification inhibited
reef building Acropora corals from persisting on many reefs in
MB and facilitated a shift to more stress- tolerant corals, such
as Dipsastraea, Goniastrea and, Goniopora (Johnson and Neil,
1998; Fellegara and Harrison, 2008; Pandolfi et al., 2019).
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FIGURE 7

Composite representation of selected environmental variables from eastern Australia and the greater Pacific Ocean during the past ∼
7,000 years. Sea level curves of Sloss et al. (2007) and Lewis et al. (2008) were re-scaled to the same elevation datum. Holocene reconstruction
of surface water temperature anomalies from Rosenthal et al. (2022) are a global average. ENSO frequency record of Moy et al. (2002) was
recorded from sediments from southern Ecuador.

While Holocene to modern shifts in coral community
composition characterized reef communities on the near-river
western edge (Wellington Point) and central portion (Peel
Island) of MB, the fossil assemblage at Wellington Point had
a high abundance of non-acroporids, so the modern shift
away from Acropora here is not entirely unprecedented. In
contrast, we found that over thousands of years, the Myora
coral assemblage of the near-oceanic eastern edge of the bay
was dominated by Acropora corals, and this trend continues for
modern coral assemblages. Myora has been previously singled
out as the bay’s last vestige of an Acropora dominated modern
community (Johnson and Neil, 1998), containing several unique
Acropora species not found elsewhere in the bay (A. hyacinthus,
A. latistella, A. loripes, A. valida, and A. verweyi; Fellegara and
Harrison, 2008; Wallace et al., 2009). A similar gradient of
coral community composition in relation to distance from shore
was revealed for the turbid high-latitude reefs of Hervey Bay,
roughly 200 km north of MB (Sommer et al., 2021), where
water quality varies spatially with distance from shore and river
mouths, and urban development (Butler et al., 2015). Coastal
development is a critical issue for coral reefs; for example, coastal
development has led to an 80% decline in coastal fringing reefs

in the South China Sea over the past 30 years (Zhao et al., 2012).
However, high turbidity can confer resilience to thermal stress,
even in urbanized environments (Guest et al., 2016). Thus, high
turbidity and urbanization may not always be detrimental for
reef growth. Although poor water quality due to urbanization
has been shown to generally degrade inshore high-latitude reefs
similarly to the tropics, resulting in a dominance of domed
coral growth forms, declines in branching corals, decline in
bathymetric range of corals, and an inshore to offshore gradient
in coral cover and condition (as reviewed in Fabricius, 2005;
Heery et al., 2018; Zweifler et al., 2021).

Of the three sites investigated, Myora Reef is furthest from
the Brisbane River and least impacted by the urbanization
of coastal catchments, presumably benefiting from far less
freshwater discharge and resultant turbidity. These abiotic
differences could explain why Myora still maintains high
Acropora cover leading to the marked difference in biotic
composition (i.e., coral cover and community composition). In
addition, Myora lies directly within the path of an oceanic inlet
(i.e., the Rainbow Channel). This channel enters the bay through
the south passage (Figure 1; an entrance between Moreton
Island and North Stradbroke Island to the Pacific Ocean) and
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brings with it a continual influx of oceanic water, and thus
flushes Myora on a semi-diurnal tidal pattern. This creates
both clearer water and perhaps produces a greater tidal flow,
which potentially reduces the accumulation of harmful reactive
oxygen species and thermal stress (Page et al., 2019). Notably,
Myora Reef is not the only location in the bay that contains
relatively high abundance of Acropora (e.g., Goat Island, and the
northeastern edge of Peel Island). However, the latter two reefs
do not have the same diversity of Acroporids as Myora Reef.
Regardless, these other two reefs are within 1–2 kms of Myora
and also within the outflow of the Rainbow channel. Their
geographical position on the eastern edge of the bay further
reinforces the notion of a water quality gradient driving modern
coral distributions.

Resource management implications

Approaches that quantify historical variability are
particularly valuable for coral reef ecosystems, as reefs change
slowly on human timescales, and because their complexity often
requires decades or centuries of observation to elucidate the
relevant driver–response relationships (Hughes and Connell,
1999; Pandolfi et al., 2003). For the near river portion of the Bay,
Wellington Point, the implications of mixed coral assemblages
during the Holocene suggests that turbidity may have begun
influencing this inshore site long before urbanization, although,
urbanization may have made it worse and led to the extirpation
of Acropora in the modern era. In the context of coral-reef
management, it seems likely Acropora dominance might not
be a realistic expectation of successful management at this site.
However, for MB as a whole, most Holocene coral communities
were dominated by Acropora during periods of episodic reef
growth over the past 7,400 years. As with other high-latitude
and urban regions (e.g., Heery et al., 2018), increased sediment
and nutrient runoff from anthropogenic land-use changes
drove the modern decline of Acropora- dominated reefs of MB
(Lybolt et al., 2011; Butler et al., 2015; Sommer et al., 2021).
The scale of Acropora-dominated benthic community structure
so typical of the history of MB benthic habitats is now greatly
reduced, giving resource managers essential context from which
to measure success in their efforts to improve water quality. As
water quality improves, benthic community structure should
accommodate a greater component of branching Acropora
corals over an increasing number of sites. That is, unless there
are other problems that also suppress Acropora recovery such as
thermal stress events and/or recruitment failure.

Under future projections for increasing atmospheric CO2,
increases in SST will result in most low latitude tropical
coral reefs (15◦N – 15◦S) exceeding their thermal tolerance
limits by the mid-late 21st century (Heron et al., 2016; Camp
et al., 2018). Thus, cooler high-latitude reefs may represent
a critical refuge for coral reefs under future climate change

(Greenstein and Pandolfi, 2008; Beger et al., 2014; Bridge et al.,
2014; Kim et al., 2019). Although high latitude localities will
likely vary geographically in their response to future climate
change (e.g., Florida Toth et al., 2021), there is evidence that
high-latitude reefs may still function into the future, given that
MB and other high-latitude regions experienced reef growth
during the mid-Holocene (∼6–7 ka; Smithers et al., 2006;
Perry and Smithers, 2011; Lybolt et al., 2011) when sea surface
temperatures were as high as 0.5–1◦C warmer than today (Sadler
et al., 2016; Rosenthal et al., 2022), and during periods of
fluctuating sea level (Sloss et al., 2007; Lewis et al., 2008).
Such fluctuations in sea level warrant consideration from a
management perspective, since both our study and that of Lybolt
et al. (2011) found the subtidal zone not suitable for coral
growth. This limitation may change in the future with rising
sea levels enabling expansion of the area in which corals in the
bay can grow. On a site specific level, the millennial stability
in coral community composition (Figure 4), amid European
colonization and recent recurrent thermal stress, points to
the resilience of Myora Reef and its potential for continued
Acropora growth, which might be important for maintaining
local sources of larvae and providing habitat complexity for use
by other ecologically important reef species in MB. However,
we have shown that, as a whole, Moreton Bay’s potential to
act as a coral refuge for neighboring coral populations, such
as the GBR, may be limited. The Bay was only conducive for
Acropora growth roughly 50% of the time in the last 7,400 years
and roughly 150 years ago it only took ∼20k European settlers
to affect water quality to a point where coral communities
were negatively affected (Neil, 1998; Lybolt et al., 2011), albeit
this impact was unprecedented in scale due to unregulated
land clearing for grazing. Thus, on a larger than MB scale,
management approaches must deal with uncertainty in regard
to the degree to which this subtropical setting might harbor
suitable habitat for coral species migrating from more northern
regions as climate change continues to unfold.

Global stressors such as climate change are difficult to
regulate or control without global effort but mitigating local-
scale stressors of water quality can have substantial effects
upon recovery of coral reefs. The Brisbane catchment now
hosts more than 2 million people; however, recent research
shows that water quality in the western MB has improved
significantly since the 1970s, due to increased coastal catchment
management (Narayan, 2011). If conditions for reef growth are
to continue to improve, especially within the western and central
portions of the bay, further sediment and nutrient runoff from
anthropogenic land-use changes need to be mitigated. Natural
resource management plans can use increases in the abundance
of Acropora as a historically relevant indicator species of
reduced anthropogenic impact. Measuring the recovery success
of Acropora is easy within MB since the genus is so uncommon
and simple presence-absence surveys are likely to indicate
meaningful changes.
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