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Carbonate budgets induced by
coral restoration of a Great
Barrier Reef site following
cyclone damage
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Alicia McArdle3, Freda Nicholson3, Eric E. Fisher4,
David Smith3 and Emma F. Camp1

1Climate Change Cluster, University of Technology Sydney, Ultimo, NSW, Australia, 2KAUST
Reefscape Restoration Initiative (KRRI) and Red Sea Research Centre (RSRC), King Abdullah
University of Science and Technology, Thuwal, Saudi Arabia, 3Mars Sustainable Solutions, Cairns,
QLD, Australia, 4GBR Biology, Cairns, QLD, Australia
Coral carbonate production is fundamental to reef accretion and, consequently,

the preservation of essential reef ecosystem services, such as wave attenuation

and sustained reef biodiversity. However, the unprecedented loss of coral reefs

from anthropogenic impacts has put these valuable ecosystem services at risk.

To counteract this loss, active rehabilitation of degraded reef sites has

accelerated globally. A variety of restoration practices exist, tailored to local

site needs and reef types. For sites where there is a significant unconsolidated

substrate, Mars Assisted Reef Restoration System (MARRS, or “Reef Stars”) has

been utilised to contribute toward rubble stabilisation and reef accretion.

However, the effect of the Reef Stars on the local carbonate budgets and

structural complexity has not been assessed. For that purpose, we assess coral

cover and reef complexity through a census-based approach to identify the

contribution of carbonate producers and eroders alongside studying coral

skeletal properties to estimate current carbonate budgets on a rehabilitated

site compared to natural unrehabilitated reef and rubble patches on the mid-

Great Barrier Reef. Our research identified positive ecological processes and

ecological functions such as increased carbonate budget, coral cover and

structural complexity at the restored site compared to the non-intervened

reef and rubble patches. In general, no impacts on skeletal rigour relative to

this active reef restoration were found for two key coral species and the

Acropora rubble for most of the skeletal traits. However, Pocillopora

damicornis hardness seemed to decrease on the restored site compared to

the other sites, demonstrating different performances of coral species during

restoration activities that should be considered to maximise return-on-effort of

restoration activities. Overall, our data demonstrate that consideration of

carbonate budgets is important for measuring success of coral restoration

initiatives and that coral restoration can be a relevant tool to recover lost local

carbonate budgets.
KEYWORDS

coral reef, coral restoration, coral calcification, reef accretion, skeletal traits, trade-
offs, ecosystem services, carbonate budgets
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Introduction

Declines in live coral cover since the 1970s have dramatically

slowed reef accretion on a global scale. Mean rates of contemporary

reef carbonate production for the Caribbean are below mean

historical and geological levels (Gardner et al., 2003; Alvarez-Filip

et al., 2009; Perry et al., 2012). Similarly, Indo-Pacific reefs have been

driven into net negative accretion states and reef structural collapse

following coral mortality (Bak, 1990; Eakin, 1996), including recent

bleaching-driven coral die-offs (Perry and Morgan, 2017). On the

Great Barrier Reef (GBR), coral cover has been declining since the

mid-1980s (Sweatman et al., 2011; De’Ath et al., 2012) from the

combined effects of both local (e.g., coastal development; Halpern

et al., 2008) and global (e.g., climate change; Hughes et al., 2018)

stressors. Recent recurrent episodes of mass bleaching (i.e., four

major events between 2016 and 2022), corresponding with extreme

thermal anomalies in 2016, 2017, 2020, and notably the first

documented mass bleaching event under La Niña cool conditions

in 2022, have driven coral cover to all-time lows (e.g., Hughes et al.,

2017; Hughes et al., 2021). Despite catastrophic coral loss, only a few

studies have investigated changes to reef carbonate budgets (i.e.,

balance between rates of carbonate production and erosion) for the

GBR, often focussing on a particular organism, process, or

environmental condition, such as the calcareous green alga

Halimeda (Rees et al., 2007; Castro-Sanguino et al., 2020),

bioerosion activity (Tribollet and Golubic, 2005; Aline, 2008),

highly turbid reefs (Browne et al. , 2013), and island

geomorphological habitats (Brown et al., 2021). So far, few studies

have focussed on carbonate budgets in the Southern andMiddle GBR

regions; therefore, knowledge of the entire GBR is wholly lacking.

Hard (scleractinian) corals are the main contributors to the

structure and function of coral reef ecosystems, providing (1) reef

accretion (Perry et al., 2013), (2) habitat structure (Graham et al.,

2006; Alvarez-Filip et al., 2009), and (3) biogeochemical cycling

(Goreau et al., 1979; Wild et al., 2004; Cole et al., 2008).

Fundamental to the provision of these features is carbonate

production. Scleractinian corals undergo skeletogenesis (Al-

Horani, 2015) to rapidly precipitate calcium carbonate (CaCO3)

(reviewed in McCulloch et al., 2017) that — on a community level

— results in the reef framework. CaCO3 production is continuously

exposed to both biological (associated with fish and invertebrate

grazing and endolithic borers) and physical (e.g., storm

disturbance) agents of reef bioerosion (Perry and Hepburn, 2008)

that ultimately comprise the net three-dimensional structure and

function of the reef (Leggat et al., 2019). Healthy-functioning reef

systems in effect self-repair, balancing growth (carbonate

production) with erosion processes (UNEP-WCMC, 2006);

consequently, stressors that tip the balance in carbonate

production versus loss will inevitably undermine the many

ecosystem services that reef structure provides (Pratchett et al.,

2021), both directly as wave attenuation and shoreline protection

for coastal communities (Yates et al., 2017; Storlazzi et al., 2018) and

indirectly via reef habitat structure (Perry et al., 2013; Perry and

Morgan, 2017) as fisheries productivity (Bell et al., 2013;

Rogers et al., 2014; Rogers et al., 2018) and biodiversity (Wilson

et al., 2006; Stuart-Smith et al., 2018).
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To counteract rapidly declining coral cover, global management

approaches are expanding beyond traditional protection (and stress

mitigation) practices to include proactive interventions (e.g., Shaver

et al., 2022; Suggett and van Oppen, 2022) aimed at recovering reef

ecosystem services (Hein et al., 2021). Measurements of restoration

success have conventionally been evaluated via two coarse metrics

of coral growth and survivorship (Hein et al., 2017; Boström-

Einarsson et al., 2020; Nuñez Lendo et al., 2023), even though

restoration goals are often centred on recovering broader ecosystem

service value attributes (Hein et al., 2021; Shaver et al., 2022). As

such, how restoration activities may impact healthy reef functioning

— in terms of long-term consequences for different ecosystem

service attributes — remains hard to ascertain (Hughes et al.,

2023). Maintaining desirable features such as high coral cover,

structural complexity, and fish biomass are common conservation

objectives. Even so, the processes underpinning these features

(including calcium carbonate dynamics) are poorly defined and

understood (Brandl et al., 2019). For example, trade-offs in resource

acquisition and partitioning that potentially regulate growth versus

survival may yield very different outcomes towards factors

governing reef accretion and structural integrity (Nuñez Lendo

et al., 2023). For reef restoration programs focused on regaining reef

structure and function, resolving goal-relevant metrics, such as

carbonate production and coral skeletal traits, will therefore be

critical to actually evaluate success.

Reef restoration methods span multiple disciplines ranging

from coral biology and ecology to ecological modelling and

geoengineering (Suggett and van Oppen, 2022). Where reef

substrates have become unconsolidated — through blast fishing

or framework collapse following mass bleaching or cyclone

disturbance (Harmelin-Vivien, 1994; Leggat et al., 2019) —

restoration often requires substrate enhancement to initiate

regrowth (Ceccarelli et al., 2020). For example, practices that use

mesh or netting over the rubble to boost natural binding and

cementation processes (Raymundo et al., 2007), or rock piles

placed on rubble fields to stabilise loose reef substrate (Fox et al.,

2019). Such activities can significantly boost coral cover compared

to neighbouring non-stabilised reefs (Fox et al., 2019). One example

of substrate stabilisation that has recently gained popularity is the

so-called MARRS (Mars Assisted Reef Restoration System, or “Reef

Stars”), which are hexagonal-shaped structures made of reinforcing

steel rods that each enclose an area of 0.337 m2, and are

interconnected with cable ties in a web to cover large areas

(Figure S1; Williams et al., 2019). Reef Stars have been

successfully used in Indonesia following physical damage caused

by blast fishing and are in one of the world’s largest restored reef

efforts to date (Williams et al., 2019; Lamont et al., 2022). This

successful example of a restored degraded area initially extended to

7,000 km2 of stabilised coral rubble by using around 198,000 coral

fragments on 11,000 Reef Stars (Williams et al., 2019).

Reef Stars were first installed on the GBR as part of a broader

restoration plan for Moore Reef (central GBR) to stabilise an

accumulated coral rubble field produced from the 2011 Cyclone

Yasi. A set of 87 Reef Stars (named also “Block A2” to differentiate

from other installations) holding corals of opportunity was installed

in October 2020. By March 2023, a total of 439 Reef Stars have been
frontiersin.org
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completed, with 6,471 coral fragments of opportunity. Whilst

ecological recovery from this and other Reef Stars installations is

already evident (Figure 1) — and is the focus of other ongoing

research — the impact towards changes in reef accretion and

structural rigour (i.e., coral density, porosity, and hardness)

remains unknown. As such, we examined the Moore Reef

installation as a novel means to identify how this reef stabilisation

approach impacts the rate of reef-structure gain (or loss) compared

to neighbouring non-restored reef controls via the balance of

constructional (i.e., calcification) and de-constructional (i.e.,

erosion) processes (Stearn et al., 1977; Scoffin et al., 1980;

Hubbard et al., 1990; Perry et al., 2012) and therefore resolve
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carbonate budgets (Lange et al., 2020). We specifically document

spatial variability in carbonate budgets using a census-based

approach (see a schematic view in Figure 2; Perry et al., 2012) in

which rates of carbonate production and erosion were estimated for

three reef sites (i.e., at a 16 month restored reef site using the Reef

Stars; a nearby representative natural reef; and a degraded area

represented by coral rubble). We further studied the skeletal

properties — bulk volume, biomineral density, bulk density, pore

volume, apparent (internal) porosity, and hardness— of the

dominant calcifying biota (i.e., coral), focussing on the main coral

species in Moore Reef (Acropora intermedia and Pocillopora

damicornis) alongside branching Acropora rubble (which was
A D

B E

C F

FIGURE 1

Moore Reef study sites. In February 2021, (A) Natural healthy-looking representative neighbouring reef with high coral cover (positive control, ‘PC’)
(B) View of a 11-year-old rubble field, created by Cyclone Yasi without rehabilitation (negative control, ‘NC’) (C) Stabilisation reef plot, showing the
Reef Stars structures holding corals of opportunity (4 months post-installation). Approximately 11 months later (December 2021), same reef sites
‘PC’, ‘NC’, and ‘E’ (D–F). Note the high coral cover observed on the Reef Stars in the intervened rubble site ‘E’. Credits: Nuñez Lendo, C.I., and Mars
Sustainable Solutions.
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dominantly present in the study area). For this approach, we

identified how reef stabilisation can enhance accretion by 6-29%

compared to unrestored sites, and we discuss how this approach

potentially provides critical means for practitioners to evaluate

wider ecosystem service values attained through restoration.
Materials and methods

Study location

MARRS Reef Stars were installed at Moore Reef (3-5 m depth), a

mid-shelf patch reef located 50 km east of Cairns, in the central Great

Barrier Reef (GBR), Australia (146° 14’ 40.9’’E, 16°51’ 59.0’’S). Our

study location (~2,000 m2) is an area divided into three sites (30 x

20 m), where each site is marked with star pickets at the corners

corresponding to (i) a stabilised substrate section using the Reef Stars

(Experimental, “E”), and two nearby sites of (ii) a rubble patch where

no Reef Stars were deployed (negative control, “NC”), and (iii) a non-

intervened healthy-looking representative neighbouring reef area

with high coral cover and diversity (positive control, “PC”) (Figure

S2). Herein we refer to Reef Stars, rubble, and reef site, as their

abbreviations, E, NC and PC. Two months post-deployment hard

coral cover on all sites was below 50% (25.8, 32.3 and 39.3% for the

NC, PC, and E sites) (AM, FN, and EEF, pers. comm.).

On October 22, 2020, Mars Sustainable Solutions and partners

deployed a set of 87 Reef Stars (the so-called Block A2

with ~29.32 m2) with attached coral fragments (i.e., corals of

opportunity, mainly Acropora and Pocillopora spp.). Whilst
Frontiers in Marine Science 04
additional Reef Stars installations have been conducted, COVID-

19 restrictions meant that our study site could only be first accessed

in February 2021 (six months post-installation), and during this

time, we took initial imagery data for coral growth. We revisited the

study site after a 12-month period (February 2022) to examine the

Reef Stars’ effects on reef accretion (including hard coral cover,

rugosity, carbonate budgets, skeletal properties of key coral

taxa, and growth).

Temperature HOBO™ loggers (1-h logging interval) were

deployed in February 2021 to track key environmental variance

over the 12 months of growth but unfortunately failed after 8

months. Therefore, additional environmental data for the entire 12-

month study period were extracted from GIOVANNI online system

for satellite-derived data maintained by NASA (https://

giovanni.gsfc.nasa.gov/giovanni/). Sea surface temperature (SST)

was obtained using monthly area-averaging bounded to 146° 14’

40.9’’E, 16°51’ 59.0’’S (Moore Reef) between the beginning of the

monitoring (February 2021) and the end of the experiment

(February 2022). SST data from HOBO™ loggers for the reef and

MARRS/rubble sites was therefore overlayed onto that derived from

Giovanni SST data for Moore Reef (Figure S3).
Experimental design

In February 2022, a commonly applied census-based approach

was undertaken to characterise benthos and determine the

carbonate budget for the E, NC, and PC sites (i.e., restored,

negative, and positive control sites; Perry et al., 2012). The Reef
FIGURE 2

Schematic view of the methodology used to estimate coral reef carbonate budgets on the three studied Moore Reef sites. Our study was based on
the Reef Budget methodology from Perry et al. (2012). Positive and negative contributions to reef accretion (production and erosion, respectively)
are visualised. Specifically, net carbonate production [Equation 1], gross carbonate production [Equation 2], and gross bioerosion [Equation 3], and
the main contributors to production and erosion processes. Credits: Nuñez Lendo, C.I.
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Budget methodology is detailed in the section below. In addition,

coral fragments (< 5 cm; two coral species, n = 5 each) were

collected from the inner side (avoiding cutting eroded fragments

from the outer edge) of randomly selected colonies using steel pliers

and stored in individual Ziploc bags. Once on board the research

vessel, the collected fragments were firstly immersed in freshwater

followed by sodium hypochlorite to remove coral tissue for

subsequent analysis of skeletal properties of bulk volume,

biomineral density, bulk density, pore volume, apparent (internal)

porosity, and hardness (Fantazzini et al., 2015; Madin et al., 2016;

Leggat et al., 2019). Data on Acropora spp. coral growth was

obtained by underwater photographs (Siebeck et al., 2006; Lirman

et al., 2014) in February 2021 and 2022 (1-year growth period). The

various methods for these attributes are detailed in the

following sections.
Coral reef carbonate budgets and
benthic characterisation

We developed carbonate budgets using an adapted version of

the Reef Budget protocol (Perry et al., 2012), a census-based

approach that quantifies cover/abundance of carbonate- (CaCO3)

producing (corals and crustose coralline algae (CCA)) and

bioeroding taxa (urchins, parrotfish and micro- and macro-

endolithic taxa), and combines these data with already published

measures of species/genera CaCO3 production and erosion rates to

calculate net carbonate budget.

We estimated both gross carbonate production and bioerosion

rates, and the resultant net carbonate production (G = kg

CaCO3 m
−2 yr−1) on each site (E, NC, and PC) in February 2022

using 3 x 10 m transects, each separated by 5-10 m, with which to

collect all relevant data (except parrotfish data). Along each

transect, benthic classes (hard/soft corals, CCA, rubble, other

calcareous encrusters, and eroders) were determined following the

Reef Budget taxa-specific codes (Appendix A, Reef Budget, Perry

et al., 2012). Categories were photographed with an Olympus Stylus

TOUGH TG-4 digital camera, and codes were noted on an

underwater notebook. Within each meter of the 10 m transect,

the distance (cm) covered by each benthic component immediately

beneath the transect was measured using a short (~1 m) flexible

tape. Sea urchin bioerosion was determined from the abundance

and size of bioeroding urchins of the family Diadematidae

(Diadema spp., and Echinothrix spp.) and the genera

Echinometra, Echinostrephus, and Eucidaris, which was tallied

2 m either side of each 10 m transect (and hence a 40 m2 belt)

(Bak, 1990; Bak, 1994). To complement bioerosion rates, we also

collected data on fish abundance at each survey site by deploying

additional belt transects (30 x 5 m, n = 3 separated by 5-10 m at each

site) (Reef Budget, Perry et al., 2012). Initial and developmental

phases of parrotfish species were tallied across nine size classes as

assigned based on fish fork length: 8–10 for the juvenile phase, 11–

20, 21–30, 31–40 for the initial phase, and 11–20, 21–30, 31–40, 41–

50, and 51–60 for the terminal phase. At site E only, due to the

reduced size being 30 m x 20 m, the fish transect was placed in an S-

shaped to ensure the surveys were only conducted on that habitat.
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Net (total) carbonate production (i.e., the carbonate budget)

was estimated as the balance between gross carbonate production

and gross bioerosion (see equations).

Net carbonate production 

=  gross carbonate production  –  gross bioerosion (1)

Gross carbonate production 

=  hard coral carbonate production  +  

CCA carbonate production

(2)

Gross bioerosion 

=  macrobioerosion  +  microbioerosion  +

 urchin bioerosion  +  parrotfish bioerosion

(3)

Within this methodology, carbonate production is driven by

hard corals and CCA, whereas macro- and microbioerosion are

related to the substrate (dead reef substrate, sponge and CCA cover

for macrobioerosion, or rock, sand and seagrass cover for

microbioerosion) available for internal bioeroders (e.g., reef-

dwelling organisms such as worms, bivalves and sponges)

(Tribollet et al., 2002; Rice et al., 2020). External bioeroders, such

as parrotfish and urchins, are also major contributors to the

bioerosion of the reefs and, together with macro- and

microbioerosion, constitute the gross bioerosion.

In February 2022, benthic characterisation was also carried

as part of the Reef Budget protocol (Perry et al., 2012) for

each site, and this included metrics such as the benthic cover

of major functional categories (hard and soft coral, CCA,

sediment producers, macro- and turf algae, rubble, rock,

limestone pavement, sand, and others, alongside estimating

the rugosity (R; Equation 4) which is an index of surface

roughness that is a common measure for quantifying

landscape structural complexity (i.e., topographic heterogeneity)

(McCormick, 1994).

R   =  Contoured distance = Planar distance 

(OR Contoured area = Planar area)

(4)
Coral survival and growth

Since most of the corals seeded on the Reef Stars in October

2020 belong to the genus Acropora (> 95%; compared to < 5% for

Pocillopora spp.; Mars Sustainable Solutions pers. comm.), coral

survival and growth was followed on the same Acropora fragments

(n = 15) for 12 months. Coral fragments were photographed in situ

using a GoPro Hero 8 digital camera together with a scale reference

by SCUBA in February 2021 (T0) and 2022 (T12) on site E. Survival

rate as the proportion of all initial coral individuals remaining over

time (%) and growth rates for each coral were determined as the

change in size (areal and linear extension) over this 12-month

period (DG; cm2 y-1 and cm y-1) and averaged.
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Coral sampling and skeletal properties

Two key coral taxa (Acropora intermedia and Pocillopora

damicornis) at Moore Reef (and used to originally seed the Reef Stars)

were targeted to study their skeletal properties. Whilst P. damicornis was

present at all sites, A. intermedia was not present in the rubble patch

(NC) where this site was predominantly covered by dead branching

Acropora spp. or rubble. Therefore, we collected Acropora “rubble”

instead (its homolog but in a non-living state). Fragments (< 5 cm in

length) of A. intermedia, P. damicornis and Acropora rubble were thus

collected (n = 5 each) as follows: A. intermedia at the E and PC sites, P.

damicornis at the E, PC, NC sites, and Acropora rubble only from the

rubble patch (NC site). See Table S1 for details of the coral collection).

Hardness testing was conducted using a Shore D Hardness

Tester (TE-271) calibrated using reference material in accordance

with the manufacturer’s recommendation (Vander Voort, 1999) as

per Leggat et al. (2019) on a coral fragment (< 2 cm) which was

previously cleaned and dried. Hardness was consistently

determined on the base of the branch for all fragments, with 10

measurements performed for each. In addition, the buoyant method

applied for corals (adapted from Jokiel et al., 1978; Bucher et al.,

1998), combined with the Archimedes principles, were used to test

bulk volume, biomineral density, bulk density, pore volume, and

apparent (internal) porosity on a second coral sample (< 2 cm)

(Fantazzini et al., 2015). Briefly, the fragment was previously

weighed to obtain the dry weight (DW; g) before being inserted

in a glass vessel in a 50°C water bath for two h under vacuum. The

glass vessel was filled with Mili-Q to obtain the saturated weight

(SW; g) of the coral, followed by the measurement of the buoyant

weight (BW; g). Skeletal properties were extracted using the

previous measurements and the density of water (rH2O) at 20°C

(0.9982 g cm-3) as per the following equations:

VA =  (ms �  m)=rH2O;  the pore volume 

connected to the external surface (VA)

(5)

VB =  (ms �  mh)=rH2O;  the total volume occupied 

by the coral skeleton (called bulk volume)

(6)

PA =  VA=VB =  (ms �  m)=(ms �  mh);  the 

apparent porosity (or effective or connected porosity,  PA) 

(ratio of  the pore volume connected to 

the external surface (VA) to VB)

(7)

db =  m=VB;  the bulk density (ratio of  the mass to VB) (8)

dr =  m=(VB �  VA);  the biomineral density (ratio 

of  the biomineral mass to biomineral volume,  

excluding pore volume connected to the external surface,  

also called real density or micro‐density)

(9)
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Statistical analysis

Data analyses were performed using Rstudio (version 1.4.1717)

and GraphPad Prism (version 9.1.2). Assumptions of normality

were assessed visually via QQ plots and a Shapiro-Wilk’s test, and

equal variances were assessed using Brown-Forsythe test (Shapiro

and Wilk, 1965). Significance was set at p < 0.05 (for all tests), and

the mean ± the standard error of the mean (SEM) was reported

unless expressly noted. A series of analysis of variance (ANOVA)

(or its non-parametric homolog, Kruskal-Wallis tests) with post hoc

tests (Tukey or Dunn) were undertaken to compare each coral class

(A. intermedia, P. damicornis and Acropora rubble) across sites (E,

NC, and PC) for the skeletal traits, as well as comparing wild A.

intermedia and P. damicornis fragments (from the PC site — the

nearby healthy-looking-reef —) to observe potential natural

interspecific differences.
Results

Benthic cover and rugosity

Three well-differentiated sites were studied on Moore Reef, (i) a

stabilised substrate area using theMARRSReef Stars (Experimental, “E”),

and two nearby sites of (ii) a coral rubble substrate where no Reef Stars

were installed (negative control, “NC”), and (iii) a non-intervened

healthy-looking representative neighbouring reef zone with high coral

cover and diversity (positive control, “PC”). All sites contained variations

in substrate type including rubble cover, live and dead coral cover,

primary or major secondary carbonate producers (i.e., corals, and CCA),

and coral morphology. In February 2022, the benthic cover of major

functional categories (e.g., hard and soft coral, crustose coralline algae

(CCA), turf, rubble, limestone pavement; Figure S4) was estimated (Reef

Budget, Perry et al., 2012). Relatively high hard and soft coral cover (47.5

± 3.8 and 22.5 ± 4.0%, n = 3 each) alongside turf algaemats (25.1 ± 7.2%,

n = 3) were observed in the non-intervened reef site (PC). The non-

restored impacted site (NC) was characterised by an open framework of

rubble (84.7 ± 2.5%, n = 3) and low hard coral cover (14.9 ± 2.4%, n = 3).

In contrast to both control sites, the MARRS restored site (E) had a high

hard coral cover of 98.0 ± 2.0% (n = 3), where the initial rubble patch

(NC) became negligible (2.0 ± 2.0%, n = 3) after 16 months of Reef Stars

installation (Figure 3A). High coral cover present in the site E consisted

mainly of Acropora spp. (95.5 ± 3.9%, n = 3) (in descending order,

branching (47.7 ± 23.9%, n = 3), corymbose/digitate (37.8 ± 30.5%, n =

3), tabular (5.1 ± 3.2%, n = 3), and hispidiose/arborescent (4.9 ± 3.2%, n

= 3) growth forms). Coral diversity was also dominated byAcropora spp.

on the site PC (64.7 ± 11.9%, n = 3), where 37.7 ± 0.8% (n = 3) were

corymbose/digitate, followed by 25.5 ± 12.8% (n = 3) hispidiose/

arborescent, tabular (1.2 ± 1.2%, n = 3) and branching (0.3 ± 0.3%, n

= 3) morphologies. The low hard coral cover present at the site NC

consisted of 11.8 ± 1.9%Acropora spp., where 6.7 ± 0.4, 4.5 ± 2.3, and 0.6

± 0.6 (n = 3 each) corresponded to hispidiose/arborescent, corymbose/

digitate, and branching morphologies, respectively.
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Rugosity (dimensionless) was higher at the Reef Stars restored

site (E) compared to the two control sites (PC and NC). In increasing

order, the rugosity index was as follows: 1.13 ± 0.03, 1.43 ± 0.03, and

1.86 ± 0.06 for sites NC, PC, and E, respectively (Figure 3B; one-way

ANOVA, F(2,6) = 0.5, p < 0.0001; Tukey’s test PC–NC, PC–E, and

NC–E, p = 0.0039, 0.0006, and < 0.0001, respectively).
Survivorship and growth

Acropora spp. survivorship after 12 months was 100% ± 0.0 at

the Reef Stars (E; n = 15) alongside a moderate (close to 50%)
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relative areal growth rate (DGA; % growth in cm2 y-1) over 12

months (43.9 ± 19.3) (Figure S5A). This outcome was also observed

in the relative increase in area covered by coral tissue (%), i.e., final

areal size/initial starting size x 100 (143.9 ± 19.3). However, the

observed relative linear growth rate (DGL; % growth in cm y-1)

appeared to be < 50% (27.5 ± 11.0) for this 12-month period. Of the

15 fragments examined, the highest areal growth rates were

consistently observed for fragment #9 (from 27.6 to 78.6 cm2 in

the same period; see example in Figures S5B, C).
Net carbonate production

Calculating net (total) carbonate production (i.e., the carbonate

budget, G; kg CaCO3m
−2 yr−1, Figure 4A) using the Reef Budget

census-based approach in February 2022, was estimated as the

balance between gross carbonate production and gross bioerosion.

Net carbonate production rates were significantly higher on reef site

E compared to NC and PC sites. The unstabilised rubble patch (NC)

was in a net negative carbonate budget state (-3.7 ± 1.8), and hence

carbonate production processes for this area were highly susceptible

to bioerosion processes. The same site, but that underwent a

restoration intervention using the Reef Stars (E), exhibited much

higher net carbonate production (25.3 ± 1.0), a rate that was also

higher than the nearby natural coral reef (PC), which had a net

carbonate budget of 4.3 ± 3.4.
Gross carbonate production

Higher gross carbonate production (G; kg CaCO3m
−2 yr−1) was

evident for the site E (29.0 ± 0.7), followed by the PC (8.6 ± 0.8) and

NC (2.2 ± 0.3) sites. Carbonate production of the Reef Stars restored

site (E) was 3.4 and 13.2 times higher than PC and NC sites,

respectively, after 16 months post-deployment. This contrast was

revealed as significant differences in gross carbonate production
A B

FIGURE 3

Average hard coral cover and rugosity. (A) Hard coral cover (%) and
(B) rugosity index were estimated following the Reef Budget
methodology (Perry et al., 2012) at the three studied sites, (i) Reef
Stars (Experimental, ‘E’), (ii) a rubble patch (negative control, ‘NC’),
and (iii) a non-intervened healthy-looking representative
neighbouring reef zone (positive control, ‘PC’) in February 2022 (16
months post-deployment of the Reef Stars). Means (n = 3 per reef
site) (± SEM; standard error of the mean) were compared by analysis
of variance (ANOVA) with post hoc Tukey tests (see main text)
where **, ***, and **** indicate p ≤ 0.01, 0.001, and
0.0001, respectively.
A B C

FIGURE 4

Average (A) net and (B) carbonate production, and (C) gross bioerosion expressed in kg CaCO3m
−2 yr−1 (following the Reef Budget methodology,

Perry et al., 2012) across Moore Reef studied sites, (i) Reef Stars (Experimental site, ‘E’), (ii) the negative control ‘NC’ constituted of unconsolidated
coral rubble substrate, and (iii) the positive control ‘PC’ represented by a natural healthy-looking neighbouring reef area, in February 2022 (16
months post-installation of the Reef Stars). Means (n = 3 per site) were compared by analysis of variance (ANOVA) with post hoc Tukey tests (see
main text) where ns indicates no statistical significance, and **, ***, and **** indicate p ≤ 0.01, 0.001, and 0.0001, respectively.
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among sites (one-way ANOVA, F(2,6) = 488.4, p < 0.0001; Tukey’s

test PC–NC, PC–E, and NC–E, p = 0.0009, < 0.0001, and < 0.0001,

respectively, Figure 4B). Thus, even in the absence of bio-erosion,

carbonate production remained much lower for the two control

sites than compared to the Reef Star site, presumably reflecting the

different extent of coral cover/diversity amongst the sites.
Gross bioerosion

Bioerosion processes encompassed internal (micro- and macro-

bioerosion) and external bioeroders (urchin and parrotfish

bioerosion) (G; kg CaCO3 m
−2 yr−1). In general, micro- and

macro-borer erosion when combined was similar for all sites at

~0.5 (Figure S6A) (one-way ANOVA, F(2,6) = 1.1, p = 0.4046).

However, when considered individually, significant differences were

evident for both erosion categories between sites (macrobioerosion,

one-way ANOVA, F(2,6) = 46.1, p = 0.0002; Tukey’s test PC–NC,

PC–E, and NC–E, p = 0.0028, 0.0227, and 0.0002, respectively, and

microbioerosion, one-way ANOVA, F(2,6) = 88.0, p < 0.0001;

Tukey’s test PC–NC, PC–E, and NC–E, p = 0.0039, 0.0006, and <

0.0001, respectively; Figures S6B, C). The Reef Star site (E) showed

the highest microbioeroding rates (0.4877 ± 0.0149), followed by PC

and NC sites (0.3744 ± 0.0071 and 0.2952 ± 0.0068, respectively). In

contrast, higher macrobioerosion rates were found at the rubble site

NC (0.2001 ± 0.0086), followed by negligible levels on sites PC and

E (0.0833 ± 0.0217 and 0.0082 ± 0.0081, respectively).

Urchins were not observed across sites during the daytime

surveys (0.0 individual/m2), and hence did not contribute to our

gross bioerosion rates. The contribution of parrotfish to bioerosion

was similar across sites and estimated, in ascending order, at 3.2 ±

1.3, 3.8 ± 2.6, and 5.4 ± 1.5 for the sites E, PC, and NC, respectively

(one-way ANOVA, F(2,6) = 0.3, p = 0.7202; Figure S6D). Lastly, an

overall gross bioerosion rate (the sum of parrotfish, urchin, macro-

and microbioerosion rates, G; kg CaCO3 m
−2 yr−) was calculated to

be 3.7 ± 1.4, 4.3 ± 2.6, and 5.9 ± 1.5 for E, PC, and NC, respectively.

Despite the slightly higher gross bioerosion rates at NC, no

significant differences were found among sites (one-way ANOVA,

F(2,6) = 0.3, p = 0.7223; Figure 4C).
Skeletal properties

Skeletal traits (bulk volume, bulk density, biomineral density,

pore volume, apparent (internal) and porosity) for bothA. intermedia

(living and non-living forms) and P. damicornis were generally

consistent across the three experimental sites (Figures 5A–E).

The exception was hardness (HD) (one-way ANOVA, F(5,24) =

14.8, p < 0.0001). Fragments of P. damicornis had the lowest HD at

the E site, where they were on the Reef Stars (36.3 ± 1.1) compared to

those inhabiting the reef at the PC and NC sites (50.3 ± 1.4 and 44.1 ±

0.8; Tukey’s test PC–NC, PC–E, and NC–E, p = 0.0297, < 0.0001, and

0.0041, respectively; Figure 5F). Furthermore, the dead Acropora spp.

rubble showed the lowest hardness (35.9 ± 2.4) compared to the alive

A. intermedia fragments on the PC and E sites (42.0 ± 1.4 and 42.3 ±

0.7; Tukey’s test PC–NC and NC–E, p = 0.0342, and 0.0223,
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respectively). Differences in pore volume (cm3) and apparent

(internal) porosity (%) among wild A. intermedia and P.

damicornis from the natural-healthy looking reef (PC) were also

observed (0.8 ± 0.1 vs 0.4 ± 0.0, and 80.2 ± 7.3 vs 31.9 ± 1.8, for A.

intermedia vs P. damicornis, respectively; Tukey’s test, p = 0.0016 and

0.0099) alongside differences in HD (42.0 ± 1.4 vs 50.3 ± 1.4,

respectively; Tukey’s test, p = 0.0021). Thus, overall, the Reef Stars

did not appear to have an impact on coral skeletal properties

examined, except for P. damicornis where HD was lowered.
Discussion

Reef stabilisation approaches are becoming increasingly

popular as means to aid reef recovery where reef structure has

become unconsolidated (e.g., Ceccarelli et al., 2020); however, how

these approaches potentially enhance carbonate budgets and the

means for reefs to enhance accretion rates remains untested. Our

results using Reef Stars provide new evidence that such practices

can increase carbonate budgets, from our example of a degraded

mid-shelf patch reef on the central Great Barrier Reef (GBR), in

turn, highlighting the importance of carbonate budgets as a metric

to evaluate coral restoration success. In doing so, we also present

new estimates for carbonate budgets for representative Australian

reef environments.

Carbonate budgets (G = kg CaCO3 m
−2 yr−1) we observed for

the representative “healthy” control reef site (PC; 4.3 ± 3.4) were

similar to values reported across the Indian Ocean (3.7; Perry et al.,

2018) but surprisingly lower than turbid reefs on the central GBR

(6.9–12.3 for Middle Reef and Paluma Shoals, respectively, Browne

et al., 2013) and higher than forWestern Australia (2.5 for Ningaloo

Reef; Perry et al., 2018). All of these Australian reefs (including our

studied reef) are characterised by similar gross carbonate

production and hard coral cover but different coral community

structure at the time of the study (Browne et al., 2013; Perry et al.,

2018). However, gross bioerosion rates (mainly driven by parrotfish

eroding activity), were doubled in Moore Reef compared to the two

turbid reef zones (4.3 vs 1.51-1.62), which seems to explain the

lower carbonate budget observed in our studied reef site. Whilst

values for the carbonate production in Ningaloo Reef are

considered amongst the highest contemporary budgets for the

Indian Ocean (alongside those from Mozambique, Perry et al.,

2018), they are lower than our study sites (and accompanied by ~3

times lower bioerosion rates). However, this lower bioerosion for

Ningaloo may reflect that the sites examined were deeper (8 m)

compared to ours (3-5 m) and the associated coral community

composition and associated fauna.

At the restored site (E), the highly concentrated (e.g., 15 coral

fragments per Reef Star, and so ~750 corals in 600 m2) deployment

of typically fast-growing (e.g., branching Acropora spp.) corals

resulted in a very high net carbonate budget (25.3 ± 1.0), and ~6

times higher than the carbonate budget of our representative

“healthy” control site (PC; 4.3 ± 3.4). By including the NC rubble

site within our experimental design, we demonstrated that without

intervention, the rubble site — which is still evident post Cyclone

Yasi 2011 — is in a state of net erosion (a net negative carbonate
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budget; -3.7 ± 1.8). Furthermore, rugosity, which is an important

metric to describe reef habitat complexity (i.e., the structural

changes that reefs undergo from coral renewal and mortality and

balance between rates of carbonate bioerosion and production;

Alvarez-Filip et al., 2009), was half that of the restored site (E).

While our study only assesses the first 16 months of deployment,

our data demonstrate that restoration structures, such as the

MARRS Reef Stars, can positively enhance not only carbonate
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budgets and structural complexity (and the services they support,

such as wave energy dissipation and habitat provision; Alvarez-Filip

et al., 2011; Ferrario et al., 2014) on local reef sites but boost coral

reef recovery that is often very low on rubble areas (Johns et al.,

2018; Viehman et al., 2018; Fox et al., 2019; Kenyon et al., 2020). In

the case of the NC site in our study, 11 years after Cyclone Yasi hit

Moore Reef, the recovery trajectory of this unconsolidated reef

patch (as seen by the number of small colonies and recruits on the
A B

C D

E F

FIGURE 5

Mean (± SEM) skeletal (A) bulk volume (cm3), (B) bulk density (g cm-3), (C) biomineral density (g cm-3), (D) pore volume (cm3), (E) apparent (internal)
porosity (%), and (F) hardness (HD) of three dominant coral classes (Acropora intermedia, Acropora rubble, and Pocillopora damicornis) across sites: E,
NC, and PC). All data are fragments (n = 5 for each group). Means (n = 3 per reef site) were compared by one-way analysis of variance (ANOVA) with
post hoc Tukey tests (see main text) where ns indicates no statistical significance, and *, **, and **** indicate p ≤ 0.05, p ≤ 0.01, and p ≤ 0.0001.
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rubble, and derived low carbonate production, 2.2 ± 0.3) cannot

cope with the gross bioerosion processes (e.g., parrotfish erosion

activity is intensified on the remaining/new small colonies; Huertas

et al., 2021) or natural mortality of the corals when rubble moves

(Kenyon et al., 2022). This situation highlights that the balance in

carbonate production versus loss will inevitably undermine the

ecosystem services the reef structure provides (Pratchett et al., 2021)

on Moore Reef unless a restoration intervention such as MARRS

Reef Stars is taken place. To note that our study focused on a

degraded reef originated by a cyclone, but there are more risks to

coral calcification, and thus reef accretion, in the Anthropocene,

including ocean acidification (Hoegh-Guldberg et al., 2017) and

increased potential substrate loss post coral bleaching (Leggat et al.,

2019). Thus, efforts to restore reefs and sustain CaCO3 production

are important to be considered in restoration programs (Hughes

et al., 2023).

An important consideration for restoration activities is the

selection of coral species. As observed for natural reef recovery

(Lange and Perry, 2019), the community composition used in

restoration will clearly influence the carbonate budget, rugosity and,

ultimately, ecosystem service provision. Currently, the restored Moore

Reef site (E) has disproportionate fast-growing Acropora species that

provide a high carbonate production and rugosity, but the lack of other

coral growth forms could potentially come with other functional costs

(e.g., Madin et al., 2023). For example, acroporids have been observed

to be generally less heat-tolerant than both massive and encrusting

growth forms (e.g., Porites spp., the non-scleractinian Heliopora spp.,

Leptastrea spp.) during past bleaching events (Marshall and Baird,

2000; Loya et al., 2001; McClanahan et al., 2002; Pratchett et al., 2013;

Carroll et al., 2017). However, restoring with slower growing (and

architecturally less complex) taxa is likely less beneficial for sites in need

of fast recovery in terms of carbonate budgets (e.g., Tortolero-Langarica

et al., 2019) and sustaining biodiversity (Lirman et al., 2010; Xin et al.,

2016; Nithyanandan et al., 2018; Tiddy et al., 2021), but also where

Acropora spp. were preferentially lost during recent bleaching of the

GBR (Hoogenboom et al., 2017). Including heat-resistant variants of

coral species may still come at a cost to growth (Cornwell et al., 2021)

within the restoration strategy but could potentially confer reef

resilience and maintain reef framework while allowing the more

susceptible coral species to recover as well as still providing

(modified but not lost) services such as coastal protection and fish

productivity (e.g., Tortolero-Langarica et al., 2019). Moreover, rugosity

as a proxy for reef habitat complexity can increase fish diversity

(Santoso et al., 2022) but not necessarily cryptofauna. Several studies

have highlighted enhanced invertebrate density and diversity in coral

rubble compared to sites with high live coral cover (Enochs et al., 2011;

Nelson et al., 2016; Fraser et al., 2021; Stella et al., 2022; Wolfe et al.,

2023). Therefore, restorative interventions through structures that

support ecological communities (e.g., Reef Stars) should match the

niche of target species, and this also includes the micro-habitat for reef-

associated organisms (besides macro-habitat for coral species), thus,

promoting habitat heterogeneity to enhance reef biodiversity and

ecological functions (Bishop et al., 2022).

Another factor that may ultimately drive the enhanced

carbonate budgets observed for the Reef Stars (E) is presumably

the size of material used for restoration. When a sexually mature
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coral colony is fragmented below a certain size, resources are

directed towards regrowth instead of reproduction (Lirman, 2000;

Zakai et al., 2000). As such, the size and life stage (age) of corals

used for restoration will inevitably impact the carbonate budgets

retrieved as freshly fragmented coral show higher growth/

regeneration (i.e., following trauma, corals undergo rapid tissue

and skeletal repair; Loya, 1976; Bak, 1983; Chadwick and Loya,

1990; Meesters et al., 1994) than well-established adult coral

colonies, which above a size threshold, shift resources from

growth to sexual reproduction (Babcock, 1991; Soong, 1993; Kojis

and Quinn, 2001). Larger coral size classes will further exercise

more inter- and intraspecific competition for resources (e.g., space,

food, light), thus limiting potential coral growth and survival (Box

and Mumby, 2007; Evensen et al., 2015).

Most structural property traits examined in our study were not

compromised within the experimental restored setting (E) for either

A. intermedia or P. damicornis, yet a reduction in hardness for P.

damicornis was detected when they were on the Reef Stars (E).

Whilst the cause of the reduced hardness cannot be ascertained

from our current data set, it potentially indicates a trade-off in

resource acquisition and partitioning towards mineral deposition

from an altered resource landscape on the Reef Stars (E). For

example, calcium carbonate dissolution (not measured with the

used Reef Budget methodology) reduces coral skeletal hardness and

density after a marine heatwave event (Leggat et al., 2019) and

varies according to reef environmental conditions (inshore vs

offshore reefs, Aline, 2008). Coral restoration efforts in the

Caribbean have also shown reduced coral skeletal density (while

calcification rate was conserved and growth was enhanced)

attributed to the grow-out method used (thus nursery

environment) (Kuffner et al., 2017). Taken together, this evidence

would suggest that species-specific trade-offs in physiological

properties require measurements of success to include structural

properties to robustly resolve whether ecosystem service value (e.g.,

reef accretionary potential) will be retained. Importantly, hardness

was lower in Acropora spp. rubble compared to its living form

(A. intermedia). New coral rubble (dead coral) is known to be very

breakable (Davies and Hutchings, 1983; Scoffin, 1992; Greenstein

and Pandolfi, 2003), and hardness increases when crustose coralline

algae (CCA) colonises the surface of the dead coral fragment. As

such, 11 years post-cyclone, CCA colonisation on the coral rubble

may still be in progress, again highlighting the importance of

restoration interventions on reef sites with poor recovery trajectory.

Macroerosion was expected to be low in the restored site (E)

because of the lack of substrate susceptible to being eroded

compared to the rubble patch (NC). Our study showed that

macrobioerosion was lower at the restored site (E; contrary to

microbioerosion, which was higher) (0.0082 ± 0.0081 and 0.4877 ±

0.0149, respectively), but combined rates and parrotfish erosion

rates (and hence gross bioerosion rates) were similar across reef

sites suggesting that bioeroders did not drive differences amongst

net carbonate budgets we observed. However, our results should be

taken with caution as eroding activity has been observed to be

intensified on the scarce new small coral colonies due to a lack of

larger coral size classes (Huertas et al., 2021). Despite parrotfish

bioerosion being similar across sites, the unique coral composition
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of each reef site is intimately related to unique fish assemblages

(Chong-Seng et al., 2012), which will have different effects on the

reef community. Also note that the lack of urchins during our

daytime census might not fully resolve erosion rates since urchins

are more active at night (Young and Bellwood, 2011).

The census-based approach of the Reef Budget methodology

(i.e., calculated from biota cover/abundance and taxa- or species-

specific rates of growth/erosion) employed in our study is a frequent

and globally used method to determine coral reefs carbonate

budgets, and hence a useful means to inter-compare observations.

Yet the methodology has assumptions that are acknowledged (e.g.,

potential error from using abundance snapshots, unconsidered

lithification or dissolution processes, and limited spatial scale and

depth; Lange et al., 2020). In the case of census-based net carbonate

budgets (i.e., gross carbonate production – gross bioerosion) and

chemistry-based net calcifications (i.e., balance between

calcification and calcium carbonate dissolution), they quantify

different processes at different spatial and temporal scales. Several

studies have highlighted the significance of calcium carbonate

dissolution within the reef framework and sediments in driving

shifts in reef communities (Tribble et al., 1990; Andersson et al.,

2009; Cyronak et al., 2013). Hence, coupling biogeochemical

monitoring of coral reef state variables such as analysing the

unique stoichiometry of elements (the so-called “elementome”

Peñuelas et al., 2019; Grima et al., 2022) or through chemistry-

based net calcification (Broecker and Takahashi, 1966; Smith and

Key, 1975; Chisholm and Gattuso, 1991) is highly recommended to

improve census based assumptions (Courtney et al., 2022).

Despite not having a tailor-made Reef Budget methodology for

the GBR, the approach can (i) determine the relative contribution of

different carbonate producers/eroders, (ii) allow spatial

comparisons of different reef environments, and (iii) support

other indices of reef functionality (e.g., rugosity) as has been

successfully demonstrated at sites around the world (Perry et al.,

2018; Courtney et al., 2022), and here for the first time in a

restoration setting on the GBR. As such, within the context of

reef restoration, and despite the need to tailor the methodology,

there is clearly a benefit in expanding “best practice” to optimise

return-on-effort by integrating this method into restoration guides

so practitioners can consider carbonate assessments from the onset

of their restorative interventions.

In 2019, the United Nations Environment Assembly adopted

Resolution 4/13 on sustainable coral reefs management, requesting

the United Nations Environment Programme (UNEP) and the

International Coral Reef Initiative (ICRI) to better define best

practices for coral restoration for the maintenance of ecosystem

goods and services. However, reporting of success has primarily

focused on a few metrics (e.g., coral growth and survival — see

Suggett et al., 2019) rather than metrics related to ecosystem

function and health (Hein et al., 2017; Boström-Einarsson et al.,

2020; Nuñez Lendo et al., 2023), making it difficult to assess the

success of restorative interventions in maintaining or restoring

desirable ecosystem service value. Therefore, understanding the

carbonate budget of both natural and restored reefs will become
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increasingly important as they continue to experience

environmental stress (e.g., tropical cyclones/hurricanes and

changes in sea-surface temperature; Glynn, 1984; Done, 1992) in

order to evaluate their capacity to provide essential ecosystem goods

and services (e.g., coastal protection and fish nursery areas).

In conclusion, our finding highlights the relevance of using

more goal-oriented metrics (e.g., carbonate budgets, rugosity, and

skeletal properties) to evaluate restoration success depending on the

desired returned ecosystem service (e.g., coastal protection and

habitat provision). In doing this, we can assess if a restoration

intervention is maintaining or restoring reef functioning and

associated ecosystem services, which is the ultimate goal of

restoration, and optimised return-on-effort.
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