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The issue
Coral reefs globally are in decline, experiencing more frequent and
intense disturbances, which is resulting in loss of coral cover and
ecosystem function 1,2
Over the last two decades, the Great Barrier Reef (GBR) has been impacted by severe cyclones,
crown-of-thorns starfish outbreaks, and successive mass coral bleaching events (Figure 1).
Together, these disturbances have
caused regional declines in coral cover
and shifts in the population structure of
coral communities 3,4 (Figure 2).
Worldwide, most studies and
monitoring programs quantify the
impact of disturbances on coral reefs
by documenting changes in coral cover
as an indicator of reef “health” 2. While
this metric is important in measuring
long-term change and shifts in coral
assemblages, coral cover alone
does not provide information about
ecological processes or changes in
ecosystem function.

Figure 1
Dead reef (post-bleaching event). Image: P. Mumby

Figure 2

Major disturbances and cumulative impacts (i.e. coral

bleaching, crown-of-thorns starfish, coral disease,
cyclones and flood plumes) affecting coral cover
across the Great Barrier Reef in 2016–2017 and the
severity of impacts. Severity is equally represented
by both colour and number of icons, with four black
icons representing the most extreme impacts.
Source: GBRMPA
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The solution
Coral reefs grow through the accumulation of calcium carbonate
(or limestone)
Scleractinian (hard) corals are the primary framework builders with coralline algae and other calcifying
species also contributing as secondary producers 5. The production of carbonate is balanced by
erosion processes (biological, physical or chemical). Bioerosion is the biological removal of carbonate,
primarily driven by grazing of corals by parrotfish and other reef organisms such as urchins, and
secondary processes of microbioerosion (algae, fungi) and macrobioerosion (bivalves, sponges) by
species that live within the coral 6,7.
Other forms of erosion are driven by storms and waves (physical) and chemical weathering due to
carbonic acid formed partly from rain (freshwater) and carbon dioxide. The net outcome of this
balance between growth and erosion is known as the “carbonate budget” 5,8.
Carbonate budgets have been proposed as a key monitoring indicator for the Reef 2050 Long-Term
Sustainability Plan 9 due to a number of beneficial characteristics that can:
(i)	link condition to ecosystem function (a positive budget is needed to maintain high fisheries
productivity, biodiversity, and coastal protection),
(ii)	integrate different aspects of the ecosystem (environment, corals, other invertebrates, algae, fish),
(iii)	estimate results through a combination of field survey (e.g. reef monitoring) and biogeochemical
modelling.
Understanding the carbonate budget on the GBR can help determine reef status and evaluate
trends in reef function over time. Initial development of a GBR-specific carbonate budget under the
NESP Tropical Water Quality Hub 10 has been refined into a more useful management tool that has
application for reef-wide monitoring 11.

Figure 3
Diver doing underwater monitoring of coral cover. Image: RRRC
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AIMS LTMP survey data –
Coral cover per transect of
different coral types

Coral calcification rates –
Skeletal density and growth

AIMS LTMP survey data –

Benthic cover per transect
• Crustose coralline algae (CCA)
• Halimeda
• Calcareous red algae

AIMS LTMP fish data –

AIMS LTMP survey data –

Parrotfish species per transect
• Density and length

Benthic cover per transect
• Carbonate substrate
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Figure 4
Main model functions (primary production, secondary production, primary erosion and
secondary erosion) underlying the caRbs model. Modified from Desbiens et al. (2020)

The carbonate budget model
Carbonate budgets have been calculated for reefs all over the world using different methods, which
makes comparisons between regions and time periods challenging 12. Building on standardized
census-based approaches, researchers have developed a method to quantify three-dimensional
structures and carbonate production for reefs on the GBR. The carbonate budgets model for the GBR
(caRbs) allows for site-specific conversions of coral cover to deliver estimates of carbonate production.
The model can be adapted for other tropical coral reefs in the Pacific and elsewhere by modifying the
base parameters 11.
The GBR model (caRbs) was parametrized using Australian Institute of Marine Science (AIMS) Long
Term Monitoring Program (LTMP) data for coral cover and fish biomass collected between 2016-2020.
Researchers quantified spatial and temporal patterns in carbonate production and bioerosion for 99
reefs (focused primarily on mid and offshore reef slopes at ~10 m depth) and identified thresholds
in coral cover required to maintain a positive carbonate budget for the GBR region (Figure 4) 11.
Carbonate budget dynamics for inshore locations, where benthic communities and fish assemblages
are different, were not included in the model. .
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The outcome
Carbonate production
Results highlighted the importance of the dominant reef-building acroporid corals, and particularly
the branching Acropora species, as the primary contributors to the carbonate budget. Branching
Acropora can generate exceptionally high rates of carbonate production and provide critical
habitat for reef fish and cryptic reef organisms (Figure 5).
Despite lower growth rates, massive corals such as Porites, which are key framework builders
throughout the Pacific region, maintain high rates of carbonate production and are key components
of carbonate budgets on the GBR. Other less common taxa, such as Lobophyllia, are capable of
producing substantial volumes of carbonate but are less dominant on the GBR and therefore only
contribute marginally to the carbonate budget.
Carbonate production varied across latitudes (ranging from 0 to 29 kg m-2 y-1), with higher calcification
rates in the northern GBR, mostly driven by warmer sea temperatures. Although mass bleaching
events in 2016/2017 impacted reefs and reduced coral cover and hence lowered carbonate production
rates in the northern GBR, carbonate production increased again between 2017 and 2019.

Figure 5
Healthy reef with abundance of branching Acropora corals among other taxa. Image: P. Mumby

Carbonate bioerosion
Rates of bioerosion were also variable through space and time (ranging from 0 to -7.3 kg m-2 y-1) and
did not display any clear patterns across regions or years. The blunt-head parrotfish (Chlororus
microrhinus) was the primary driver of bioerosion on fore-reef habitats of the GBR, while Scarus
species of parrotfish contributed less to overall rates of bioerosion at reef scales (Figure 6). Individual
humphead parrotfish (Bolbometopon muricatum) are also drivers of bioerosion on GBR reefs but were
infrequently observed, in part due to their schooling behaviour and preference for feeding in shallow
reef-crest habitats (Figure 7).
As parrotfish biomass increases following coral disturbance due to an increase in substrate for
grazing13, longer time-series of parrotfish numbers may indicate an increase in bioerosion following
losses of coral production with potential negative impacts on net carbonate budgets on the GBR.

Figure 6
Parrotfish contribute significantly to reef bioerosion and leave feeding scars (right) that influence coral-algae
dynamics on coral reefs. Source: Wolfe et al. 2019. Image: P. Mumby
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Figure 7
Humphead parrotfish (Bolbometopon muricatum) are the largest species of parrotfish and while individuals
can excavate large areas of coral they are mostly found in shallow reef-crest habitats and did not contribute
significantly to bioerosion in the GBR caRbs model outputs. Image: P. Mumby

Carbonate budgets in the GBR
Overall estimates of the carbonate budget on the GBR ranged between -4.9 and 28.4 kg m-2 yr-1, and
73% of sites had net positive budgets (Figure 7), driven mostly by changes in coral cover. It was
estimated that a threshold of coral cover on mid-shelf and offshore reef slopes of the GBR of
~17% will reliably ensure a positive carbonate budget. Below this coral cover level, carbonate
budgets usually become negative, potentially having an impact on reef growth and overall ecosystem
function (Figure 8).
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Key Messages
1	On mid-shelf and offshore reefs, coral cover needs to be more than 17% to have a positive
carbonate budget (and healthy ecosystem function).
2	The fact that an individual reef may be below the 17% threshold does not necessarily mean that
the reef is in decline; but may be a sign that it is in an early stage of recovery.
3 The caRbs model is an important tool to evaluate trends of reef state over time, determining
the proportion of reefs above and below the 17% threshold and how that is changing. It can
also be used to determine spatial trends between regions.
4 A
 positive carbonate budget is a pre-requisite for many reef services but does not necessarily
imply that all services are at historic levels, including reef growth and provision of high-quality
habitat for fish and coastal protection. Further work is needed to link carbonate budget trends
explicitly to ecosystem functions.
5	The threshold for inshore reefs is unknown due to different processes, including bioerosion and
biogeochemistry.
6 The caRbs model can be modified for application in other tropical reef systems around the world.

Photo: high % cover, high % Acropora
(Matt Curnock | The Ocean Agency)
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Relationship between carbonate budget and coral cover for 99 reefs on the Great Barrier Reef (2016-2020). Red
line denotes 17% threshold for positive budget. Source: Desbiens et al. (2020)
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