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Global sea-level rise (SLR) is projected to increase water depths above coral
reefs. Although the impacts of climate disturbance events on coral cover and
three-dimensional complexity are well documented, knowledge of how
higher sea levels will influence future reef habitat extent and bioconstruction
is limited. Here, we use 31 reef cores, coupled with detailed benthic
ecological data, from turbid reefs on the central Great Barrier Reef, Australia,
to model broad-scale changes in reef habitat following adjustments to reef
geomorphology under different SLR scenarios. Model outputs show that
modest increases in relative water depth above reefs (Representative Concen-
tration Pathway (RCP) 4.5) over the next 100 years will increase the spatial
extent of habitats with low coral cover and generic diversity. More severe
SLR (RCP8.5) will completely submerge reef flats and move reef slope
coral communities below the euphotic depth, despite the high vertical
accretion rates that characterize these reefs. Our findings suggest adverse
future trajectories associated with high emission climate scenarios which
could threaten turbid reefs globally and their capacity to act as coral refugia
from climate change.

1. Introduction
Coral reefs have undergone major declines in coral cover and biodiversity over
recent decades [1,2]. Local pressures associated with resource over-exploitation
and declining water quality have driven ecological changes on reefs [3]. How-
ever, these stressors are compounded by increasingly frequent and widespread
thermal coral bleaching events that are the result of global climate change [4].
Such large-scale disturbances have significantly reduced reef-building coral
taxa at many locations [5]. Potential impacts include lower rates of reef
carbonate production [6], diminished vertical reef growth capacity [7] and a
progressive flattening of three-dimensional (3D) reef structure as coral popu-
lations have transitioned to lower profile stress-tolerant communities [8]. The
negative consequences of these changes for marine biodiversity and the
geomorphological functions of coral reefs are of growing concern [9,10].
While we have a good understanding of the magnitude and drivers of ecologi-
cal decline on reefs, a fundamental question remains: how will the spatial extent
of reef habitat, that influence the physical functional role of reefs, change as
global sea levels rise? This is not an easy question to address. Firstly, because
for many reefs, the past is a very poor proxy for the present (and the future)
as species compositions on reefs are often highly modified [9,11]. Secondly,
there are very few sites where sufficient spatial knowledge of past reef accretion
rates and associated changes in historical coral communities are available to
inform models of future reef growth.
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Here, we address this knowledge gap using an unprece-
dented dataset of reef cores (31 cores from seven proximal
reefs) and reef benthic cover data collected from nearshore
turbid reefs on the central Great Barrier Reef (GBR), Austra-
lia, to project future changes in reef morphology and
habitat extent under different sea-level rise (SLR) scenarios.
This is possible because recent work on these reefs has
shown: (i) the long-term (centennial to millennial timescale)
persistence of coral communities under high terrestrial sedi-
mentation [12,13]; (ii) a very strong correlation between past
and present coral assemblages [14,15]; and (iii) a similarly
strong correlation between depth-controlled habitats and
their vertical accretion rates [16]. The relationship between
habitat type and the relative water level above reefs results
from the rapidly changing light, wave and sedimentary con-
ditions within coastal areas of the GBR [17] that may also
provide turbid corals with a greater resistance to thermal
bleaching [18]. The continued growth of reef-building corals
from past through to present-day reefscapes in the absence
of major disturbance (e.g. coral bleaching), and the consistent
nature of reef accretion rates associated with depth-
constrained habitat zones, provides a unique opportunity to
model future reef behaviour and change.

Prior knowledge of the spatio-temporal dynamics of
turbid reefs is applied here to construct a depth/habitat-
controlled predictive reef growth model. The model allows
for reef growth to be simulated, beginning from the pre-
sent-day morphology, through time under different
scenarios of SLR. Model outputs are used to quantify changes
in habitat extent following adjustments of the underlying reef
morphology as it grows vertically. Based on detailed spatial
data on the living coral communities, we can then infer
changes in key ecological metrics (e.g. coral cover, coral com-
position, reef rugosity). Reverse-time model runs also allow
us to validate outputs against observed age/depth histories
from reef cores, giving new broad-scale insights into the
early onset of turbid reefs and their coral communities. Our
results show the long-term ecological dynamics of turbid
reefs and provide robust projections of future reef trajectories.
This is important because turbid reefs have been identified as
potential climate change refugia for corals [18–20], and as
projections suggest increasingly frequent thermal disturb-
ances on tropical reefs [21,22], it is critical to evaluate how
habitats may change in response to reef geomorphological
development and to sea-level changes.
2. Material and methods
(a) Site description
ThePalumaShoals reef complex (PSRC) is located less than 3 kmoff
the Queensland coast within Halifax Bay (19.1145° S, 146.5497°W)
on the central GBR, Australia (electronic supplementary material,
figure S1). PSRC is a series of linear shore-perpendicular coral
reefs comprising: (i) shore-attached reefs (Paluma Shoals (PS))
locatedwithin shallowerwater (less than 4 mdepth) and adjoining
intertidal sand flats at the coast. The reefs have recently reached
sea level and become emergent under low tidal conditions
(+0.5 m above lowest astronomical tide; LAT); and (ii) shore-
detached reefs (Offshore Paluma Shoals (OPS) A–D) which
remain submerged in deeper water further offshore (3–6 m LAT).
PSRC experiences high turbidity (up to 385 mg l−1) and low-
light conditions because of the wave and tidal resuspension
(tidal range: 3.6 m) of fine seafloor material that was reworked
onshore during the last post-glacial transgression [12]. Light
attenuation (97% reduction by 4 m LAT) drives rapid shifts in
coral assemblages over vertically compressed depth ranges and
restricts coral growth to approximately 4 m below LAT [15].

(b) Field data collection
To inform our model, we collected field data on the spatial
distribution of coral communities, the morphology of present-
day reefs and their Holocene growth histories [14–16]. The
broad extent of reefs was established from Landsat imagery
and acoustic seafloor surveys of the area. A single-beam echo
sounder (Ceeducer Ceestar 200 kHz) coupled with a real-time
kinematic global positioning system (RTK-GPS) was used to
obtain a high-precision digital elevation model (DEM) of the
seafloor and reef morphology. Benthic ecological surveys were
conducted (July 2013, 2014 and 2016) across the seafloor using
a boat-towed drop-down video system (SeaViewer with Sea-
Track™ GPS overlay). The camera was towed approximately
1 m above the seafloor from which digitally geo-referenced still
frames (n = 4420) were automatically extracted from the video
at 8 s intervals. Each frame was depth-calibrated using the
DEM and a digital 9-point grid overlay was added to frames to
calculate benthic community composition (%) and make a quali-
tative estimate (scaled 1–5) of reef rugosity (R) [15]. The depth
ranges of dominant coral genera and key habitat types were
then established (H1: Goniastrea reef flat (>LAT); H2: rubble
and encrusting coral (0–0.5 m); H3: Montipora and Acropora
framework (0.5–1.5 m); H4: massive Porites and sand (1.5–2 m);
H5: Turbinaria carpets (2–3 m); H6: rubble and sediment-tolerant
coral (3–4 m); H7: sand/mud (greater than 4 m)).

To constrain rates of vertical accretion in our model, we
used data from previously published core records (16 reef cores
from submerged OPS–OPSD and 15 cores from the sea-level
attained PS) collected using percussion coring techniques
[16,23,24]. This method allows for 100% recovery of undisturbed
coral framework and sediment matrix. Each core terminated in
pre-reefal substrate at their base. In situ coral material was
selected for radiocarbon dating (142 radiometric dates from 31
cores) to establish the age and accretionary history of reefs.
Rates of vertical reef accretion (mm yr−1) were calculated
between consecutive dated corals in the core, and then pooled
to determine average rates of vertical reef accretion for each
0.5 m depth interval relative to the LAT (electronic supple-
mentary material, table S1). Palaeoecological analysis of
coral material shows a direct comparison between living and
historical coral communities within similar depth ranges [14],
and that observed average rates of vertical reef accretion
closely align with these shifts in coral assemblages as the reefs
shallow [16].

(c) Model description
The DEM of seafloor and reef morphology (total area: 15 km2;
10 × 10 m grid cells) was used to model past and future reef
growth (±500 years) and to quantify habitat extent. We first
assigned each grid cell a label corresponding to the absence or
presence of reef (P ∈ {0,1}). A small number of grid cells exceeded
0.5 m LAT (i.e. above sea level) and below the 4 m LAT depth
contour (limit of coral growth). For simplicity, we forced all
grid cell heights into −4.0 to +0.5 m depth/elevation. The thick-
ness of Holocene reef (i.e. vertical distance from the reef surface
to the underlying sediment) was determined as the termination
point at which reverse-time extrapolations should cease. This
could not be precisely constrained across the entire complex
from cores, but was predicted from measured depths of inter-
reefal seafloor areas. We estimate seafloor depth using distance
weighted k-nearest neighbour interpolation. At T = 0, for every
reef site, (X,Y ), we identify the k closest non-reef sites, c, and
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Figure 1. Per cent (%) of remaining reef area as reef morphology is mod-
elled backwards from present day to reef initiation (i.e. start-up). Model
simulations assume no sea-level change and constant (but depth-variable)
reef accretion rates. Lines represent the min/max estimated change from a
95% confidence window using 100 bootstrap samples calculated for different
seafloor extrapolations (see Material and methods). Colours indicate the reefs
that form the PSRC (PS, OPS A–D). (Online version in colour.)
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their distances from the target site, D(c). We then estimate the
seafloor depth at (X,Y ) as

s(X,Y) ¼
Pk

c wc d(Xc,Yc,0)
Pk

c wc
, ð2:1Þ

where wc ¼ 1=DC. This approach makes nearby sites more
important and a larger k will lead to smoother interpolation. In
our backwards extrapolation, we use a range of k values: (1, 4,
10, 20, 50, 100, 250) to account for different possible seafloors
and give our final error estimate based on the range of values
produced across all extrapolations.

(d) Estimating vertical and lateral reef growth
To calculate vertical reef growth and estimated error ΔRate, we
used depth-variable accretion rates at 0.5 m intervals derived
from cores (ranging from 1.4 ± 1.1 to 6.9 ± 9.4 mm yr−1) (electronic
supplementary material, table S1). We use the symbol d(X,Y,T ) for
depth in year T. T = 0 corresponds to present day (2016) and thus
d(X,Y,0) =Z. We then extrapolate backwards (equation (2.2))
assuming a static sea level as suggested by Late Holocene sea-level
data for the region [25], or forwards (equation (2.3)), by subtracting
or adding a growth term g(d(X,Y,T )). This term uses established
annual reef accretion rates g(d) and the depth d(X,Y,T ) of each
grid cell containing coral at year T. We assume that if water
depth over a cell is greater than 0.5 m elevation (emergent) or
greater than 4.0 m depth (below the euphotic depth), corals will
not grow: g(d) = 0 for d > 4 m or d < 0.5 m:

d(X,Y,T þ 1) ¼ d(X,Y,T)þ g(d(X,Y,T)) ð2:2Þ
and

d(X,Y,T � 1) ¼ d(X,Y,T)� g(d(X,Y,T)): ð2:3Þ

To account for uncertainty in reef growth rates, we use a
bootstrap procedure. First, we assume the amount of vertical
accretion at every grid cell is independent of every other. For
each bootstrap sample, we choose the accretion rate at depth d
from a Gaussian distribution with mean and standard deviation
given by the appropriate row (electronic supplementary material,
table S1). We then run the whole extrapolation B = 100 times to
produce a range of different outputs and calculate the average
and the 95% confidence interval of our measurements.

To model lateral reef growth, we use a lateral expansion rate
(L = 0.25 m yr−1) calculated from the average age difference
between consecutive reef cores at the same horizontal distance
on a transect, and the horizontal distance between these cores
[23]. We assume uniform expansion with depth, andmodel lateral
reef expansion as follows: p = L/s, where s is the side length of a
grid cell, then p is the proportion by which the reef grid cell
expands each year into a neighbouring non-reef grid cell (indepen-
dent of adjacent cell depth). This is applied to all grid cells which
do not yet contain reef but have neighbouring cells that do contain
reef. For each of these (where R(T ) = 0 initially), we accumulate

R(T þ 1) ¼ R(T)þ p(d(1,R(X þ 1,Y))þ d(1,R(X � 1,Y))
þd(1,R(X,Yþ 1))þ d(1,R(X,Y� 1))), ð2:4Þ

where δ is the Kronecker delta: δ(i,j) = 1 if i = j; otherwise, it is zero.
This means we add a fraction p, from neighbouring reef cells to the
tally for its neighbouring non-reef cells.WhenR≥ 1, the reef has cov-
ered the entire cell, andwe stop the accumulation and allow the new
reef cell to growverticallyat thedesignateddepth-assigned accretion
rate (i.e. vertical accretion only beginsonce the cell is filled), aswell as
contribute to reef expansion into neighbouring cells.

(e) Calculating sea-level change and habitat extent
We then incorporated rates of SLR (r) projected by Intergovern-
mental Panel on Climate Change Representative Concentration
Pathways (RCP) 4.5 (5.5 mm yr−1) and 8.5 (7.5 mm yr−1) climate
change scenarios [21]. We replace equation (2.2) with a modified
form, equation (2.5), in which the value of r is subtracted from
the heights of all grid cells each year (after accounting for vertical
reef growth):

d(X,Y,T þ 1) ¼ d(X,Y,T)þ g(d(X,Y,T))� r: ð2:5Þ

Reef habitat extent was interpolated from modelled seafloor
and reef morphology (forwards and backwards) at 100-year
time-slices. Habitat maps were generated for each time period by
allocating each grid cell a specific habitat type (H1–H7) based on
the elevation/depth of that cell relative to LAT (electronic sup-
plementary material, table S2), and established habitat depth
ranges observed in both living and palaeo-coral communities.
Total habitat extent was tallied across the reef surface and the
relative cover of habitats through timewas determined by calculat-
ing the number of grid cells of each habitat compared to all reef
grid cells. Estimates of coral cover, coral composition and reef
rugosity associated with each habitat type are inferred from eco-
logical datasets of living coral communities at PSRC (electronic
supplementary material, table S2).
3. Results
(a) Model validation using reef cores
To test the model reliability, themodel was first run backwards
from present day until all reef cells were removed. By shrinking
the reefs backwards, the model indicates that the main reef
complexes started growing approximately 1200–700 years
before present day (yrs BP) (figure 1). The modelled
timings of reef initiation align with the reef-building phases
discerned from the basal ages in cores at these sites (approx.
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1400–700 yrs BP) [16]. There are several smaller reef structures
evident in our bathymetry and ecological datasets. We do
not have core data from these to test the model against, but
assuming they have had similar growth histories to the more
established main reefs, our model suggests these would have
established somewhere between 600 and 200 yrs BP (figure 1).
The agreement between model and core datasets suggests that
core-derived accretion rates can be successfully used to predict
past reef growth, giving confidence in using them to predict
future morphological development over similar timescales
and environmental conditions.

(b) Modelled phases of past reef development and
habitat extent

Core records suggest that by 500 yrs BP, reefs comprising
sediment-tolerant coral genera (e.g. Lobophyllia, Goniopora,
Galaxea) had initiated early framework accumulation that
accreted slowly (2.4 mm yr−1) for several hundred years [16].
By approximately 200 yrs BP, reefs transitioned to rapid rates
of vertical reef growth (5.1 ± 4 to 6.9 ± 9.4 mm yr−1) as they
reached water depths between 1.5 and 3.5 m, and fast-growing
coral taxa (e.g. foliose Montipora and Turbinaria, branching
Acropora) became more abundant [14,16]. Shore-attached
reefs (e.g. PS) located within shallower water (less than 4 m
depth) reached sea level less than 300 yrs BP, with reduced
rates of vertical reef accretion (1.4 mm yr−1) as coral commu-
nities shifted to lower abundance of slow-growing and
exposure-tolerant taxa (e.g. Galaxea, Goniastrea) [16].

Our model shows highly consistent spatial patterns with
the above core-derived time points as reefs are grown from
initiation to the present day. The model shows that early
reef growth (at 500 yrs BP) begins with isolated patch reefs
(total reef area: 53 ha; figure 2). Habitat maps derived from
the reef morphology indicate that early reefs (3–4 m depth)
were dominated by rubble and sediment-tolerant (and poten-
tially heterotrophic) coral habitat (H6) across approximately
50–60% of the reef complex surface between 500 and
300 yrs BP (figures 3 and 4). This habitat type is associated
with coral communities defined by low coral cover (11 ±
9.9%) and low-profile framework (median rugosity (R) = 2)
(electronic supplementary material, table S2). Model outputs
then show that by 200 yrs BP, these patch reefs grew above the
seafloor (+1.5 m) and expanded their spatial footprint (total
reef area: 124 ha) (figure 2; electronic supplementary material,
table S3). The changes in reef morphology led to the expansion
of shallow-water Montipora and Acropora framework habitat
(H3: 0.5–1.5 m depth), covering 24% of the total reef area,
and deeperTurbinaria carpets habitat (H5: 2–3 mdepth), cover-
ing 34% of total reef area at present day (figures 3 and 4). Both
habitats, based on observations of living coral assemblages
(electronic supplementary material, table S2), are associated
with high coral cover and rugosity (47 ± 19%; median R = 4
and 71.9 ± 19.7%; median R = 5, respectively).

(c) Modelled projections of future change under a static
sea level

The model was parametrized with static sea-level conditions
and run forwards from the present day up to +500 years to
determine how quickly reefs would fill their vertical accommo-
dation space and form reef flats [26]. Models predict that as
reefs accrete towards sea level, the spatial extent and relative
cover of habitats will change (figures 3 and 4). The model
shows declines in Turbinaria carpets habitat (H5: 2–3 m)
to 10% of total reef area, and expansion of shallow-waterMon-
tipora andAcropora framework habitat (H3; 0.5–1.5 m depth) to
32% of total reef area by +300 years (figure 4). Coral commu-
nities associated with the Montipora and Acropora framework
habitat are characterized by high coral cover (47 ± 19%;
median R = 4) and rapid vertical accretion (3.4 mm yr−1) (elec-
tronic supplementary material, table S2). At these rates of reef
growth, reef flat habitat (H1: >LAT) will form across 25% of
reef surfaces (figures 3 and 4) between +300 and 500 years.
Shifts in coral communities associated with these changes in
habitat type suggest that coral cover on upper reef surfaces
will decline from 47% at present day to 13% by +500 years,
and transitions in benthic cover to exposure-tolerant massive
corals (Goniastrea), encrusting corals (Montipora, Galaxea),
rubble (74 ± 12.3%) and macroalgae (2.5 ± 3.9%) will occur
(electronic supplementary material, table S2). These habitat
reconfigurations will occur first on shore-attached reefs (e.g.
PS at +100 years), followed by deeper shore-detached reefs
(e.g. OPS–OPSD at +300–500 years).

(d) Influence of sea-level rise on reef morphology and
habitat extent (+100 years)

Sea level will not remain static in the future and, therefore, we
also ran the reef growth model forwards (+100 years from
present day) under average global rates of projected SLR
(figure 5). Under the moderate emission scenario of RCP4.5
(5.5 mm yr−1), a higher relative water level would mean
that on shore-attached reefs (e.g. PS), habitat will shift from
primarily Goniastrea reef flat habitat (H1) at present day to
Montipora and Acropora framework habitat (H3) by +100
years (figure 5a,b). Based on observations of living coral com-
munities, this would result in a transition to a high coral
cover and reef complexity state (40–60%; R = 3; figure 5c,d ).
Conversely, on shore-detached reefs (OPS–OPSD), higher
relative water levels will submerge reefs (figure 5b), and the
spatial extent of Montipora and Acropora framework habitat
(H3) will decline to 5% by +100 years (figure 5a). Low coral
cover and rugosity habitats (H6 and H7) will expand to
51% of the total reef area (figure 5c,d ), as deeper reef slope
coral communities (e.g. Lobophyllia, Goniopora, Galaxea)
move below the euphotic depth.

Under the high emission scenario of RCP8.5 and higher
rates of SLR (7.5 mm yr−1), the models show exaggerated
trends in habitat change (figure 5). These occur because the
rates of projected SLR under RCP8.5 exceed even the highest
rates of reef accretion that define these turbid reef complexes
(6.9 ± 9.4 mm yr−1). The model predicts the loss of Goniastrea
reef flat habitat (H1) at +100 years as present-day reef flats
are submerged (figure 5a). At shore-attached (PS) reefs, these
areas could become recolonized byMontipora andAcropora fra-
mework habitat (H3; figure 5a,b). However, higher relative
water levels (0.25 m higher than RCP4.5 at +100 years) on
shore-detached reefs (OPS–OPSD) are predicted to restrict
Montipora and Acropora framework habitat (H3) to only nodal
topographic areas. As a result, the model shows major losses
of present-day shallow-water habitat and reductions in coral
cover (to between 0 and 20%) and reef structural complexity
(R = 1–2) on upper reef surfaces by +100 years (figure 5c,d ).
Reef slope habitat (H6) will deepen to expand non-reef-build-
ing substrates (H7). Habitat maps also show the dominance
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of Turbinaria carpets (H3) as the main coral habitat on shore-
detached reefs by +100 years (figure 5a), inhabiting deep and
muddy waters (figure 5b), which comprise high coral cover
(60–80%; R = 5), but low generic diversity of only very resilient
coral taxa (electronic supplementary material, table S2).
4. Discussion
Turbid corals have been shown to exhibit: (i) a high-level
resistance to thermal stress events [18,27], (ii) morphological
plasticity that allows corals to inhabit high sedimentation
and low-light settings [28], and (iii) the ability to use hetero-
trophy to sustain their energetic requirements under
marginal conditions [29,30]. The resilience of turbid corals
to fluctuating environmental conditions has led to sugges-
tions that they may represent important refugia sites from
climate change [19], and play a critical role in maintaining
marine biodiversity in coastal areas. However, the capacity
of turbid reefs to fulfil these functions will depend on how
they evolve and respond to external forcing (e.g. SLR). Our
model suggests that SLR could result in marked changes to
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habitat extent and coral species composition. This is because
the relative water level above reefs is a key driver of benthic
habitat type within nearshore settings [15,31], as specific
coral genera are adapted to cope with varying degrees of
light, wave energy, aerial exposure and sedimentation.
As these reefs build vertically, or are increasingly submer-
ged by rising sea levels, these environmental conditions
are dramatically altered by even relatively small water
level changes.

Reef geomorphological evolution will therefore drive
natural perturbations in coral cover, species composition and
reef structural complexity as growth of the underlying structure
changes relative water depths above reefs [26]. Here, we show
that shifts in habitat extent as reefs continue to develop over
the next 100–500 years will directly impact ecosystem function-
ing by changing the abundance of coral taxa that: (i) construct
different 3D configurations on reefs (and which impact upon
biodiversity, fish biomass, etc.), (ii) modify rates of carbonate
production and reef accretion, and (iii) influence the physical
role of the reef structure in providing wave protection to
adjacent shorelines [32]. Our findings suggest that PSRC is cur-
rently experiencing optimal growth (where coral cover averages
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47%, but measures 100% over large areas) because of the high
proportion of shallow-water habitat (0.5–1.5 m depth over
24% of total reef area). However, ongoing reef accretion with
no major disturbance at these present rates (3.6 mm yr−1) will
fill vertical accommodation space within the next 500 years
under a static sea level (figure 2) leading to a progressive
‘turn-off’ of carbonate production.

The timing and extent of future reef habitat reconfigura-
tion is dependent on regional (and global) sea level. Past
large-scale perturbations in benthic communities and reef
accretion in response to relative sea-level change are widely
documented. Sea-level fall on the GBR (1–1.3 m at approx.
2000 yrs BP) during the Late Holocene have previously
caused the ‘turn-off’ of productive coral growth within shal-
low-water habitats, and a temporary hiatus of vertical reef
growth as benthic communities shifted to rubble and macro-
algal assemblages [33–35]. Conversely, emergent reef flats
lowered by seismic subsidence of approximately 0.6 m have
been successfully recolonized by coral framework [36].
These studies highlight the ecological dynamics of shallow
reef communities when observed over geomorphological
timescales, and provide justification to the types of relative
ecosystem changes that we show here. Global SLR is pro-
jected to significantly increase water levels above reefs [7],
and this will clearly influence the formation of reef flats
and resultant coral productivity, but the extent to which
external forcing drives ecological change ultimately depends
on the rates of future sea-level change on the GBR.

Our models show that moderate rates of SLR under con-
ditions where atmospheric CO2 is stabilized to around
550 ppm by 2100 (RCP4.5 = 5.5 mm yr−1) could have some
positive outcomes by increasing vertical accommodation
space and re-establishing productive coral growth on shore-
attached (e.g. PS) reef flats. However, central to whether
transitions back to high coral cover states are possible will
depend on the health of living coral populations to provide
a viable recruitment source [36], and the suitability of reef
flat substrates for new coral settlement and growth. Although
corals at PSRC are diverse and abundant [15], reef flat recolo-
nization could be hindered by abundant turf algae that can
competitively inhibit coral settlement on reefs [37], with
experimental studies documenting higher recruitment suc-
cess on substrates with low algal biomass [38]. Algal–coral
interactions are further complicated on turbid reefs by the
accumulation of turf-bound terrestrial sediment [39] that
can also reduce coral recruitment [37].

Rapid SLR under a continued high emission scenario
(RCP8.5 = 7.5 mm yr−1) could raise water levels by at least
0.5 m by 2100 to amplify the above trends, with negative
impacts on coral habitat availability (figure 5). This is concern-
ing as recent climate projections suggest higher future rates of
SLR are likely. Water depth increases above reefs create further
vertical space for coral growth, but also significantly raises the
euphotic depth (presently approx. 4 m LAT). Productive shal-
low-water coral communities may increase on shore-attached
reefs (sea-level attained) as waters deepen. However, declines
in coral diversity are predicted on shore-detached reefs (sub-
merged) as light levels diminish and benthic communities
become dominated by Turbinaria and Porites corals living in
muddy waters (figure 5). Deeper water will also restrict pro-
ductive coral habitat to small topographic high points (above
1.5 m depth), and push many coral populations (3–4 m
depth) beyond their photic limits. Losses in coral cover and
reef structural complexity will occur, but these could be
offset by new areas of coral growth as coastal areas are increas-
ingly inundated and shoreline retreat promotes changes in
nearshore bathymetry.

Although our study focuses on the PSRC (because of the
extensive and detailed ecological and geological datasets avail-
able from these sites), other nearby reefs on the GBR show
similar spatial distributions in habitat type and coral commu-
nity structure [31]. Further, a recent global analysis using
Modis-Aqua satellite imagery has suggested that approxi-
mately 12% of the world’s coral reefs exist within a
‘moderating turbidity’ range, where turbidity is sufficient to
mediate coral bleaching because of increased light attenuation
[40]. Of the reefs located within the central and northern GBR
ecoregion, 6.43% (562 km2) were considered turbid [40]. This
highlights the wider implications of our findings beyond
PSRC as we expect to see similar shifts in habitat extent and
coral cover within these other coastal areas as sea levels rise.
At an individual reef-scale, the timing and magnitude of habi-
tat reconfiguration will be determined by three interacting
factors: (i) the rate of SLR; (ii) the rate of vertical reef accretion
by coral communities; and (iii) the local turbidity regime.
Reefs that inhabit more turbid water will respond quickly
because coral depth ranges are likely to be very vertically com-
pressed. Conversely, similar increases in relative water depth
on clear-water reefs, where depth is less of a driver of commu-
nity structure, could have less immediate ecological impacts.
5. Conclusion
Previous attempts to predict future reef growth trajectories
have often been hindered by spatially limited core records,
and distinct ecological divergence between the past and
present reef communities that drive carbonate productivity
[9,10]. The predictive model presented is unencumbered by
these limitations. Our model generates assessments of reef
functionality over timescales that far exceed even the most
long-term benthic monitoring or geophysical studies. The
extended timeframe, but high spatial resolution of outputs,
from our model offers new quantitative insights into shifts
in reef habitat type to relative changes in water depth not
previously available. Results show that coral habitats are
dynamic over geomorphic timescales and the distribution
of reef habitat and coral communities is very dependent on
the ongoing evolution of reef morphology. Global SLR will
present a major threat to turbid coral populations as potential
refugia from climate change by reducing shallow-water coral
cover, reef structural complexity and coral diversity as
available light on reefs diminishes. Understanding the geo-
morphological evolution of coastal settings is, therefore,
critical for interpreting broad-scale future trends in coral
distribution and habitat availability on reefs.

Data accessibility. All field datasets are available from the NERC data-
centre: http://www.bgs.ac.uk/services/ngdc/accessions/index.
html?simpleText=Great%20Barrier%20Reef#item76769. The model
data that support the findings of this study are openly available at:
https://github.com/rudyarthur/coral.

Authors’ contributions. The study was conceived by K.M.M. and C.T.P.
Model development was undertaken by R.A. and H.T.P.W. Field-
work was conducted by K.M.M., C.T.P. and S.G.S. Data analysis
was conducted by K.M.M. The manuscript was written by K.M.M.
and C.T.P. All authors gave their approval for publication.

Competing interests. We declare we have no competing interests.

http://www.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=Great%20Barrier%20Reef%23item76769
http://www.bgs.ac.uk/services/ngdc/accessions/index.html?simpleText=Great%20Barrier%20Reef%23item76769
https://github.com/rudyarthur/coral
https://github.com/rudyarthur/coral


roy

9
Funding. Fieldworkwas conducted under GBRMPA research permit G13/
36076.1. This work was supported by a Natural Environment Research
Council (NERC) grant no. (NE/J023329/1) to C.T.P. and S.G.S., and
NERC Urgency grant no. NE/P007694/1 to C.T.P., K.M.M. and S.G.S.
Radiocarbondatingof thecoresampleswas fundedthroughNERCRadio-
carbon Dating Allocations 1727.1013 and 1838.1014 to K.M.M. and C.T.P.
alsocietypubl
References
ishing.org/journal/rspb
Proc.R.Soc.B

287:20200541
1. De’ath G, Fabricius KE, Sweatman H, Puotinen M.
2012 The 27-year decline of coral cover on the
Great Barrier Reef and its causes. Proc. Natl Acad.
Sci. USA 109, 17 995–17 999. (doi:10.1073/pnas.
1208909109)

2. Pandolfi JM et al. 2003 Global trajectories of the
long-term of coral reef ecosystems. Science 301,
955–958. (doi:10.1126/science.1085706)

3. Bartley R, Bainbridge ZT, Lewis SE, Kroon FJ,
Wilkinson SN, Brodie JE, Silburn DM. 2014 Relating
sediment impacts on coral reefs to watershed
sources, processes and management: a review. Sci.
Total Environ. 468–469, 1138–1153. (doi:10.1016/
j.scitotenv.2013.09.030)

4. Hughes TP et al. 2017 Global warming and
recurrent mass bleaching of corals. Nature 543,
373–377. (doi:10.1038/nature21707)

5. Stuart-Smith RD, Brown CJ, Ceccarelli DM, Edgar GJ.
2018 Ecosystem restructuring along the Great
Barrier Reef following mass coral bleaching. Nature
560, 92–96. (doi:10.1038/s41586-018-0359-9)

6. Perry CT, Morgan KM. 2017 Bleaching drives
collapse in reef carbonate budgets and reef growth
potential on southern Maldives reefs. Sci. Rep. 7,
40581. (doi:10.1038/srep40581)

7. Perry CT, Alvarez-filip L, Graham NAJ, Mumby PJ,
Wilson SK, Kench PS, Derek P. 2018 Loss of coral
reef growth capacity to track future increases in sea-
level. Nature 558, 396–400. (doi:10.1038/s41586-
018-0194-z)

8. Alvarez-Filip L, Dulvy NK, Gill JA, Côté IM,
Watkinson AR. 2009 Flattening of Caribbean coral
reefs: region-wide declines in architectural
complexity. Proc. R. Soc. B 276, 3019–3025.
(doi:10.1098/rspb.2009.0339)

9. Kuffner IB, Toth LT. 2016 A geological perspective
on the degradation and conservation of western
Atlantic coral reefs. Conserv. Biol. 30, 706–715.
(doi:10.1111/cobi.12725)

10. Perry CT, Alvarez-Filip L. 2018 Changing geo-
ecological functions of coral reefs in the
Anthropocene. Funct. Ecol. 33, 976–988. (doi:10.
1111/1365-2435.13247)

11. Clark TR, Roff G, Zhao J, Feng Y, Done TJ, McCook
LJ, Pandolfi JM. 2017 U-Th dating reveals regional-
scale decline of branching Acropora corals on the
Great Barrier Reef over the past century. Proc. Natl
Acad. Sci. USA 114, 10 350–10 355. (doi:10.1073/
pnas.1705351114)

12. Larcombe P, Costen A, Woolfe KJ. 2001
The hydrodynamic and sedimentary setting of
nearshore coral reefs, Central Great Barrier Reef
shelf, Australia: Paluma Shoals, a case study.
Sedimentology 48, 811–835. (doi:10.1046/j.1365-
3091.2001.00396.x)
13. Smithers S, Larcombe P. 2003 Late Holocene
initiation and growth of a nearshore turbid-zone
coral reef: Paluma Shoals, central Great Barrier Reef,
Australia. Coral Reefs 22, 499–505. (doi:10.1007/
s00338-003-0344-z)

14. Johnson JA, Perry CT, Smithers SG, Morgan KM,
Santodomingo N, Johnson KG. 2017
Palaeoecological records of coral community
development on a turbid, nearshore reef complex:
baselines for assessing ecological change.
Coral Reefs 36, 685–700. (doi:10.1007/s00338-017-
1561-1)

15. Morgan KM, Perry CT, Smithers SG, Johnson JA,
Daniell JJ. 2016 Evidence of extensive reef
development and high coral cover in nearshore
environments: implications for understanding coral
adaptation in turbid settings. Sci. Rep. 6, 29616.
(doi:10.1038/srep29616)

16. Morgan KM, Perry CT, Smithers SG, Johnson JA,
Gulliver P. 2016 Transitions in coral reef accretion
rates linked to intrinsic ecological shifts on turbid-
zone nearshore reefs. Geology 44, 995–998. (doi:10.
1130/G38610.1)

17. Browne NK, Smithers SG, Perry CT. 2013 Spatial and
temporal variations in turbidity on two inshore
turbid reefs on the Great Barrier Reef, Australia.
Coral Reefs 32, 195–210. (doi:10.1007/s00338-012-
0965-1)

18. Morgan KM, Perry CT, Johnson JA, Smithers SG.
2017 Nearshore turbid-zone corals exhibit high
bleaching tolerance on the Great Barrier Reef
following the 2016 ocean warming event. Front.
Mar. Sci. 4, 224. (doi:10.3389/fmars.2017.00224)

19. Cacciapaglia C, van Woesik R. 2015 Reef-coral
refugia in a rapidly changing ocean. Glob. Chang.
Biol. 21, 2272–2282. (doi:10.1111/gcb.12851)

20. van Woesik R, Houk P, Isechal AL, Idechong JW,
Victor S, Golbuu Y. 2012 Climate-change refugia in
the sheltered bays of Palau: analogs of future reefs.
Ecol. Evol. 2, 2474–2484. (doi:10.1002/ece3.363)

21. Van Hooidonk R, Maynard J, Tamelander J, Gove J,
Ahmadia G, Raymundo L, Williams G, Heron SF,
Planes S. 2016 Local-scale projections of coral reef
futures and implications of the Paris Agreement. Sci.
Rep. 6, 1–8. (doi:10.1038/srep39666)

22. Wolff NH, Donner SD, Cao L, Iglesias-Prieto R, Sale
PF, Mumby PJ. 2015 Global inequities between
polluters and the polluted: climate change impacts
on coral reefs. Glob. Chang. Biol. 21, 3982–3994.
(doi:10.1111/gcb.13015)

23. Palmer SE, Perry CT, Smithers SG, Gulliver P. 2010
Internal structure and accretionary history of a
nearshore, turbid-zone coral reef: Paluma Shoals,
central Great Barrier Reef, Australia. Mar. Geol. 276,
14–29. (doi:10.1016/j.margeo.2010.07.002)
24. Perry CT, Smithers SG, Gulliver P. 2013 Rapid vertical
accretion on a ‘young’ shore-detached turbid zone
reef: Offshore Paluma Shoals, central Great Barrier
Reef, Australia. Coral Reefs 32, 1143–1148. (doi:10.
1007/s00338-013-1063-8)

25. Lewis SE, Sloss CR, Murray-Wallace CV, Woodroffe
CD, Smithers SG. 2013 Post-glacial sea-level
changes around the Australian margin: a review.
Quat. Sci. Rev. 74, 115–138. (doi:10.1016/J.
QUASCIREV.2012.09.006)

26. Hopley D, Smithers S, Parnell K. 2007 The
geomorphology of the Great Barrier Reef:
development, diversity and change. See https://
books.google.co.uk/books?hl=en&lr=&id=
omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+
geomorphology+of+great+barrier+reef&ots=dF-
DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE.

27. Guest J et al. 2016 Coral community response to
bleaching on a highly disturbed reef. Sci. Rep. 6,
1–10. (doi:10.1038/srep20717)

28. Anthony KRN, Hoogenboom MO, Connolly SR. 2005
Adaptive variation in coral geometry and the
optimization of internal colony light climates. Funct.
Ecol. 19, 17–26. (doi:10.1111/j.0269-8463.2005.
00925.x)

29. Anthony KRN. 2005 Enhanced energy status of
corals on high- turbidity reefs. Mar. Ecol. Prog. Ser.
319, 111–116. (doi:10.3354/meps319111)

30. Grottoli AG, Rodrigues LJ, Palardy JE. 2006
Heterotrophic plasticity and resilience in bleached
corals. Nature 440, 1186–1189. (doi:10.1038/
nature04565)

31. Browne NK, Smithers SG, Perry CT. 2010
Geomorphology and community structure of Middle
Reef, central Great Barrier Reef, Australia: an inner-
shelf turbid zone reef subject to episodic mortality
events. Coral Reefs 29, 683–689. (doi:10.1007/
s00338-010-0640-3)

32. Ferrario F, Beck MW, Storlazzi CD, Micheli F,
Shepard CC, Airoldi L. 2014 The effectiveness of
coral reefs for coastal hazard risk reduction and
adaptation. Nat. Commun. 5, 1–9. (doi:10.1038/
ncomms4794)

33. Harris DL, Webster JM, Vila-Concejo A, Hua Q,
Yokoyama Y, Reimer PJ. 2015 Late Holocene sea-
level fall and turn-off of reef flat carbonate
production: Rethinking bucket fill and coral reef
growth models. Geology 43, 175–178. (doi:10.
1130/G35977.1)

34. Lewis SE, Wüst RAJ, Webster JM, Collins J, Wright
SA, Jacobsen G. 2015 Rapid relative sea-level fall
along north-eastern Australia between 1200 and
800cal.yrBP: an appraisal of the oyster evidence.
Mar. Geol. 370, 20–30. (doi:10.1016/j.margeo.2015.
09.014)

http://dx.doi.org/10.1073/pnas.1208909109
http://dx.doi.org/10.1073/pnas.1208909109
http://dx.doi.org/10.1126/science.1085706
http://dx.doi.org/10.1016/j.scitotenv.2013.09.030
http://dx.doi.org/10.1016/j.scitotenv.2013.09.030
http://dx.doi.org/10.1038/nature21707
http://dx.doi.org/10.1038/s41586-018-0359-9
http://dx.doi.org/10.1038/srep40581
http://dx.doi.org/10.1038/s41586-018-0194-z
http://dx.doi.org/10.1038/s41586-018-0194-z
http://dx.doi.org/10.1098/rspb.2009.0339
http://dx.doi.org/10.1111/cobi.12725
http://dx.doi.org/10.1111/1365-2435.13247
http://dx.doi.org/10.1111/1365-2435.13247
http://dx.doi.org/10.1073/pnas.1705351114
http://dx.doi.org/10.1073/pnas.1705351114
http://dx.doi.org/10.1046/j.1365-3091.2001.00396.x
http://dx.doi.org/10.1046/j.1365-3091.2001.00396.x
http://dx.doi.org/10.1007/s00338-003-0344-z
http://dx.doi.org/10.1007/s00338-003-0344-z
http://dx.doi.org/10.1007/s00338-017-1561-1
http://dx.doi.org/10.1007/s00338-017-1561-1
http://dx.doi.org/10.1038/srep29616
http://dx.doi.org/10.1130/G38610.1
http://dx.doi.org/10.1130/G38610.1
http://dx.doi.org/10.1007/s00338-012-0965-1
http://dx.doi.org/10.1007/s00338-012-0965-1
http://dx.doi.org/10.3389/fmars.2017.00224
http://dx.doi.org/10.1111/gcb.12851
http://dx.doi.org/10.1002/ece3.363
http://dx.doi.org/10.1038/srep39666
http://dx.doi.org/10.1111/gcb.13015
http://dx.doi.org/10.1016/j.margeo.2010.07.002
http://dx.doi.org/10.1007/s00338-013-1063-8
http://dx.doi.org/10.1007/s00338-013-1063-8
http://dx.doi.org/10.1016/J.QUASCIREV.2012.09.006
http://dx.doi.org/10.1016/J.QUASCIREV.2012.09.006
https://books.google.co.uk/books?hl=en&lr=&id=omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+geomorphology+of+great+barrier+reef&ots=dF-DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE
https://books.google.co.uk/books?hl=en&lr=&id=omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+geomorphology+of+great+barrier+reef&ots=dF-DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE
https://books.google.co.uk/books?hl=en&lr=&id=omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+geomorphology+of+great+barrier+reef&ots=dF-DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE
https://books.google.co.uk/books?hl=en&lr=&id=omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+geomorphology+of+great+barrier+reef&ots=dF-DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE
https://books.google.co.uk/books?hl=en&lr=&id=omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+geomorphology+of+great+barrier+reef&ots=dF-DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE
https://books.google.co.uk/books?hl=en&lr=&id=omr72hD6dvQC&oi=fnd&pg=PA1&dq=hopley+geomorphology+of+great+barrier+reef&ots=dF-DSv29eM&sig=Y5fT2D3JtAnbJbo1_EZ1dZqpGJE
http://dx.doi.org/10.1038/srep20717
http://dx.doi.org/10.1111/j.0269-8463.2005.00925.x
http://dx.doi.org/10.1111/j.0269-8463.2005.00925.x
http://dx.doi.org/10.3354/meps319111
http://dx.doi.org/10.1038/nature04565
http://dx.doi.org/10.1038/nature04565
http://dx.doi.org/10.1007/s00338-010-0640-3
http://dx.doi.org/10.1007/s00338-010-0640-3
http://dx.doi.org/10.1038/ncomms4794
http://dx.doi.org/10.1038/ncomms4794
http://dx.doi.org/10.1130/G35977.1
http://dx.doi.org/10.1130/G35977.1
http://dx.doi.org/10.1016/j.margeo.2015.09.014
http://dx.doi.org/10.1016/j.margeo.2015.09.014


royalsocietypublishing.org

10
35. Perry CT, Smithers SG. 2010 Evidence for the
episodic ‘turn on’ and ‘turn off’ of turbid-zone coral
reefs during the late Holocene sea-level highstand.
Geology 38, 119–122. (doi:10.1130/G30444.1)

36. Saunders MI, Albert S, Roelfsema CM, Leon JX,
Woodroffe CD, Phinn SR, Mumby PJ. 2016 Tectonic
subsidence provides insight into possible coral reef
futures under rapid sea-level rise. Coral Reefs 35,
155–167. (doi:10.1007/s00338-015-1365-0)
37. Birrell CL, McCook LJ, Willis BL. 2005 Effects of algal
turfs and sediment on coral settlement. Mar. Pollut.
Bull. 51, 408–414. (doi:10.1016/j.marpolbul.2004.
10.022)

38. Arnold SN, Steneck RS, Mumby PJ. 2010
Running the gauntlet: inhibitory effects of
algal turfs on the processes of coral recruitment.
Mar. Ecol. Prog. Ser. 414, 91–105. (doi:10.3354/
meps08724)
39. Tebbett SB, Goatley CHR, Bellwood DR. 2017
Algal turf sediments and sediment production by
parrotfishes across the Continental Shelf of the
Northern Great Barrier Reef. PLoS ONE 12, 1–17.
(doi:10.1371/journal.pone.0170854)

40. Sully S, van Woesik R. 2020 Turbid reefs
moderate coral bleaching under climate-related
temperature stress. Glob. Chang. Biol. 26,
1367–1373. (doi:10.1111/gcb.14948)
/
jour
nal/rspb
Proc.R.Soc.B

287:20200541

http://dx.doi.org/10.1130/G30444.1
http://dx.doi.org/10.1007/s00338-015-1365-0
http://dx.doi.org/10.1016/j.marpolbul.2004.10.022
http://dx.doi.org/10.1016/j.marpolbul.2004.10.022
http://dx.doi.org/10.3354/meps08724
http://dx.doi.org/10.3354/meps08724
http://dx.doi.org/10.1371/journal.pone.0170854
http://dx.doi.org/10.1111/gcb.14948

	Projections of coral cover and habitat change on turbid reefs under future sea-level rise
	Introduction
	Material and methods
	Site description
	Field data collection
	Model description
	Estimating vertical and lateral reef growth
	Calculating sea-level change and habitat extent

	Results
	Model validation using reef cores
	Modelled phases of past reef development and habitat extent
	Modelled projections of future change under a static sea level
	Influence of sea-level rise on reef morphology and habitat extent (+100 years)

	Discussion
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


