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A B S T R A C T

The ecosystem services provided by turbid nearshore coral reef ecosystems support the livelihoods of almost a 
billion people globally. Yet these services are threatened by ocean warming, coupled with population growth, 
overfishing and changing land-use practices that drive deteriorating water quality. While novel approaches to 
reef restoration are being developed in an attempt to build reef resilience and safeguard coral persistence 
through the Anthropocene, many interventions are being tested on offshore and/or clear-water reefs. Here we 
contend that the suite of challenging conditions faced by turbid nearshore coral reefs hinder the direct translation 
of restoration methods developed outside of this context. Drawing on learnings from terrestrial and coastal 
restoration, we advocate for an integrated, phased approach to nearshore reef restoration that addresses site- 
specific challenges. The approach includes (1) a habitat modification and enhancement stage aimed at facili
tating natural recovery and priming the site ahead of coral restoration, (2) a coral delivery stage, and (3) a final 
stage of protection and maintenance of the rehabilitated site. Concomitantly, protecting and restoring connected 
and adjacent habitats should be prioritised, alongside improvements in catchment and reef management, 
including the regulation of extractive activities. Most importantly, strong action on climate change is essential to 
ensure restoration efforts and investments are not wasted.

1. The value of nearshore coral reefs

A large proportion of the world’s coral reefs are located close to is
land or continental coastlines (Bryant et al., 1998). The human popu
lation density within 10 km of a coral reef is four times the global 
average (Sing Wong et al., 2022). As such, nearshore coral reefs, also 
commonly referred to as inshore or coastal reefs, disproportionally 
contribute to human economic, social, and cultural values, while pro
tecting over 150,000 km of shoreline in 100 nations and territories 
(Burke et al., 2011). Indeed, more than 775 million people are depen
dent on reef-derived goods and services (i.e. food and livelihoods), 
particularly in developing countries (Selig et al., 2019). In the 
Asia-Pacific region alone, coral reef tourism and fisheries contribute $25 
billion annually (Bartelet et al., 2024), highlighting the critical impor
tance of maintaining functional nearshore coral reefs.

Nearshore reefs support unique and diverse biological communities 
(Fabricius et al., 2005; Ellis et al., 2017; Zweifler (Zvifler) et al., 2021) 
that are naturally tolerant of harsh environmental conditions (Fabricius 

et al., 2005; Cacciapaglia and van Woesik, 2016; Mies et al., 2020). 
Importantly, they connect interdependent coastal habitats including salt 
marshes, mangrove forests, and seagrass meadows (Sheaves, 2009), and 
link these coastal habitats to offshore reefs and oceanic waters (Blaber, 
2009). While many nearshore reefs are ‘clear water’ reefs, along oceanic 
islands or deep continental shelfs, here we focus our discussion on 
nearshore reefs heavily influenced by coastal processes and typified by 
high turbidity, sedimentation, eutrophication and pollution (Fabricius 
2005; Mies et al., 2020; Zweifler (Zvifler) et al., 2021) (Fig. 1). Turbid 
nearshore reefs account for approximately 12 % of the world’s reefs 
(Sully and van Woesik, 2020) and can be found circumtropically 
throughout Southeast Asia, in Central and South America and the 
Eastern Tropical Pacific, Australia’s inshore Great Barrier Reef (GBR) 
and north-west, and around islands with large catchments (Sully and 
van Woesik 2020; Zweifler (Zvifler) et al., 2021). Many reefs located in 
the biodiverse Coral Triangle are turbid nearshore reefs (Sully and van 
Woesik, 2020).

Degradation of nearshore coral reefs is accelerating, with coastal 
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development and land use driving increases in turbidity, sedimentation, 
nutrients and pollutants to levels exceeding the tolerances of many reef 
taxa (Golbuu et al., 2003; Fabricius et al., 2005). Over 25 % of reefs 
globally are threatened by agricultural pollution (Burke et al., 2011). 
Burgeoning coastal human populations reliant on coral reefs for food 
have contributed to reef degradation through destructive and unsus
tainable fishing (He and Silliman, 2019) (Fig. 1). Climate warming is 
also increasing the frequency and intensity of marine heat waves and 
mass bleaching events, causing stronger storms and rainfall events, and 
increasing ocean acidification and hypoxia (Oliver et al., 2018; Cornwall 
et al., 2021; Wang et al., 2022; Pezner et al., 2023). This increase in 
climate warming-related disturbances is driving further coral declines 
on reefs globally and reducing windows for reef recovery (Osborne et al., 
2017; Hughes et al., 2017; Corazza et al., 2024) (Fig. 3a and b). Cu
mulative local and global stressors are degrading and reducing the 
resilience of turbid nearshore reefs, increasing macroalgal biomass and 
inducing shifts to lower diversity alternate states in some areas (Gardner 
et al., 2003; Bruno et al., 2009). While aesthetically less appealing than 
some clear-water reefs, turbid reefs support diverse reef communities 

and are most likely to provide corals refuge through fluctuating climate 
conditions, via turbidity-moderated coral bleaching (Cacciapaglia and 
van Woesik, 2016; Mies et al., 2020). Given their accessibility and 
importance for food, livelihoods, and ecosystem services, particularly in 
developing countries (Burke et al., 2011; Selig et al., 2019), it is critical 
to conserve nearshore reefs while also accelerating the development of 
restoration methods tailored to these systems.

2. An integrated and staged approach to nearshore reef 
restoration

It is increasingly recognised that novel approaches to managing coral 
reefs are required to ensure their persistence into the future (Duarte 
et al., 2020; Morrison et al., 2022; Mies et al., 2025). Alongside calls for 
strong action on climate change in conjunction with conventional 
management approaches (i.e. catchment and marine resource manage
ment), innovative interventions to increase reef resilience are being 
developed, tested, and risk assessed (Anthony et al., 2017; Bay et al., 
2023). Given most nearshore reefs face multiple interlinked challenges 

Fig. 1. Attributes of, and pressures impacting, turbid nearshore coral reefs.
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(e.g. high turbidity, sedimentation and eutrophication, freshwater 
inundation, macroalgal competition and substrate instability), we pro
pose a staged and layered approach to the restoration of these ecosys
tems (Fig. 2). This approach borrows from a long history of restoration 
in terrestrial and coastal environments and includes stages to address 
site-specific impacts to support natural recovery ahead of active reha
bilitation of target taxa (Knutson et al., 2014; Davies et al., 2021), 
alongside the protection and maintenance of the restored site, which is 
essential for long-term success (Gagnon et al., 2021). This approach also 
incorporates ecological theories including competition, predation, 
food-web and facilitation theories (Silliman et al., 2024). Here we detail 
this staged approach, which aims to improve the success for restoration 

efforts on turbid nearshore reefs, using examples of methods that have, 
in some cases, already been trialled in these habitats. We detail the 
challenges faced when applying these and other methods that are un
tested in nearshore reef environments, and suggest ways to overcome 
those challenges (Fig. 2, Table 1). Rather than presenting a systematic 
review of all current restoration methods and their potential utility in 
these challenging environments, many of which have little or no data to 
support their use in these contexts (but see Gouezo et al., 2021, Hu
manes et al., 2024; Meis et al., 2025), we discuss potentially useful or 
promising restoration methods for such settings based on trials to date. 
Local reef scientists, managers, restoration practitioners and stake
holders with detailed knowledge of site-specific environmental 

Fig. 2. Proposed staged and layered approach to restoration of turbid nearshore coral reefs, and concomitant actions (right arrows) required to maximise the success 
of restoration. Stage 1 – Habitat modification and enhancement for natural recovery; Stage 2 – Assisted recovery through coral delivery; Stage 3 – Ongoing 
maintenance and monitoring. Concurrently, catchment and marine resource management, restoration of adjacent interdependent habitats, and species and climate 
change action are required to maximise restoration success.
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Fig. 3. Examples of nearshore turbid coral reefs and restoration trials in these ecosystems. a) Severe bleaching and coral mortality (foreground) at Sloping Reef April 
2024 (Keppel Islands southern Great Barrier Reef (GBR), Carly Randall), and b) Samoa in April 2024 (Hillary Smith). In time branching Acropora colonies will break 
down to form an unstable rubble substrate on which coral recovery is slow, c) rubble dominated substrate reef (Fiji, Hillary Smith), d) Sargassum and Colpomenia 
dominated reef at Clam Bay 2023.(Keppel Islands GBR, Cathie Page). Site was previously dominated by branching Acropora (Keppel Islands GBR, Cathie Page), e) 
Arthur Bay plot prior to macroalgal removal in May 2019 (Magnetic Island Central GBR, Stella Fulton), f) the same Arthur Bay plot in May 2023 following nine 
macroalgal removal events (Belinda Phanphengdy), g) rubble stabilisation trial (Bait Reef, Whitsundays GBR, Tanya Dodgen), h) Pocillopora damicornis fragment 
secured to the sediment laden reef via a CoralClip (Whitsunday Islands GBR, Lorna Howlett), i) Archiereef 3D printed tiles after a 2.5 year deployment with added 
coral fragments (Bluff Island, Hong Kong, David Baker), j) coral fragments secured to MARRS stars approximately 1-year after installation. Stars were installed in 
October 2022 (Keppel Islands, southern GBR, Collette Bagnato), k) natural Pocillopora recruitment to MARRS stars in February 2025 (Keppel Islands, Cathie Page), l) 
device seeded with sexually produced corals deployed to degraded macroalgae dominated Home Reef (Keppel Islands, Taylor Whitman), m) seeded device deployed 
to Sargassum dominated reef at Clam Bay (Keppel Islands GBR, Cathie Page), n) seeded device overgrown by Caulerpa macroalgae after 13 months deployment to 
Clam Bay (Keppel Islands GBR, Cathie Page), and o) 1-year old surviving seeded coral on device almost buried in rubble at Halfway Reef (Keppel Islands GBR, 
Cathie Page).
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conditions and social factors (Gouezo et al., 2021, Humanes et al., 2024; 
Meis et al., 2025), are best positioned to identify methods most suitable 
for testing as part of each stage of our approach detailed below.

2.1. Stage 1 – Habitat modification and enhancement for natural 
recovery

Restoration of many terrestrial or coastal plant communities includes 
a habitat modification and enhancement stage during which the sub
strate and environment are primed following identification of the site- 
specific pressures that are limiting natural recovery (Querejeta et al., 
2000; Lewis, 2005). This stage typically includes (i) the removal of 
competitive or invasive species via weeding, burning or other methods 
(Knutson et al., 2014; Davies et al., 2021), (ii) the reintroduction of 
herbivores to reduce the biomass of competitive or invasive species 
(Dvorský et al., 2022) and (iii) the treatment or stabilisation of the 
substrate (Hatchell et al., 2022). The equivalent phase on nearshore 
reefs could include (i) removal of competitive benthic organisms and 
corallivores, (ii) seeding of herbivores to reduce macroalgal biomass, 
and (iii) stabilisation of the substrate (Fig. 2). This preparatory phase is 
likely to be more important on turbid nearshore reefs than clear-water 
reefs given the pervasive impacts of high macroalgae biomass, sedi
mentation, eutrophication, pollution and unstable substrates in these 
environments (Fig. 1). Habitat modification and/or substrate prepara
tion are not as common in marine as in terrestrial restoration, but their 
utility has already been demonstrated (Gouezo et al., 2021; Smith et al., 
2023) (Table 1).

High macroalgal abundance significantly impedes both natural re
covery and restoration on inshore reefs, due to its widespread negative 
impacts on coral recovery processes, including settlement, growth, 
recruitment and reproduction (McCook et al., 2001; Vieira, 2020; Page 
et al., 2023) (Fig. 3d and e). Following a shift to macroalgal dominance, 
a negative feedback loop can perpetuate this state (McCook et al., 2001). 
As demonstrated in terrestrial ecological studies where removal of 
weeds via mowing was sufficient to allow regeneration of Swiss fen 
meadows and sedge wetlands (Billeter et al., 2007; Kołos and Banaszuk, 
2013), the removal of macroalgae or other benthic competitors may be 
sufficient to facilitate natural coral recovery (Conklin and Smith, 2005; 
Smith et al., 2022, 2023). For example, a significant biomass (10 kg/m2) 
of invasive red algae (Kappaphycus spp.) was successfully removed from 
Kane’ohe Bay reefs in Hawaii, although rapid re-growth was noted 
(Conklin and Smith, 2005), highlighting the likely need for repeat 
removal events. Also, the manual removal of predominantly Sargassum 
spp. increased coral cover and natural coral recruitment at small spatial 
scales on nearshore fringing reefs of Magnetic Island in the central GBR 
(Smith et al., 2022, 2023) (Fig. 3e and f). Nearshore reefs may also 
benefit from the removal of other benthic competitors (i.e. 

Table 1 
Challenges to restoration on turbid nearshore reefs and proposed in-water 
restoration and rehabilitation solutions that could be applied in the proposed 
staged and layered approach to restoration, alongside climate change mitiga
tion, best-practice reef and catchment management and the restoration of 
adjacent habitats. Example references are provided; however, this table is not 
intended to be an exhaustive review of all relevant methods.

Challenge Proposed actionable 
restoration and 
rehabilitation solutions

Example References

Benthic 
competitors

• Removal of benthic 
competitors (e.g. manual 
removal, chemical 
treatment)a

• Incorporation of elevated 
features (i.e. MARRS 
stars)a

• Prevention of benthic 
competition through use 
of foul-release coatings on 
seeding devices or settle
ment substrates

• Ex-situ co-culturing of 
corals with grazers

• In-situ grazer restockinga

• Delivery of corals larger 
than size-escape 
thresholdsa

(Toh et al., 2013; Tebben 
et al., 2014; Work et al., 
2018; Neilson et al., 2018a; 
Montalvo-Proano et al., 
2025; Spadaro and Butler, 
2021; Neil et al., 2021; 
Hylkema et al., 2022; Smith 
et al., 2023; Butler et al., 
2024)

Sedimentation • Incorporation of small 
structures or elevated 
features (i.e. MARRS 
stars)a

• Use of sediment-tolerant 
coral taxa and/or 
broodstock

• Delivery of corals larger 
than size-escape 
thresholdsa

(Ceccarelli et al., 2020; 
Lamont et al., 2022; Nuñez 
Lendo et al., 2024; Lange 
et al., 2024; Mies et al. 2018, 
2025; Montalvo-Proano 
et al., 2025; Oliveira et al., 
2008)

High turbidity • Use of low-light tolerant 
coral taxa and/or 
broodstock

• Use of heterotrophic coral 
taxa and/or broodstock

• Delivery of corals with 
low-light adapted symbi
onts (either seeded sym
bionts or naturally 
acquired)

(Oliveira et al., 2008; Mies 
et al., 2018; Mies et al., 2025

Substrate 
instability and 
mobile rubble 
beds

• Substrate stabilisation via 
introduction/ 
enhancement of natural 
binders (CCA, sponges)

• Mechanical substrate 
stabilisation via 
incorporation of small 
structures (i.e. MARRS 
stars, reef bags)a

• Substrate stabilisation 
using bio-glues or natural 
fibres

(Ceccarelli et al., 2020; 
Nuñez Lendo et al., 2024; 
Leung et al., 2024; Kenyon 
et al., 2025)

Pollutants 
(chemicals, 
nutrients)

• Use of pollutant-tolerant 
coral taxa and/or 
broodstock

• Applying probiotics

Peixoto et al. (2021)

Diseases and 
pathogens

• Treatment or removal of 
diseased individualsa

• Consideration of disease- 
transmission dynamics in 
spatial planning of 
restorationa

• Applying probiotics

(Peixoto et al., 2021; Neely 
et al., 2021)

Predation • Removal of corallivores 
(COTS, Drupella, cushion 
stars etc)a

• Use of seeding device 
designs and/or small 

(Nozawa, 2008; Baria et al., 
2010; Muhando and 
Lanshammar 2020; Whitman 
et al., 2024; Matthews et al., 
2024)

Table 1 (continued )

Challenge Proposed actionable 
restoration and 
rehabilitation solutions 

Example References

structures/cages to 
reduce predationa

• Delivery of corals larger 
than size-escape 
thresholdsa

Hypoxia • Use of hypoxia-resistant 
coral taxa and/or 
broodstock

Alderdice et al. (2021)

Heat • Use of heat-tolerant coral 
taxa and/or broodstocka

• Use of heat-evolved 
symbionts

• Heat-harden corals prior 
to deployment

(Quigley et al., 2018; Godoy 
et al., 2021; Humanes et al., 
2024; Nitschke et al., 2024; 
Mies et al., 2025)

a
= method actively in use on reefs.
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corallimorphs, sponges, soft corals), including invasive species (Work 
et al., 2018; Creed et al., 2021), the risk of which is likely elevated on 
coastal reefs near ports and shipping lanes. Chlorine was successfully 
used to control invasive corallimorpharians on Palmyra Atoll (Work 
et al., 2018) and Caulerpa on Californian reefs (Anderson, 2005). 
Chemical treatments may prove useful in controlling invasive benthic 
competitors on nearshore reefs, however the risks of unintended con
sequences must be weighed against the potential impacts of invasive 
taxa establishment. The manual removal of benthic competitors at 
useful spatial scales may also be possible, as demonstrated by the 
large-scale operationalised manual removal of crown-of-thorns starfish 
(COTS), Acanthaster spp. (Matthews et al., 2024). Specifically designed 
machinery or tools may also increase the efficiency of predator and 
competitor removal from reefs.

Repeat algal removal events are typically required to maintain low 
algae biomass (Smith et al., 2023) (Fig. 3e and f). However, seeding 
herbivores may minimize or negate the need for repeat removal 
(Lorenzen et al., 2013; Butler et al., 2024). While invasive macroalgae 
quickly regrew following manual removal in Kaneohe Bay (Hawaii), 
reduced macroalgae biomass was maintained for 2-years when removal 
was coupled with urchin seeding (Neilson et al., 2018a). Similarly, 
manual removal was insufficient to maintain low algae biomass on reefs 
in the Florida Keys but translocation of herbivorous crabs (Maguimithrax 
spinosissimus) decreased macroalgae by up to 80 % and increased coral 
recruitment (Spadaro and Butler, 2021). Aquarium-based studies have 
demonstrated that ex-situ co-culturing with urchins, crabs, gastropods 
and asteroid grazers (Toh et al., 2013; Craggs et al., 2019; Neil et al., 
2021, 2024) can reduce algal competition and benefit small corals ahead 
of delivery, highlighting the potential utility of a range of invertebrate 
grazers for controlling algae biomass on nearshore reefs.

Fish also play an important role in regulating algae on reefs (Mumby 
et al., 2006; Butler et al., 2024), removing an estimated >50 % of the 
total algal biomass on the GBR (Bellwood et al., 2018). Fish biomass is 
traditionally managed via marine park zoning and catch limits, but 
mariculture, restocking, and assisted natural recovery (Hylkema et al., 
2022) could boost herbivorous fish and invertebrate populations on 
nearshore reefs with flow-on benefits for corals (Lorenzen et al., 2013; 
Neilson et al., 2018a). While protecting herbivore abundance could 
promote coral dominance, trade-offs should be considered. Some her
bivorous fish hinder coral recovery by unintentionally removing juve
nile corals while feeding (Trapon et al., 2013; Whitman et al., 2024). 
Therefore, careful selection of the fish taxa used in restocking or assisted 
natural recovery is required.

The management of corallivorous gastropods and asteroids is a 
standard technique used to reduce coral mortality, particularly at high- 
value tourism sites (Fig. 2). The removal of COTS from reefs of the GBR 
and Tanzania have accelerated natural coral recovery (Muhando and 
Lanshammar 2020; Matthews et al., 2024), noting that COTS rarely 
occur on nearshore turbid reefs in some regions. Intense predation of 
coral transplants by COTS and Drupella in the Philippines (Cabaitan 
et al., 2015), and the fireworm, Hermodice carunculate, in the Caribbean 
(Miller et al., 2014), highlight the potential benefits of corallivore 
removal or predator protection prior to coral delivery. The removal of 
cushion sea-stars from experimental plots in the Maldives improved the 
survival of natural recruits by 9 % and transplanted Acropora and 
Pocillopora fragments by 25 % (Walker et al., 2024), further demon
strating the potential benefits of corallivore management. Local 
knowledge of site-specific corallivores is critical to understanding the 
potential need for predator management during site preparation.

High turbidity and sedimentation are distinguishing characteristics 
of many nearshore reefs, particularly during wet seasons and floods 
when large inputs of terrestrial sediments and freshwater can combine 
to result in catastrophic coral mortality on nearshore reefs (Golbuu 
et al., 2003; Jones and Berkelmans, 2014). Elevated nutrient and 
pollutant concentrations are often associated with these events (Devlin 
and Brodie, 2005; Moran et al., 2023), the impacts of which are complex 

and dependent on sediment/nutrient/pollutant specific characteristics 
(reviewed in Fabricius, 2005; Erftemeijer et al., 2012). Turbidity, sedi
mentation and the eutrophication of nearshore reefs is best addressed 
via catchment and land-use management. Already a large focus in many 
regions is establishing native riparian buffers or constructed wetlands 
along waterways to filter out sediments, nutrients and pollutants before 
they reach coastal waters and flow to nearshore reefs (Vozzo et al., 
2023). Concrete, rocks or engineered structures and frames (e.g. Reef
Balls, Archiereefs, reef bags, MARRS stars, gabion cages or metal grids) 
have been used to elevate coral habitats to reduce coral-sediment in
teractions and enhance coral settlement, survival and growth (Ceccarelli 
et al., 2020; Kenyon et al., 2025) (Fig. 3i, j and k). The installation of 
structures has the added benefit of stabilising unconsolidated substrates 
that may be limiting natural coral recovery (Fox and Caldwell, 2006; 
Heyward et al., 2024), noting that the approval process for the instal
lation of such structures may be complex. Indeed, the installation of 
artificial or biodegradable stabilisation structures has enhanced natural 
recovery of seagrass and mangrove communities (Wood et al., 2019; Tan 
et al., 2020). While potentially beneficial, it is important to consider the 
topography and composition of introduced structures, as these can 
impact sediment dynamics. Including grooves, lattices or microrefugia 
into structures (Randall et al., 2021) and foul-release coatings (i.e. 
antifoulants) could limit sediment and competitive interactions on 
elevated structures (Tebben et al., 2014; Roepke et al., 2022), facili
tating coral recruitment and longer-term survival.

Nearshore reefs often have a high relative abundance of rubble and 
unstable or unconsolidated substrate (Allen Coral Atlas, 2020), which 
hampers natural coral recovery (Fox and Caldwell, 2006; Johns et al., 
2018; Leung et al., 2024) (Fig. 1 and 3c and g). Shallow coastal reefs 
with lower pH may also be more susceptible to net dissolution under 
ocean acidification (Uthicke et al., 2014; Silbiger et al., 2014) perpet
uating reef instability. Increasing climate-change driven disturbances (i. 
e. storms), as well as blast-fishing and vessel strikes, are likely to further 
expand areas of rubble (Kenyon et al., 2022; Kopecky et al., 2024). 
Without stabilising rubble, coral restoration interventions are unlikely 
to succeed. Indeed, the combined impacts of substrate instability and 
high sedimentation may explain lower survival of transplanted coral 
fragments on turbid nearshore reefs compared to off-shelf reefs of the 
GBR (Suggett et al., 2020; Scott et al., 2024) (Fig. 3h). Rubble fields may 
be stabilised via seeding of natural binders (e.g. crustose coralline algae 
or sponges), securing with bio-glues or natural fibres, or by adding 
structures (Ceccarelli et al., 2020) (Fig. 3g–j and k). Elevated structures 
may also attract fish and provide habitat for invertebrates that may help 
control macroalgae biomass (Ménard et al., 2012). Given the challenges 
of substrate stabilisation and the value of rubble fields to cryptic species 
(Wolfe et al., 2021), stabilisation may be best applied at targeted sites at 
small scales, allowing some rubble to be maintained, particularly where 
historically present.

When planning and undertaking habitat-modification activities, it is 
important to consider the characteristics of the site, the timing of po
tential disturbances (i.e., storms, floods and bleaching events), seasonal 
processes and life cycles (e.g. seasonal fluctuation in macroalgae 
biomass and recruitment), and the timing of natural recovery processes 
including coral spawning, to maximise impact and avoid the need to 
repeat activities. Region-specific protocols may require development, 
for example identification of local grazers or competitive/invasive taxa 
and development of mariculture industries for key nearshore reef her
bivores (Lorenzen et al., 2013). In some cases, habitat modification may 
be sufficient to allow natural recovery of corals given adequate larval 
supply; in these instances, no further action may be required. However, 
reef recovery at many sites is likely to benefit from the delivery of corals 
to the prepared site, through stage 2.

2.2. Stage 2 – Assisted recovery through coral delivery

Following habitat modification, restoration of terrestrial and coastal 

C.A. Page et al.                                                                                                                                                                                                                                  Journal of Environmental Management 397 (2026) 128298 

6 



ecosystems typically includes a delivery phase, where seeds or seedlings 
of target taxa are added to the site (Knutson et al., 2014; van Katwijk 
et al., 2016; Davies et al., 2021) (Fig. 2). A similar approach can be 
applied to inshore reef systems with the delivery of coral larvae, newly 
settled spat, or fragments after they have been modified or enhanced. 
The delivery of corals to prepared sites will be most important in areas 
with small, isolated, and low-density populations (Mumby et al., 2024), 
and in areas limited by larval supply. Identifying the most appropriate 
coral delivery method will require consideration of site-specific chal
lenges and restoration goals, alongside the funding, human resources, 
infrastructure, stakeholder engagement and approvals required to un
dertake the works (Peixoto et al., 2024; Burdett et al.).

Historically, coral restoration has focused on the transplantation of 
coral colonies, fragments or microfragments that are secured to the reef 
or artificial structures (Boström-Einarsson et al., 2020; Suggett et al., 
2020) (Fig. 3h). High sedimentation, macroalgae biomass and unstable 
substrates are likely to challenge the success of transplanted corals on 
nearshore reefs. This hypothesis is supported by high mortality of coral 
fragments planted on an inshore reef of the GBR (Scott et al., 2024). 
Coral delivery methods that release corals from sedimentation and 
competition with macroalgae, whilst also providing a stabilised sub
strate and protection from predation, are likely to increase transplant 
success on nearshore reefs (Fig. 3i, j and k). Elevated structures (i.e. 
Archiereefs, MARRS stars or similar) that stabilise rubble and support 
coral fragments have increased coral cover and carbonate accretion on 
clearwater reefs (Nuñez Lendo et al., 2024; Lange et al., 2024) and have 
also shown promise on turbid reefs in Indonesia (Lamont et al., 2022), 
the GBR (GBRMPA, 2025) and Hong Kong (Fig. 3i, j and k). Further 
testing of the utility of elevated structures to support coral delivery is 
warranted, to understand how coral and structure maintenance re
quirements and performance might differ on nearshore reefs.

Improvements in coral aquaculture (Ramsby et al., 2024; Fong et al., 
2024) have seen an increase in captive rearing of sexually produced 
corals (Randall et al., 2020). Seeding coral larvae directly to the sub
strate, much like aerial seeding in terrestrial habitats, increased coral 
cover on a Philippine reef, demonstrating that this method can succeed 
in clear water environments (dela Cruz and Harrison, 2017). Yet high 
sedimentation and macroalgal loads are known to impede coral settle
ment (Ricardo et al., 2017; Smith et al., 2022) and thus direct seeding on 
nearshore reefs may be less successful. The deployment of engineered 
devices housing coral spat is a newer approach being tested on reefs 
around the world (Chamberland et al., 2015) (Fig. 3l–o). Coupled with 
the periodic removal of macroalgae, coral seeding on devices was found 
to increase early coral survival on the inshore GBR (Magnetic Island). 
However, survival after two-years was low and not enhanced by mac
roalgae removal (Smith et al., 2025). Overgrowth of seeded devices by 
macroalgae (Fig. 3n) and lower survival amongst branching Acropora 
colonies (Page et al., 2024), highlight the complex relationship between 
seeding environment and survival. Further trials are needed to refine 
methods to increase coral survival on reefs influenced by high sediment 
and macroalgae, and amongst rubble fields. In many developing coun
tries, the absence of facilities for sexual reproduction of corals may mean 
that delivering ‘corals of opportunity’ (Suggett et al., 2020) is most 
feasible.

Selecting appropriate taxa to deliver to nearshore reefs should be 
guided by the current and former (if known) community composition, 
with considerations of stress-tolerant traits and planning for desired 
functional traits under future climate change trajectories (Madin et al., 
2023; Silliman et al., 2024; Mies et al., 2025). Nearshore reefs often 
harbor locally acclimatised and/or adapted populations and are likely 
the most appropriate source of corals for restoration of nearshore reefs 
(Van Oppen et al., 2015; Banha et al., 2020; Mies et al., 2020; Alderdice 
et al., 2021). To achieve early success, the use of fast-growing taxa that 
are primary colonizers with strong sediment clearing and heterotrophic 
feeding capacities are ideal candidates (Anthony et al., 2017; Mies et al., 
2020; Mies et al., 2025). Communities can then be diversified with other 

taxa where and when appropriate, for example as corals become more 
dominant and macroalgae competition diminishes. Restoration with a 
mix of taxa and different sized outplants may reduce density-dependent 
transmission of pathogens amongst restored corals and increase 
inter-taxa facilitation (Ladd et al., 2018; Silliman et al., 2024), yet it’s 
important to consider allee effects when spacing corals (Mumby et al., 
2024). Similarly, initially delivering fragments or colonies that are 
larger than size-escape thresholds, followed by sexually produced corals, 
may be a useful approach in instances where it is critical to rapidly 
restore the competitive dominance of corals. The most suitable suite of 
coral taxa for restoration will nonetheless be region and site specific and 
must be assessed and identified at this scale (Madin et al., 2023; Mies 
et al., 2025).

Breeding for heat tolerance in corals and symbionts is a very active 
area of research (van Oppen et al., 2015; Humanes et al., 2024) and is 
expected to lead to new recommendations for coral delivery (Table 1). 
The inoculation of coral spat with heat-adapted symbionts may provide 
additional protection against temperature extremes on nearshore reefs 
(Quigley et al., 2018; Zhang et al., 2021), while treating corals with 
probiotics (Peixoto et al., 2021), akin to promoting plant growth 
through rhizobacterial inoculation (Dobbelaere et al., 2003), may 
improve survival in polluted environments where pathogens are 
elevated (Bruno et al., 2003). These interventions are currently being 
trialled at small experimental scales and may be available for upscaling 
in the future. Nearshore reefs should be a major focus for this research, 
to capitalize on their existing natural tolerances of environmental ex
tremes (Mies et al., 2020; Sully and van Woesik, 2020). Breeding to 
increase tolerances of other environmental extremes, including pollu
tion, sedimentation, turbidity, and competition should also be consid
ered, to ensure restocking of nearshore reefs with resilient corals is 
possible, particularly in locations where standing genetic diversity is 
depauperate (Table 1). Following the delivery of corals to the prepared 
site, restoration can then focus on monitoring and ongoing maintenance 
to sustain the success of work to date.

2.3. Stage 3 – On-going maintenance and monitoring

Restoration of nearshore reefs will require on-going maintenance, 
protection and reiterative interventions informed by tracking of key 
performance indicators against goals (Fig. 2). Strong but adaptive 
project planning is essential for the successful maintenance of a restored 
site. The recovery of reef community ecology metrics (i.e. cover, di
versity, rugosity) and ecosystem functions and services will likely 
require longer timeframes and more varied monitoring approaches to 
quantify, and more diverse and layered intervention methods to achieve. 
Maintenance of herbivores via no-take marine reserves or fisheries 
management and/or direct stocking may be required to maintain low 
macroalgae biomass, but could reduce the need for repeat macroalgal 
removal events (Spadaro and Butler, 2021; Smith et al., 2023). Protec
tion of the restored site from at least some damaging and extractive 
activities (e.g. boat anchoring, fishing and collection, and other 
damaging activities) is likely required to maximise restoration success, 
but the need for such protection will be site-specific. Maintenance of, or 
the installation of additional elevated structures may also be required to 
further stabilise rubble or provide sediment-free surfaces for coral 
recruitment or delivery, particularly following acute disturbances such 
as tropical storms. Repeat coral deliveries to increase species richness or 
genetic diversity may also be required, especially after selective sweeps 
by marine heat waves and other disturbances. Long-term funding for 
monitoring and adaptive maintenance, must be accounted for in resto
ration project budgets and timelines to ensure long-term success 
(Boström-Einarsson et al., 2020; Gagnon et al., 2021). The on-going 
reporting of results, positive or negative, would also assist in acceler
ating the development of targeted restoration methods for nearshore 
reefs.
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3. Site selection considerations

Successful coral restoration depends on selecting an appropriate site, 
guided by both environmental and social factors (Boström-Einarsson 
et al., 2020; Gouezo et al., 2021; Mies et al., 2025). Local reef scientists, 
managers, restoration practitioners and stakeholders, with detailed 
knowledge of site-specific environmental challenges and social contexts, 
are best positioned to identify suitable sites for implementing such a 
staged and layered approach. Sites experiencing lower levels of chronic 
stressors, including sedimentation, eutrophication and damaging or 
extractive activities may generally be preferred to maximise restoration 
success. However, other ecological factors, including connectivity to 
surrounding reefs (e.g., to reduce the need for repeated coral additions 
and enhance the broader downstream ecological benefits of restoration), 
should also be considered (Frys et al., 2020; King et al., 2023). The 
visibility, use and value of a reef to stakeholders is also an important 
consideration when choosing a site.

4. Concomitant actions

The long-term success of nearshore reef restoration is contingent on 
concomitant actions, including (i) improvements in catchment and 
marine resource management, (ii) the restoration of adjacent interde
pendent habitats and species, and (iii) most critically, strong action on 
climate change (Anthony et al., 2017; Waltham et al., 2020; Vozzo et al., 
2023; Mies et al., 2025) (Fig. 2).

Firstly, adjacent terrestrial and coastal ecosystems are intrinsically 
linked to nearshore coral reefs (Sheaves, 2009; Nagelkerken et al., 
2015). Improvements in land-use practices and catchment management 
are critical to reducing siltation, eutrophication and pollution of these 
ecosystems. Yet reductions over relevant and large spatial scales re
quires significant funding and political will supported by government 
policy (Kroon et al., 2014). Extractive and damaging activities on reefs 
(for example fishing and some tourism activities) are typically managed 
via relatively small marine reserves and fisheries restrictions (Russ, 
2002; Williamson et al., 2004; Cinner et al., 2020). However, the 
growing mismatch in scales at which stressors, such as inputs of pol
lutants and sediments from poorly managed catchments, and the 
small-spatial scales at which reefs are managed, necessitates the novel 
and multiscale governance of coral reefs (Bellwood et al., 2019; Duarte 
et al., 2025). Without proper management, local, chronic stressors will 
persist and increase the need for ongoing maintenance of restoration 
activities on nearshore reefs, which may be prohibitively costly and lead 
to failure.

Secondly, restoration of ecosystems and species adjacent to near
shore reefs should be prioritised to capitalize on physical, chemical and 
biological connections and cross-habitat facilitation (Vozzo et al., 2023), 
particularly where degradation of these habitats currently limits coral 
recovery. For example, restoration of degraded mangrove or seagrass 
communities and their capacity to filter sediments and reduce pathogen 
loads (Lewis, 2005; Lamb et al., 2017), will undoubtedly benefit near
shore reefs (Fig. 2). Mangroves and seagrass communities also act as 
nurseries for many reef fish, which are critical to maintaining coral 
dominance and thus support coral restoration on adjacent reefs.

Finally, climate change is the overwhelming driver of recent coral 
declines, threatening the persistence of coral reefs globally (Reimer 
et al., 2024). Even with strong action on climate change and carbon 
sequestration, warming will continue to degrade reefs (Bozec et al., 
2025), which necessitates resilience-based restoration actions (Anthony 
et al., 2017; Peixoto et al., 2024). Yet without strong action to limit 
greenhouse gas emissions and moderate further warming, current and 
future investments in coral restoration will be wasted (Fig. 2)(Duarte 
et al., 2025).

5. Gaining stakeholder support for restoration on accessible 
reefs

Consultation with reef users is essential to reach agreement on the 
need for, and the goals of restoration, and is likely to lead to more 
successful outcomes (Bayraktarov et al., 2016; Westoby et al., 2020). Yet 
the dependence of increasing human populations on nearshore reefs for 
their livelihoods, food, and cultural values (Selig et al., 2019), as well as 
their accessibility and visibility, may raise challenges to achieving broad 
social license for restoration in these habitats (Mora et al., 2011; Abelson 
et al., 2020; Mies et al., 2025). Alternatively, shared interests in main
taining the values of nearshore reefs may facilitate agreement on the 
need for restoration and strong consultation can address these chal
lenges (Bayraktarov et al., 2016; Westoby et al., 2020; Mies et al., 2025). 
Restoration goals must be realistic with respect to original site condi
tions, remaining stressors, funding, and human resources available, to 
minimize the risk of real or perceived failures.

An assessment of restoration options against multiple criteria (cost, 
likelihood of success, potential unintended environmental and social 
consequences, and stakeholder support), is recommended to ensure 
identification of the most appropriate interventions and provide trans
parency in decision making (Corsair et al., 2009). Restoration in marine 
environments is expensive (Bayraktarov et al., 2016), but cost is only 
one of many considerations when assessing options (Corsair et al., 
2009). Importantly the value of coral reefs to coastal communities, the 
ecosystem services they provide, and the cost of their loss, must be taken 
into account (Suggett et al., 2024; Reimer et al., 2024). A costly method 
with a high likelihood of success and strong support from stakeholders 
may be preferred over a cheaper method that is less likely to succeed 
and/or has low stakeholder support. However, the economics of resto
ration are highly context-dependent, and cost–benefit thresholds are 
likely to vary across regions and sites. Ideally, activities that threaten to 
undo the benefits of restoration (i.e. pollution, fishing, anchoring, 
extraction) should be restricted at the restoration site, or restoration 
should occur where conflicting activities are absent (Abelson et al., 
2020).

6. Conclusions

Restoration alone is not the solution to the increasing degradation of 
coral reefs (Peixoto et al., 2024). Yet conserving and restoring nearshore 
corals reefs is critical to support their immense value and enable them to 
continue providing ecosystem services as oceans warm and acidify, as 
sea levels rise, and as the coastal zone increasingly hosts more human 
mouths to feed (Harris et al., 2018; Selig et al., 2019). The recommen
dations put forth here are intended to address the challenges facing 
turbid nearshore reefs, and provide a practical, staged approach for 
restoration practitioners working in these valuable habitats. Realistic 
restoration goals supported by adequate investment in a phased pro
gram of activities that seek to overcome site-specific stressors, while also 
addressing the larger-scale issues of climate warming, adjacent catch
ment management and the sustenance needs of the many people in 
developing countries, can maximise the chances of successful restora
tion on turbid nearshore reefs.
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