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Scaling Up Coral Reef Restoration
Using Remote Sensing Technology
Shawna A. Foo* and Gregory P. Asner

Center for Global Discovery and Conservation Science, Arizona State University, Tempe, AZ, United States

Coral reefs face an uncertain future and may not recover naturally from anthropogenic

climate change. Coral restoration is needed to rehabilitate degraded reefs and to sustain

biodiversity. There is a need for baseline data on global reef distribution, composition,

and condition to provide targets for conservation and restoration. Remote sensing can

address this issue and is currently underutilized in reef research and restoration. This

synthesis integrates current capabilities of remote sensing with key reef restoration

criteria, to facilitate coral restoration success. Research into the development of a

spectral database for corals, linking habitat type and extent with predator abundance,

and identification of species-specific acoustic signatures are needed to advance the

use of remote sensing in reef restoration design and monitoring. Reciprocally, reef

restoration efforts should innovate at ecosystem, regional, and global levels using remote

sensing, to preserve as much of the coral reef biome as possible with continued

ocean-climate change.
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INTRODUCTION

Anthropogenic greenhouse gas emissions are causing major changes in the land and sea, with
variable effects temporally and spatially (Le Quere et al., 2016). Consequentially, coral reefs are
facing ecological collapse, where an estimated 70–90% of coral reefs could disappear by 2050 if
emissions are not curbed (van Hooidonk et al., 2016; Hughes et al., 2018). Millions of people
depend on intact reefs for various socioeconomic and ecological values, and thus these ecosystems
are crucial to protect (de Groot et al., 2012; Ferrario et al., 2014).

Reefs may be unable to recover naturally, where active restoration can be used to rehabilitate
degraded reefs (Goreau and Hilbertz, 2005; Mumby and Steneck, 2008). Many organizations
undertake coral reef restoration, planting thousands of corals every year (Ladd et al., 2018).
However, high spatial variability in reef condition limits our knowledge of where restoration is
needed. Remote sensing can help to provide a global map of reef distribution and condition at high
spatial resolution and temporal frequency, improving accuracy in determining the regional impacts
of climate change on reefs.

A fusion of remote sensing and coral restoration science is needed to yield the most efficient
approaches for determining where to apply restoration effort to maximize success as well as to
increase the scalability. This review focuses on a merging of these two scales, beginning with a
description of remote sensing and its application to coral reefs. Restoration protocols are then
summarized. With a consideration of which remote sensing technology is most mature and
developed, current technologies are matched to key restoration steps, with suggestions of potential
future studies that will advance the use of remote sensing in coral reef restoration.
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REMOTE SENSING OF CORAL REEFS

Remote sensing is the acquisition of physical characteristics of
an area from a distance, through measuring its reflected and
emitted radiation. Remote sensing is likely the only technology
able to measure coral reef pressures from anthropogenic stressors
at scales sufficiently large enough to capture widespread,
often subtle change, or spatially- and temporally-localized, and
episodic change (Hochberg et al., 2003; Hedley et al., 2016).
Field-based monitoring of coral reefs is costly, time consuming
and geographically limited, and some of the most substantial
areas of reef are located in regions with poor access. Remote
sensing greatly reduces the amount of time needed to survey
an area (Mumby et al., 2004) and has also been shown to more
accurately estimate habitat distribution in comparison to local
environmental knowledge (Selgrath et al., 2016).

However, limitations in remote sensing exist. For example,
incomplete remote sensing coverage can lead to inaccurate
estimations of the coverage of different benthic types.
Additionally, spectral mixing can sometimes limit the
quantification of benthic cover. Lastly, accuracy of optical
data is affected by depth and turbidity (Goodman et al., 2013;
Hedley et al., 2016). Despite these limitations, current and
forthcoming remote sensing technology provides an efficient
way to monitor reefs with standardized measures and repeatable
observations (Figure S1).

A broad suite of remote sensing technology exists (reviews:
Goodman et al., 2013; Xu and Zhao, 2014; Hedley et al., 2016;
Purkis, 2018). Passive remote sensing, which relies on reflected
sunlight or emitted heat, includes photographic, multispectral,
hyperspectral, and infrared imaging. Active remote sensing
records a return signal from an emitted source, and includes
laser-, radar-, and radio-based scanning approaches. These
sensors can be deployed on various platforms, where the sensor
and platform combination influence the spectral, spatial, and
temporal resolution of the measurements (Table S1).

Current Remote Sensing Capabilities of
Coral Reefs
Remote sensing is routinely used to examine coral reefs, with
the Landsat series of sensors providing the longest time series
available for some reefs, as far back as 1984 (Mumby and
Edwards, 2002). Remote sensing can discriminate between
different components of a reef ecosystem such as habitat type
and physical structure (Asner et al., 2017; Roelfsema et al., 2018),
measurements that are critical for reef restoration practitioners.
It can also provide climate-relevant measurements such as
temperature, salinity and wind energy, and biological estimates
such as primary productivity (Purkis, 2018).

Various remote sensing technologies differ in measurement
type as well as spatial, temporal and radiometric resolution,
where different technologies use energy from different
parts of the electromagnetic spectrum. Passive remote
sensing approaches such as photographic, multispectral
and hyperspectral imaging are best suited for assessing habitat
characteristics in clear water <20m depth. They are capable of
fine spatial resolutions of <5m up to moderate resolutions of
10–30m (Table S1, Goodman et al., 2013).

Active remote sensing technologies are also suited for the
measurement of various reef properties. Laser scanning, mostly
centered on LiDAR (Light Detection and Ranging) techniques,
is often used for measuring bathymetry, seafloor topography,
and geomorphology in water <40m depth with a resolution of
around 5m or coarser. Other active sensors such as radio and
radar, which are best suited for measuring near-surface waves
and currents, provide information at a resolution of 25m to >

1 km. Thermal sensors, best suited for sea surface temperature
(SST) typically provide more coarse mapping results at about
1 km resolution, as they are mainly deployed on satellites.

Acoustic sensing can be both passive and active. Passive
sensors, such as hydrophones, convert underwater sound into
electrical signals. Active sensors, such as SONAR (Sound
Navigation and Ranging), combine a sound source with a
hydrophone utilizing the concept of echolocation to sense
the surrounding environment (Fornshell and Tesei, 2013).
Acoustic sensing is mainly deployed from ships and provides
measurements in both the shallowest and deepest environments
of more than 100m depth. Sonar provides information on depth,
seafloor topography, geomorphic zone, general habitat, water
velocity, and fish presence (Table S1).

CORAL REEF RESTORATION

Widespread in the Caribbean, many conservationists
grow and outplant coral fragments onto degraded reefs.
Pioneered in the 1990s “coral gardening,” involves the
collection and culture of coral fragments and the outplanting
of fragments onto reefs (Rinkevich, 2005; Lirman and
Schopmeyer, 2016) where restoration programs currently
operate in more than 150 coral nurseries across 20 countries
(Lirman and Schopmeyer, 2016). In reef restoration,
there are several clear objectives: (1) restore foundational
species, (2) increase live coral biomass, (3) provide coastal
protection, (4) increase structural complexity, (5) provide
physical structure for associated fauna, (6) enhance
biodiversity, and (7) increase physical connectivity between
colonies (Ladd et al., 2018).

The propagation stage of coral restoration methodology is
well-developed with thousands of corals nursery-grown and
outplanted every year (Lirman and Schopmeyer, 2016). On the
other hand, the success of outplanted corals is mixed as there
are many natural processes that can affect their survival (Lirman
et al., 2014; Ladd et al., 2018). Outplanted corals can experience
rapid mortality when placed on macroalgal overgrown reefs,
areas with low herbivore densities and increased coral predator
density, and areas with unfavorable water chemistry (Lirman
and Schopmeyer, 2016; Muehllehner et al., 2016). Outplanting
represents the largest expense and most time-consuming step of
restoration and thus identifying appropriate outplanting regions
will maximize outplanting survival.

Protocols for Coral Propagation and
Outplanting
Coral fragments are grown in nurseries until they reach a
size that is suitable for outplanting (Rinkevich, 2005). Nursery
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propagation is successful, with high survival and growth equal to
or higher than wild rates (Schopmeyer et al., 2017). The majority
of coral propagation has been through asexual reproduction, also
known as fragmentation, which can occur naturally throughwave
activity (Barton et al., 2017). Fragments can also be harvested
from established coral colonies where multiple colonies can
be fragmented to increase the genetic diversity of outplants
(Schopmeyer et al., 2017). Sexually-derived propagules can
be collected in situ from spawning corals with non-invasive
collection devices, and also from colonies in aquaria but is limited
as spawning usually occurs once or twice a year (Babcock et al.,
1986). In this case, artificial substrates must be provided in the
nursery to allow the larvae to settle, and highly filtrated water is
needed to reduce pests and pathogens.

The majority of restoration effort involves outplanting
nursery-grown fragments. Corals can be attached directly to the
reef using epoxy, cement, or ties or attached to platforms which,
in turn, are attached to the reef. Outplanting of larger fragments
is often more successful, with larger corals reaching reproductive
maturity quicker and having greater fecundity than smaller ones
(Herlan and Lirman, 2008; Lirman et al., 2010).

Larval seeding, by which large quantities of coral larvae are
either released onto the reef or first settled onto structures that
are lodged into the existing reef, are other methods which may
reduce outplanting costs as well as the time and space involved in
the maintenance of coral fragments (Chamberland et al., 2017;
dela Cruz and Harrison, 2017). Success with this approach is,
however, quite low, and outplanting coral fragments continues to
be the mainstream outplanting approach (Edwards et al., 2015).

Parameters Considered by Restoration
Practitioners for Outplanting
According to reef restoration practitioners, the three key factors
considered when choosing which reef system to restore are: (1)
existing coral cover, (2) available clean substrate, and (3) water
depth (Ladd et al., 2018), factors which are all able to be remotely
sensed. When considering which area within a reef to outplant,
the three main factors are: (1) available substrate, (2) avoidance
of benthic competitors, and (3) outplanting near herbivores
(Ladd et al., 2018), with the full list of parameters considered in
outplanting summarized in Table S2.

The best reef transplant design will fail in a poor location
thus, site selection is key to successful restoration, establishment
and growth of transplants. The use of remote sensing can
optimize the process of determining the best site to outplant,
by providing complete areal coverage of reef systems and
assessments of multiple criteria considered to be key to
successful restoration. Table S2 links all parameters considered
by restoration practitioners to their ability to be remotely sensed.

Maintenance and Monitoring of Outplants
After outplanting, maintenance, and monitoring can represent
the next biggest costs for practitioners, where outplants are
susceptible to dislodgement, storm damage, disease, bleaching,
and predation (Fabian et al., 2013; Drury et al., 2017; Ladd
et al., 2017; Schopmeyer et al., 2017). Monitoring of restoration
success is done through labor intensive field surveys and manual

photography to assess traits such as coral growth and survival
(Precht, 2006; Hein et al., 2018).

Of all restoration parameters, monitoring of transplantation
success is least considered and due to constraints and costs, the
majority of outplant projects (53% of peer reviewed studies) are
monitored for 1 year or less (Fabian et al., 2013; Hein et al., 2018).
To date, coral reef restoration has primarily focused on short-
term experiments, with no consistent monitoring procedures
in place (Meesters et al., 2015). Remote sensing can therefore
play a key role in standardizing the protocol to evaluate
restoration success.

In line with terrestrial restoration guidelines (Ruiz-Jaen and
Aide, 2005), there are six ecological benchmarks recommended
for evaluating coral restoration success: (1) benthic coral cover,
(2) productivity/recruitment of outplants, (3) coral diversity, (4)
coral health, (5) contribution of outplants to reef complexity,
and (6) diversity and biomass of associated fauna supported
by restored sites (Schopmeyer et al., 2017; Hein et al., 2018)
where most of these factors can be remotely sensed (Table S2).
Furthermore, restored sites should be compared to nearby
control or reference sites (Hein et al., 2018) to determine whether
outplants are driving the increase in reef health.

SCALING UP REEF RESTORATION WITH
REMOTE SENSING

Outplanting is the most labor-intensive and expensive part of
the restoration effort (Fabian et al., 2013; Hein et al., 2018).
As future climate change ensues, it is clear there needs to be a
more methodical way to identify which reefs are worth restoring
and which reefs have a heightened chance of surviving projected
changes. Remote sensing is a key system in determining these
locations (Tables S1, S2).

Over the past 30 years, certain remote sensing technologies
have matured and are best suited to measure specific reef
characteristics. For example, LiDAR has proven highly accurate
formapping reef bathymetry. Hyperspectral sensors are currently
underutilized, with the potential to provide much more detailed
benthic habitat information than traditional multispectral
sensors (Caras et al., 2017). Lastly, the majority of the passive
remote sensing approaches can be hindered by water turbidity,
and other systems such as acoustic sensors can surpass such
approaches in certain scenarios, particularly in water more than
50m in depth (Table S1).

Selecting Suitable Technology for Coral
Restoration Criteria
Certain reefs are projected to experience a lower level of climate
change threat (Beyer et al., 2018), and perhaps outplanting efforts
should be targeted to these areas. For other regions more likely
to experience greater climate change threat, it is essential to
outplant resilient genotypes, or genotypes with well-matched
traits to ensure survival, where remote sensing can assist by
providing information on various abiotic conditions (e.g., water
quality, sedimentation, and temperature). Of the remote sensing
technologies available, satellite-based multispectral technology is
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the most mature, tested and suited for determining the general
distribution of reef geomorphology and benthic cover. With
daily imaging available for some satellite technologies, e.g., Planet
(Asner et al., 2017), multispectral technology can help to identify
reefs to restore through classification of the size and extent of the
coral reef (Roelfsema et al., 2014; Selgrath et al., 2016).

After deciding which reef to restore, the area within the reef
best suited for outplanting must be identified. As 50% of reef
outplanting sites cover an area of just 10–1,000 m2 (Fabian
et al., 2013), spatial resolution finer than most satellite-based
sensors is needed to provide detailed site characteristics relevant
for outplanting. Airborne hyperspectral remote sensing (also
known as imaging spectroscopy) is at the technological forefront
of optical sensing, providing the most detailed benthic habitat
maps (Goodman et al., 2013; Hedley, 2013; Caras et al., 2017)
successfully classifying benthos into bottom-types such as fleshy
algae, turf algae, seagrass, coral, and coral rubble (Hochberg et al.,
2003). By accessing data over time, changes in benthic maps
can inform changes in land use, coastal development and reef
connectivity (Mumby et al., 2004; Raitsos et al., 2017) (Table 1;
Table S2, Figure 1; Figure S1).

Airborne laser scanners are currently the best demonstrated
technology for providing detailed bathymetry and rugosity for
water depths <50m and surveys <100 km2 (Rohmann and
Monaco, 2005) where LiDAR derived rugosity is highly aligned
with in-situ measurements of rugosity (Wedding et al., 2008).
Important biophysical properties of the water can be measured
by airborne radiometer and radar sensors, where pollution, algal
blooms and turbidity, all of which are important restoration
considerations, can be inferred from the measured variables
providing essential water quality parameters (Devlin et al., 2015;
Petus et al., 2016). On the other hand, the use of thermal sensors

has mainly been satellite based. To inform outplanting, a finer
resolution is needed, which means coupling thermal sensors with
airborne platforms.

For the finest resolutions of <0.1m, boat-based, remotely
operated vehicles (ROV) or low-flying aircraft (manned or
unmanned aerial vehicle) approaches are needed (Table 1;
Figure 1). Acoustic sensors deployed from boats can provide
estimates of fish presence and abundance (Zwolinski et al.,
2009). Photography is currently the best suited technology
to assess taxonomic composition and requires a boat-based
platform to provide information at the resolution needed for
restoration. The main advantage of using boat-based platforms
is the removal of surface reflected glint, a major confounding
factor in remote sensing for above-water sensors (Garaba and
Zielinski, 2013). Low-flying aircraft technologies, such as the
CAO can currently map at 4 cm resolution (G.P. Asner, unpub.
data), and with further development can provide maps at
increased resolutions, which currently only boat-based sensors
can provide.

Currently, in-water surveys are still needed to identify biotic
variables such as coral disease and predator presence, where
remote sensing technologies are currently unable to provide
information on these parameters (Table S2). There is potential
for remote sensing to detect healthy and diseased corals where
these can be delineated based on spectral signatures (Holden
and LeDrew, 2001; Anderson et al., 2013). Furthermore, with the
development of acoustic sensors and interpretation of the data,
there is the possibility of identifying and quantifying the presence
and abundance of coral predators, eventually reducing the need
for in-water surveys (Montgomery and Radford, 2017).

Lastly, remote sensing has an important role to play
in monitoring restoration success, where many of the key

TABLE 1 | Remote sensing technologies and their application to informing coral reef outplanting and restoration success.

Reef restoration criteria paired with the most appropriate remote sensing technology

Platform Satellite Airborne Boat or ROV Diver operated

Sensor Multispectral Hyperspectral Laser Thermal Radio/Radar Acoustic Photography Photography or visual

survey

General

outplanting

parameter

Geomorphology;

General reef

distribution

Specific benthic types Structural complexity;

Bathymetry

Sea surface

temperature

Water properties Fish presence Taxonomic

composition

Coral health;

Predator presence

Outplanting

criteria

addressed

Protection status;

Reef site selection

Site selection;

Existing wild

populations;

Size of the area;

Bottom/substrate

type and stability;

Human activity and

impact;

Far from land-based

pollution;

How much to

outplant/space to

expand;

Site accessibility;

Reef connectivity;

Macroalgal cover;

Sufficient light for

species and its

productivity

Depth;

Spurs and grooves to

reduce predator

migration

Sea surface

temperature;

Temperature

and fluctuations

Water quality;

Sedimentation loads;

Flow regime/wave

exposure

Fish presence;

Predator presence

Space

competitors such

as encrusting

sponges;

Crustose coralline

algae cover

Coral bleaching;

Coral disease;

Origin of parent

colonies;

Presence of diadema

Criteria considered by restoration practitioners are assigned to general outplanting categories and paired with the platform and sensing technology best suited and developed, or

needed, to measure that criterium at the appropriate resolution required. The information from this table is visualized in Figure 1.

Frontiers in Marine Science | www.frontiersin.org 4 March 2019 | Volume 6 | Article 79

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Foo and Asner Scaling Up Coral Reef Restoration

FIGURE 1 | Remotely sensed measurements that can inform coral reef restoration activities. Key criteria considered by restoration practitioners are paired with the

current platform and sensing technology that is most mature and developed, for the criterion at the required resolution to inform fragment collection, coral outplanting,

and monitoring efforts. Remote sensing technology examples are provided by the Carnegie Airborne Observatory (Asner et al., 2012) where possible, for the same

section of reef at representative resolutions. Symbols are courtesy of the Integration and Application Network, University of Maryland Center for Environmental

Science (ian.umces.edu/symbols/).

ecological metrics of success such as coral cover, diversity, and
structural complexity of restored sites are easily mapped with
the techniques described above (Table S2). On the other hand,
measuring reproductive output of outplants, coral health and
diversity of associated fauna, remain difficult to detect with
remote sensing techniques.

Coral reef restoration is expensive, with costs estimated
from $1,717 up to $2,879,773 USD per hectare (Bayraktarov
et al., 2015). This enormous range is due to the different
phases of restoration and various methods employed where
research suggests that current costs outweigh benefits (De
Groot et al., 2013). The use of remotely sensed data can
be economically incorporated into restoration activities
as there is a plethora of freely available satellite data. For
example, multispectral, 10m spatial resolution data at 5-
day intervals from satellites Sentinel-2A and 2B are freely
available as well as Landsat data at 30m resolution, which has
been extensively used for coral reef applications (Palandro
et al., 2008; Hedley et al., 2018). Furthermore, the Coral
Reef Watch program by NOAA offers free ocean data
resources including sea surface temperature, chlorophyll,
winds, and ultraviolet radiation. For higher resolution data,

airborne mapping of large areas (thousands to millions of
hectares) costs ∼$0.01 USD per hectare at non-profit rates
(Asner et al., 2014). Thus, the integration of remote sensing
with coral restoration is a cost-effective way to increase
restoration success.

In sum, satellite and airborne remote sensing can provide
information on which reef, and where within the reef to restore
as well as reef extent and connectivity. Furthermore, these
technologies provide a cost-effective way to determine sites with
the highest water quality, maximal distance from land-based
pollution and minimal site accessibility (Petus et al., 2016). A
clear advantage of remote sensing is the ability to compare
restored sites to natural reference reefs to fully determine
whether reef recovery is driven by restoration efforts. When
acute disturbances occur, restoring the coral soon after the
disturbance could help to maintain associated biota already
present (Dixson et al., 2014), and remote sensing provides a
timely and efficient method to identify these regions. Using an
approach informed bymulti-platform remote sensing will greatly
increase the chance of outplanting success, reduce the risk that
restoration efforts are wasted, and help to achieve long-term coral
conservation outcomes.
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Potential Areas of Research
Sensor technology and processing algorithms continue to
develop and drive forward the capability of mapping and
monitoring of coral reefs, especially with respect to spatial
resolution and biological detail (Purkis, 2018). Numerous
parameters considered important for informing restoration work
can be estimated remotely however, to maximize the use of
the measurements provided, there are several areas of research
needed to bridge the gap between reef restoration work and
current remote sensing capabilities.

First, we need to develop spectral databases for different
reef benthos in both healthy and unhealthy states, to
increase the number of benthic types that hyperspectral
and multispectral technologies can distinguish. This would
be especially important for identifying species of crustose
coralline algae, a substrate which induces the larval settlement
of many organisms including coral (Hadfield and Paul, 2001).
Distinguishing corals down to the species level, through
various spectral features is underway (Torres et al., 2015),
and if successful, will eventually reduce the need for diver- or
boat-operated measurements.

Second, we need to develop empirical relationships
between biotic factors and habitat characteristics that can
help predict the presence and abundance of coral predators.
Currently, diver-level surveys are needed to obtain this
information. Determining a link between predator abundance
and habitat type and extent would eliminate the need for
in-water surveys.

Third, we need to understand density-dependent effects
within and between coral colonies and entire reefs in order
to determine the scale and resolution at which remote sensing
can be most effective. A key goal of reef restoration is to
facilitate self-seeding cascades and natural regeneration, however
there is a lack of information on how outplanting influences
reef connectivity and larval seeding. These types of studies
would help to identify the ideal size, extent and position of
an outplant area that will most likely facilitate the recovery of
adjacent reefs.

Finally, the interpretation of acoustic data in a reef context
requires continued development. Acoustic data, currently the
technology that can be used in the deepest water, are relatively
insensitive to turbid water, and have the potential to document
both fish presence and abundance. Marine bioacoustics, the study
of how marine animals use and perceive sound, is a growing
field, with an aim to link reef fauna with reef-specific acoustic
signatures (Montgomery and Radford, 2017). There is potential
for acoustic technology to develop into the foremost remote
sensing technology used to directly sense fauna, which might
then be integrated with habitat data derived from other remote
sensing techniques discussed.

An integrated use of multiple sensor technologies will
provide a comprehensive view of the reef ecosystem. Research
in these four areas will drive forward the use of remote
sensing technologies in reef restoration efforts and many other
important applications. While such integration may currently
be impractical for reef restoration activities, subsets of the
technology could be applied based on the relative importance of
different restoration factors for any given reef system.

CONCLUSIONS

Widespread degradation of reef ecosystems is expected under
climate change, and thus strategic planning and technology-
assisted restoration are crucial to ensure the long-term survival
of coral reefs. Investment into coral reef restoration will be
insufficient if efforts are not spatially and temporally scalable.
Remote sensing can provide a powerful avenue to help achieve
reef restoration objectives. While remote sensing may not
provide the fine level detail of a field survey, it can reveal
both large- and small-scale patterns. Current needs include
improved coral spectral remote sensing databases, species-
specific acoustic signatures, identification of key landscape and
animal interactions, and increased integration of multiple remote
sensing technologies. While addressing the root causes of reef
devastation such as climate change, overfishing and pollution
remain essential, geospatially-informed restoration methods will
improve the chance of preserving coral reef ecosystems far into
the future.
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