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Enhancing reef carbonate budgets
through coral restoration

Emily Esplandiu®*?, John Morris?3, lan Enochs?, Nicole Besemer? & Diego Lirman?

Complex reef structure, built via calcium carbonate production by stony corals and other calcifying
taxa, supports key ecosystem services. However, the decline in coral cover on reefs of the Florida

Reef Tract (US), caused by ocean warming, disease, and other stressors, has led to erosion exceeding
accretion, causing net loss of reef framework. Active coral restoration, aimed at rapidly increasing coral
cover, is essential for recovering reef structure and function. Traditionally, restoration success focused
on the survivorship and growth of transplanted corals. This is the first empirical study to examine the
role of high-density outplants of the endangered staghorn coral, Acropora cervicornis, in restoring
positive carbonate accretion on Florida reefs. Successful transplantation of staghorn corals contributed
to positive net carbonate production. Restored plots yielded a mean net carbonate production rate

of 3.06 kg CaCO, m~2 yr-%, whereas control plots exhibited net erosive states. Staghorn restoration
plots sustained positive net carbonate production at a threshold of ~2.96% coral cover. However,
bleaching, storms, and disease challenge these reefs, highlighting the need for restoration strategies
that enhance resilience to environmental stressors. Establishing Acroporid aggregations through
outplanting, alongside climate adaptation strategies, could foster reef habitat growth and enhance the
recovery of ecosystem services.

Keywords Coral restoration, Reef growth dynamics, Carbonate budgets, Reef resilience, Climate change
adaptation, Bioerosion

Floridas Coral Reef (US) has experienced severe declines in coral cover and abundance, threatening local
communities, ecological stability, and the tourism sector that depends on the benefits provided by these
biodiverse, complex, and highly productive marine ecosystems!~. Since the 1970s, branching species like
Acropora cervicornis (staghorn coral) that naturally form dense thickets have been lost to anthropogenic
impacts and climate stressors (e.g. rising ocean temperatures and disease outbreaks)*. The combination of
these stressors has led to a decline in reef structural complexity as well as the key ecosystem services, such as
shoreline protection and tourism, that coral reefs provide>>°. The loss of reef habitat has been shown to decrease
fisheries productivity and diminish the ability of reefs to attenuate wave energy, exposing coastal communities
to heightened risks of erosion and flooding®~®. Given these threats, there is a pressing need to not only protect
coral reefs from the impacts of climate change but also to actively restore Florida’s Coral Reef ecosystems that
support a large local economy®.

Restoration practitioners have grown and outplanted 10,000s of corals across Floridas Coral Reef in the
past two decades to recover staghorn coral populations and increase coral cover!l. To date, the evaluation of
restoration success has focused on measuring coral colony survivorship and growth!>-!4, Yet there still is a lack
of understanding of the potential benefits that coral restoration can have at an ecosystem level'>. While coral
colony metrics are important for measuring species recovery, a more comprehensive approach that includes
additional ecological metrics is needed to determine whether the goal of creating a self-sustaining, resilient reef
can be achieved through active restoration!®-2!.

Reef function and resilience are dependent on the growth and maintenance of complex reef structure>®. In this
context, net carbonate production (NCP) is a critical indicator of reef health, representing the balance between
the calcium carbonate deposited by calcifying organisms and that removed by bioeroding taxa. Positive net
carbonate production (i.e., net growth) indicates that accretion by calcifiers exceeds erosion, contributing to the
buildup and maintenance of reef structure. Conversely, negative net carbonate production (i.e., net loss) signifies
that erosion processes dominate, leading to reef degradation. Calcium carbonate skeletons, formed primarily
by reef-building coral species, contribute positively to the overall growth of the reef, whereas bioeroding taxa,
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such as parrotfish, sponges, and other endolithic organisms, break down and erode the reef framework??-24,

Parrotfish in particular can play a major role in reef bioerosion as they consume coral tissue and skeletons during
foraging®>?°. Understanding the dynamics between these competing forces is crucial as they serve as an indicator
of reef condition, providing insights into the balance between constructive and destructive forces shaping reef
ecosystems. Furthermore, monitoring carbonate production not only illuminates pathways to enhancing reef
resilience but also underscores the critical role of reefs in delivering essential ecosystem services such as coastal
protection and fisheries habitat.

Currently, the majority of reefs along Florida’s Coral Reef (>70%), USA, especially those located in the
northern region are experiencing a net loss of reef habitat due to reduced cover of reef calcifiers such as stony
corals, a shift away from reef-building coral taxa towards more opportunistic coral taxa with limited carbonate
production, and dominance by fleshy macroalgae®. Over the last decades, declines in coral cover on Florida’s
reefs have been primarily caused by disease, storms, and repeated bleaching events?. In contrast to carbonate
producers, several bioeroding taxa have been shown to benefit from changing environmental conditions,
especially acidification, which could further shift the balance towards reef degradation®*”-8, Carbonate budget
assessments quantify the abundance of reef calcifiers and bioeroders and use locally-adjusted calcification and
bioerosion rates for the taxa encountered to provide an estimate of net carbonate production?®-3!. Here, we
conducted carbonate budget surveys, following the ReefBudget methodology®, at Florida sites restored using
the endangered staghorn coral Acropora cervicornis to determine whether the restoration of dense staghorn coral
aggregations improves net carbonate production, reduces the impacts of bioerosion, and ultimately contributes
to reef persistence.

Results
Staghorn coral cover was significantly different among plot types (Kruskal-Wallis’ chi-square=31.02, df=3,
p<0.001). Staghorn coral cover in restored (9.97 +2.02%; mean + Standard Error of the Mean (SEM)) and thicket
plots (28.13+7.58%) was significantly higher (p-value <0.05) than in control plots (unrestored control, 0%;
thicket control, 0.10 +0.10%). These restored plots had reached high coral cover 2-4 years after transplantation.
Accordingly, significant variation in net carbonate production was observed across plot types (Kruskal-
Wallis’ chi-squared =27.84, df=3, p<0.001) (Fig. 1). Mean net carbonate production was highest for thicket
(9.96+3.16 kg CaCO, m™2 yr™!) and restored (3.06+0.86 kg CaCO, m~2 yr™!) plots, whereas mean negative
net carbonate production was reported for unrestored control (-1.62+0.30 kg CaCO, m~2 yr™!') and thicket
control (-0.49+0.17 kg CaCO, m~? yr™!) plots (Fig. 1; Table 1). Parrotfish erosion rates were highest in the
unrestored control plots whereas thicket and thicket control plots recorded the lowest mean parrotfish
bioerosion rates (Table 1). Sea urchin abundance was negligible in the survey sites resulting in urchin erosion
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Fig. 1. Net carbonate production (NCP; kg CaCO, m™2 yr™!) of survey plots. Each point indicates a plot’s
NCP, boxplots show the interquartile range, and letters denote groups with significant differences (Dunnss test,
Bonferroni correction, p<0.05).
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Micro- Net carbonate
A. cervicornis Other coral (kg | CCA (kg Parrotfish erosion | Urchin erosion | Macro-bioerosion | bioerosion (kg | production
(kg CaCO, m™? | CaCO, m™* CaCO,m? | (kg CaCO, m2 (kg CaCO; m? | (kg CaCO, m™2 CaCO, m? (kg CaCO,
Plot type yrt) ) yrl) yr-l) yrl) yrl) ) m2yrl)
Restored 3.442 (0.898) 0.115 (0.040) 0.232 (0.104) | — 0.895 (0.224) 0.000 (0.000) —0.020 (0.007) —0.253 (0.012) 3.060 (0.860)
ggffgfred 0.000 (0.000) | 0.076 (0.018) | 0.065 (0.012) | — 1.511 (0.300) —0.003 (0.002) | — 0.031 (0.009) —0.211 (0.011) | — 1.615 (0.303)
Thicket 10.630 (3.177) | 0.040 (0.021) | 0.021 (0.009) | — 0.433 (0.114) 0.000 (0.000) | — 0.023 (0.005) —0.254(0.015) | 9.960 (3.158)
Thicket control | 0.032(0.032) 0.082 (0.057) 0.007 (0.003) | —0.383(0.118) 0.000 (0.000) —0.033 (0.017) —0.188 (0.020) | — 0.494 (0.172)

Table 1. Mean values of factors influencing net carbonate production. Standard error is listed in parentheses.
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Fig. 2. Linear regression of net carbonate production (kg CaCO, m™2 yr™!) in relation to a percent cover of
Acropora cervicornis and (b) parrotfish biomass (kg ha™!). 95% confidence interval is represented by the grey
zonation lines surrounding the regression lines.

rates that were predominantly zero. All plot types exhibited low levels of microbioerosion and sponge erosion
(macrobioerosion). The bioeroding sponges observed included species in the genera Cliona and Siphonodictyon.
Mean crustose coralline algae (CCA) carbonate production was negligible in all plot types but was highest in
restored plots (Table 1).

A linear regression model identified A. cervicornis cover as a highly significant positive predictor of net
carbonate production (p <0.001). The model accounted for approximately 99% of the variance in net carbonate
production (Fig. 2). The linear regression model projected that a staghorn cover value of 2.96% is required to
sustain a positive net carbonate budget at the scale of the plots surveyed (10 m in diameter). At a staghorn coral
cover of 0%, the model predicted a net negative carbonate production of -1.21 kg CaCO3 m~2 yr~! within plots.

A linear regression model revealed a significantly negative relationship between net carbonate production
and parrotfish biomass (p =0.022). However, although the p-value is significant, the low R-squared value (0.144)
means that the predictor parrotfish biomass only explains a small portion of the variability in NCP (Fig. 2). In
the unrestored control plots, the majority of carbonate production (52%) was accounted for by calcification of
corals other than A. cervicornis. The largest contribution to bioerosion in both staghorn and unrestored control
plots was that by parrotfish, which made up 73.0% and 82.84% of bioerosion within these sites, respectively.

Discussion

Coral restoration efforts focused on asexual propagation have shown promising results in terms of outplant
survivorship and growth, highlighting the potential for active restoration to contribute to coral and reef
recovery' !>, The staghorn restoration plots examined here exhibited high colony survivorship and maintained
elevated coral cover 2-4 years after initial transplantation. However, the criteria for restoration success should
extend beyond the immediate metrics of coral colony health and coral cover and encompass broader ecosystem
processes, such as carbonate production, herbivory, and coral settlement to evaluate more wholistically how
coral restoration may support and enhance overall reef structure and function. The increase in coral cover as
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a result of colony outplanting directly correlates with increased net carbonate production, with restored A.
cervicornis plots showing significantly greater net carbonate production rates than control plots, which, in the
absence of restoration, are in a state of net loss in Florida.

Recent studies have revealed a concerning decline in net carbonate production across Florida’s Coral
Reef from 1996 to 2019 >33, This decline, driven by the loss of stony corals due to multiple local and global
drivers, can negatively impact reef structural complexity and result in a significant reduction in surface rugosity
within just one year, especially in regions with heightened human disturbance!. Furthermore, reef sites in the
Southeast Florida region specifically, encompassing all sites in this study, are almost exclusively in a state of net
habitat loss’. Of the 9 reef sites surveyed in this study, all plots with wild and restored Acropora were in a state
of net growth, while all control, unrestored plots were in a state of net loss. This indicates that the restoration
of high-density staghorn coral aggregations can facilitate positive carbonate budgets and promote reef growth.
Unrestored reef areas in Florida, characterized presently by low coral cover®, are stuck in a state of degradation
as sources of physical and biological erosion exceed reef accretion®. Patterns of decline and bioerosion are only
projected to increase in severity as Florida experienced its worst coral bleaching event on record in 2023, making
reef restoration a crucial tool in the persistence of this degraded ecosystem until the climate driven factors of
decline are mitigated®. Our results reflect these concerns but also document a pathway for mitigation through
active restoration. The implications of these findings are profound, indicating that even a modest increase in
A. cervicornis cover can shift a restored study plot within the Florida Reef Tract towards a state of positive net
growth. The loss of reef habitat underscores the need for effective restoration strategies, such as enhancing coral
cover through asexual propagation of fast-growing species, that can mitigate reef degradation and recover lost
reef structure at small but expandable scales as proposed in the large-scale restoration of seven reefs in Florida
as part of the Mission Iconic Reefs Program®3°.

Unsurprisingly, our carbonate budget surveys revealed a significant positive relationship between A.
cervicornis cover and net carbonate production. In fact, the net carbonate production values recorded for well-
developed A. cervicornis thickets in Florida (up to 23 kg CaCO, m™? yr™!) are among the highest recorded in
the literature”-*. These values are due to the high complexity of staghorn colonies in mature thickets that often
exceed 75 cm in height. The net carbonate production values recorded for restored staghorn plots in our study
are also high but lower than those recorded for fully restored sites in Indonesia (20.6 + 0.6 kg CaCO, m™2? yr~!)*
and the Great Barrier Reef (25.3+1.0 kg CaCO, m™? yr™!)¥”. In all of these cases, restoration was completed
by using fast-growing branching corals that achieved high coral cover rapidly. If high coral cover and a robust
thicket framework are achieved through active restoration, reefs could be more effective in protecting coastlines
against storm damage, particularly in the face of sea-level rise®. Our findings also indicate that reef restoration
using fast-growing branching species like A. cervicornis significantly reduces the minimum coral cover threshold
necessary for a positive carbonate budget, from the 10% observed in reef communities*>*! to approximately
2.96% cover. This lower threshold is attributed to the high calcification rates and structural complexity of this
branching species. Rather than focusing on achieving higher outplant densities at individual plots or sites,
resources could be more effectively spread across multiple reef sites, achieving the necessary coral cover needed
to promote net growth with lower coral biomass over a larger footprint and at reduced costs.

While focusing propagation and restoration efforts on fast-growing branching corals like A. cervicornis can
boost carbonate budgets and quickly build habitat for associated taxa®, it is crucial to consider the inherent
physical fragility and ephemeral nature of their skeletons compared to massive or encrusting species as well
as their susceptibility to bleaching and disease®, requiring a more comprehensive approach to restoration that
includes a variety of coral morphologies**!. In contrast, massive or encrusting corals, with their dense skeletons
and robust morphologies, integrate more permanently into the reef framework, enhancing structural stability
and long-term resilience®*2. The resilience of massive coral species to thermal stress highlights their critical
role in maintaining ecosystem stability through environmental fluctuations*2. Therefore, incorporating slower-
growing species is important for restoration efforts to fully recover ecosystem function and resilience. Even
after significant loss in coral cover was seen following a bleaching event in 2015-2016, a reef in the Maldives
showed resilience, particularly due to its dominance by massive corals*®. Similarly, studies in the central Mexican
Pacific have underscored the effectiveness of direct outplanting of both branching and massive coral species
in enhancing coral carbonate production and overall reef function*. Multi-species coral restoration could be
particularly advantageous in restoring the reef framework and associated ecosystem services, offering a balanced
approach to enhancing both the rapid habitat formation provided by branching corals and the structural integrity
formed by massive and encrusting species.

In the near absence of Diadema sea urchins in Florida after the mass mortality events of 1983-1984 and
2022 447 parrotfish emerged as the dominant drivers of bioerosion in our survey region. Previous studies
found parrotfish responsible for approximately 80% of total bioerosion at sites along Florida’s Coral Reef*.
This highlights the contrasting role these fish play on reef community dynamics**->!. In reefs where macroalgal
overgrowth has resulted in declines in coral health and overfishing has reduced the abundance of fish grazers®,
the protection and recovery of parrotfish populations has become a management priority>>. While parrotfish play
a crucial role in preventing the overproliferation of macroalgae and promoting successful coral recruitment™,
their preference for feeding on the reef framework> can have negative effects on reefs with sparse coral cover by
exacerbating bioerosion. Additionally, parrotfish create a restoration bottleneck as they commonly target newly
outplanted corals and can cause rapid tissue removal and mortality?>*. In our study, parrotfish biomass was
lowest in wild thickets and restored plots, indicating an additional benefit of Acropora restoration. Parrotfish are
not known to consume Acropora, and the branching morphology of the wild and restored corals may prevent
parrotfish from grazing the substrate under these colonies. Therefore, restored Acropora thickets can foster a
balance between herbivory and erosion, enhancing reef resilience.
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Site Type Latitude | Longitude | Depth | Year established
Fowey Restoration | 25.57212 | — 80.09927 | 21 2019

RCCL Restoration | 25.72800 | — 80.09980 | 18 2018

Rainbow Reef | Restoration | 25.69008 | —80.09723 | 19 2019

Yung’s Restoration | 25.56418 | — 80.10490 | 15 2019

Dp Restoration | 25.55705 | — 80.10100 | 20 2018

Valentine’s Restoration | 25.66000 | — 80.09700 | 20 2020

Sunny Isles Thicket 25.94572 | —80.10941 | 20 -

Sunny Isles IT | Thicket 2595722 | — 80.10922 | 20 -

Cheetos Thicket 25.32406 | —80.18221 | 10 -

Table 2. Site information for all sites in the study located within Miami-Dade County.

Fig. 3. Visual comparison of unrestored control (left) plots without restored or wild staghorn corals, restored
(center) plots with restored staghorn, and thicket (right) plots with wild aggregations of staghorn coral. Reef
carbonate budget surveys were conducted between October 2021 and December 2022 at all 9 sites in Miami-
Dade County. Restoration sites were restored between 2018 and 2020. All three images share the same scale.

While our study from Florida as well as the recent projects by Lange et al. from Indonesia* and Nufiez Lendo
et al. in the Great Barrier Reef*” show promising results of coral restoration through asexual propagation of
fast-growing branching coral species in enhancing coral cover and net carbonate production within a relatively
short amount of time (2-4 years), it is crucial to contextualize these successes within the broader scale of
habitat formation, particularly considering the impacts of global change drivers like thermal anomalies that
pose significant challenges to the long-term viability of restoration efforts. Recent bleaching events, including
the severe episode experienced in Florida in 2023, underscore the vulnerability of coral ecosystems to thermal
stress®’. These events not only threaten immediate coral survival but also jeopardize the decadal-scale process of
habitat formation critical for the sustained provision of ecosystem services. Therefore, our carbonate production
estimates, while indicative of the potential for habitat recovery through restoration, must be viewed as part of
a process that requires enhanced resilience against, and adaptation to, the increasing frequency and severity of
bleaching events as well as other drivers of decline like disease and storms>!. This perspective highlights the need
for restoration strategies that not only focus on immediate gains in coral cover and structural complexity but
also foster the long-term persistence and genetic diversity of coral populations through the implementation of
restoration strategies such as sexual reproduction interventions as well as engineering approaches to mitigate
bleaching impacts®®. Enhancing coral resilience to bleaching, through the selection and breeding of thermally
tolerant genotypes becomes imperative for ensuring that habitat formation continues in the face of climate
change®. The integration of such adaptive measures is vital for maintaining the trajectory towards a positive
carbonate budget and, ultimately, the structural and functional recovery of coral reef ecosystems.

Methods

Study sites

Reef carbonate budget surveys were conducted between October 2021 and December 2022 at all 9 sites in
Miami-Dade County, Florida, USA (Table 2) (Fig. S1). These sites included: (1) six “restoration” sites where
transplantation of A. cervicornis was conducted in 2017-2019 and (2) three “thicket” sites where natural thickets
of wild A. cervicornis grow in dense aggregations (Fig. 3). Within each restoration site, two “restored” plots and
two “unrestored control” plots were surveyed (n=12 plots of each type). Within thicket sites, two “thicket”
plots and two “thicket control” (no staghorn colonies) plots were surveyed (n=6 plots of each type). Control
plots were established at a minimum of 10 m from restored/thicket plots and from each other. Coral gardening
techniques were used to grow staghorn corals for restoration and the restoration plots were established 2-4 years
prior to this study®. Staghorn corals were grown in offshore nurseries and outplanted using cement onto circular
plots with a diameter of ~ 10 m and a density of 24 corals per square meter. For the carbonate budget surveys,
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two replicate transects (10 m in length) were placed parallel to each other (at a distance of 2 m from each other)
within each plot type following the methods described by Perry and Lange (2019)%. The data for each transect
were averaged per plot to calculate plot-based values. Each plot was treated as independent units for analyses.

Carbonate budgets

Census-based surveys of calcifiers and bioeroders were used to quantify net carbonate production using the
ReefBudget methodology?*° with the following modifications. Benthic composition was recorded by measuring
the total linear distance occupied by each taxon along a chain deployed to conform to the reef substrate. The
metal chain was deployed along a 10-m linear transect and was chosen over a flexible tape to avoid movement
after deployment. Thus, the distances occupied by each taxon were calculated based on a three-dimensional
structure of the reef. When surveying branching corals with a complex colony architecture (e.g., staghorn coral),
estimates of living tissue coverage were made by recording branch numbers and diameters under the chain
transect. The rugosity of the reef was calculated by taking the ratio of the total length of the chain over the 10-m
linear distance that the chain occupied?.

Data collected by divers during the surveys was entered into the ReefBudget spreadsheets where coral genera,
morphology, size, and literature-reported growth rates were used to calculate carbonate production (G=kg
CaCO, yr?) of each coral colony in the survey sites”. CCA cover was also multiplied by a literature-reported
calcification rate and integrated into the transect lengths to estimate CCA carbonate production®. The data
collected were analyzed as described by Perry & Lange (2019) to yield the percent cover (i.e. proportion of the
chain length occupied by each taxon) and gross carbonate production of each transect (Gross Production G)%.

Parrotfish surveys were conducted using the Reef Visual Census (RVC) protocol with data collected from a
stationary point with a 5 m radius for five minutes since the plot sizes in this study were only 10 m in diameter
compared to the 50X 5 m transects commonly used for fish surveys as part of the ReefBudget protocol®’. These
were completed at each plot, recording parrotfish species as well as life phase (juvenile and terminal) and fork
length. Parrotfish bioerosion rates were calculated from species and size-specific bite rates (bites hr™!), bite
volume (cm?), and proportion of bites leaving scars?. The data collected were adjusted to the area of the surveys
(78.5 m?). Divers swam along each 10X 1 m transect to record species, abundance, and sizes of bioeroding
sponges and urchins and data was entered into the ReefBudget spreadsheets to calculate the rates of bioerosion
per transect for these taxa. Sponge surface area was calculated by measuring the approximate two lengths of the
encrusting sponge, and urchins were counted when present along the 10X 1 m transect. Urchin test diameters
were estimated using calipers. Rates of macrobioerosion were calculated based on literature-reported rates®.
Microbioroerosion was also calculated based on literature-reported rates and the amount of available suitable
substrate (all benthic categories minus sand) on the reef for taxa such as cyanobacteria, chlorophytes, and fungi®.

Gross carbonate erosion of each transect was measured by summing together gross bioerosion by microborers,
macroborers, parrotfish, and urchins. Gross carbonate production was measured by summing together gross
production via stony corals and CCA. Net carbonate production was determined by subtracting gross carbonate
erosion from gross carbonate production. Data were averaged for the two transects surveyed per plot to provide
a single plot value.

Data analysis

Statistical analyses were performed using R Software (Version 4.4.0) with R studio extension®’. All data
were tested for normality using the Shapiro-Wilk test and Levene’s test. When normality assumptions were
not met, non-parametric Kruskal-Wallis tests were used to test differences between A. cervicornis cover and
net carbonate production among the four plot types. Where significant differences were found, the analysis
was followed by a Dunn’s test for multiple comparisons with Bonferroni correction to test specific differences
between plot types. Where ‘Site’ was considered a potential random factor, mixed-effects models were attempted;
however, challenges such as singular fits prompted a reevaluation of including such random effects. Simple linear
regression models were used to look at the relationship between net carbonate production and A. cervicornis
cover (%) and parrotfish biomass (kg ha™!) independently. Assumptions of linear regression, including linearity,
independence, homoscedasticity of residuals, and normality, were checked using diagnostic plots. A significance
level of a=0.05 was used to determine the presence of statistically significant differences. All figures were created
using ggplot2 R package®’.

Data availability
The datasets generated during and used for the analysis of the current study are available upon request. Please
contact the Corresponding Author for requests.
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