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Abstract

Coral reefs are among the most diverse and iconic ecosystems on Earth, but a

range of anthropogenic pressures are threatening their persistence. Owing to

their remoteness, broad spatial coverage and cross-jurisdictional locations, there

are no high-resolution remotely sensed maps available at the global scale. Here

we present a framework that is capable of mapping coral reef habitats from

individual reefs (~200 km2) to entire barrier reef systems (200 000 km2) and

across vast ocean extents (>6 000 000 km2). This is the first time this has been

demonstrated using a consistent and transparent remote sensing mapping

framework. The ten maps that we present achieved good accuracy (78% mean

overall accuracy) from multiple input image datasets and training data sources,

and our framework was shown to be adaptable to either benthic or geomorphic

reef features and across diverse coral reef environments. These new generation

high-resolution map data will be useful for supporting ecosystem risk assess-

ments, detecting change in ecosystem dynamics and targeting efforts to monitor

local-scale changes in coral cover and reef health.

Introduction

Over the past few decades, remote sensing has become a

central tool for environmental monitoring and decision-

making (Nagendra et al. 2013; Rose et al. 2015). In partic-

ular, remote sensing can deliver important environmental

records that allow consistent monitoring of variables such

as vegetation health and production, and ocean colour and

temperature. Τhere is now a renewed focus on frameworks

to deliver near real-time information on thematic biophysi-

cal attributes like land cover and habitat types (Foo and

Asner 2019). This explicitly links to the growing impor-

tance of ecosystem modelling and ecosystem risk assess-

ments for understanding the health, status and trajectory

of ecosystems (Murray et al. 2018a).

Maps continue to provide a foundational basis for

grounding ecological monitoring and modelling over

space and time. At regional to global scales, satellite earth

observation data offer the only viable source of informa-

tion suitable for mapping and monitoring ecosystems

(Hansen et al. 2010). As earth observation has matured as

a field, so has the array of information types derived from

sensor data (Nagendra et al. 2013). We are transitioning

towards being able to provide continuous data about nat-

ural resources, for example vegetation cover and height,

water depth and chlorophyll content (Coops and Wulder

2019). Nevertheless, thematic habitat maps that depict

discrete cover classes remain the primary data source used

in many legislative frameworks, monitoring programs and

scientific applications. Indeed, habitat mapping has been

identified as a key technology for coral reef conservation

and restoration (Foo and Asner 2019; Purkis et al. 2019).

There are now multiple examples of remote sensing

frameworks that are implemented at large spatial extents
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and at high resolution (e.g. <30 m pixels) (Hansen et al.

2010; Murray et al. 2019). They have largely shown that

some of the traditional limitations – spatial extent, timely

re-analysis, user-friendly methods – have been overcome.

Thus, focus is now moving towards developing methods

that provide useful information at multiple spatial scales

(Nagendra et al. 2013). These methods should require little

modification to handle new observations, such as incorpo-

rating new satellite data sources or observations over time,

or to deliver different mapping outputs, such as a transi-

tion from thematic to continuous variables (Coops and

Wulder 2019). Methods should also have the potential to

be implemented with minimal technical skills to facilitate

better blending between remote sensing specialists and

practitioners and promote use as a monitoring tool.

Future mapping frameworks should therefore not only be

able to generate detailed habitat maps over large spatial

extents, but they should strive for attributes that enable their

use in management and conservation monitoring systems

(Nagendra et al. 2013; Rose et al. 2015; Murray et al. 2018a;

Coops and Wulder 2019; Foo and Asner 2019; Stehman and

Foody 2019). Key attributes for such frameworks are: (1) abil-

ity to access and process multisource sensor data within a sin-

gle analysis platform; (2) flexibility to incorporate training

data from a range of sources; (3) capacity to provide themati-

cally accurate data from local (e.g. an individual reef) to global

(e.g. entire reef system) scales; (4) ability to update outputs

when new sensor or training data are made available; (5)

capacity for modifying the map output type; (6) implementa-

tion on a publicly available analysis platform that requires

minimal local computing resources; and (7) achieve accura-

cies that meet the expectations of ecosystem managers. Most

of these key attributes (particularly 4 and 5) require a map-

ping framework that is easy, efficient and timely to ‘re-run’,

by the original investigators or by different individuals or

groups. Recent large-scale mapping efforts are fulfilling these

requirements (Murray et al. 2019), but a notable exception is

coral reef environments. Like many global ecosystems, coral

reefs face imminent threats, but large-scale mapping efforts,

while significant, have not been developed via methodologies

that can be repeated in a consistent or timely manner.

Reef mapping has a long history, from Charles Dar-

win’s early global distribution estimates, to massive

extents of semi-automated classification of high-resolution

satellite imagery. The first ‘modern’ attempt to catalogue

the world’s coral reefs in a spatially explicit manner was

the United Nations Environment Program World Conser-

vation Monitoring Centre (UNEP-WCMC) coral reef

mapping project (Spalding et al. 2001). The global map

compiled data from a variety of sources, ranging from

navigational charts to the (Sheppard and Wells 1988) col-

lections of individual reef maps, with variable and often

incompatible classification schemes.

Currently, the majority of the UNEP-WCMC coral reef

map comprises maps originating from the Millennium Coral

Reef Mapping project (Andrefouet et al. 2006). These maps

were significantly different to past mapping efforts in that a

consistent classification scheme was used, along with a con-

sistent satellite image data source (Landsat 7, 30 m pixels).

Despite these global layers providing critical information on

reef distributions for nearly 20 years, there is a desire for

coral reef maps at a higher spatial resolution, and for maps

that provide information on both geomorphic zonation and

benthic habitat type. There is also a need to reduce the

amount of manual image interpretation required, upon

which much of the Millennium project was based.

A recent example that solved these challenges over a

very large extent used a semi-automated remote sensing

method, combining high-resolution satellite imagery,

object-based image analysis and in situ field data (Purkis

et al. 2019). Despite the large mapping extents, it did not

map entire reef systems, it is not amenable to timely re-

implementation (new input data sources, different classifi-

cation schemes) and the methods are not accessible to

users from all socio-economic backgrounds.

Here we present a mapping framework that achieves the

desirable attributes listed above to underpin future coral reef

mapping efforts at local to global scales. We demonstrate the

framework by progressively mapping an individual reef

(~200 km2 of reef) to the entire Great Barrier Reef

(~200 000 km2 of reef) and, finally, testing the method

across the South West Pacific coral reef region

(~140 000 km2 of reef). This region contains highly complex

reef environments distributed widely across 6 000 000 km2

of ocean (every reef around and between New Caledonia,

Vanuatu, Tuvalu, Tokalau, Samoa, Nuie, Tonga and Fiji).

These are both the geographically largest and most detailed

coral reef maps derived from a single, consistent and repeat-

able earth observation analytical approach.

We demonstrate how the framework works, and how it is

being adopted by organizations to support coral reef conser-

vation and monitoring efforts globally. The purpose of this

paper is not to present a new catalogue of the world’s coral

reefs, or even an explicit comparison of maps from our new

framework to existing maps. Rather this paper presents the

foundations to develop a novel coral reef monitoring system

that is agile and dynamic enough to support rapidly chang-

ing needs, data sources and end users into the future.

Materials and Methods

Case study locations and data

To demonstrate the multiscale nature of our mapping

framework, we first use three focus extents on the Great

Barrier Reef: individual reef, reef management region
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(247 reefs) and entire shelf barrier reef system (~3000
reefs). We illustrate the multimodal nature of the frame-

work using different satellite image data and different

types of training data. We then show its ability to transfer

to a new environment, mapping the South West Pacific

region (>2000 reefs across 6 000 000 km2), a particularly

morphologically complex region with a mix of atolls, bar-

rier reefs and diverse fringing reefs. Each focus extent uti-

lized different combinations of input satellite imagery,

bathymetry and wave data with spatial resolution varying

from 2 m to 30 m pixel size. Table 1 outlines the various

combinations of input data across the focus extents, how

much of the focus extent is represented by training and

validation data, including references that detail their

provenance, pre-processing and analysis methods.

Mapping framework

Our mapping framework combines image segmentation,

machine learning prediction and object-based classification

into a single, flexible classification approach designed to

freely move between focus extents and data types, while

simultaneously handling redundant data and wide variation

in data quality. The framework has four central processing

modules that are applied after selecting a combination of

satellite image, bathymetry and wave data, and acquiring

reference data to train the classifiers (Fig. 1).

The entire workflow is implemented on Google Earth

Engine (Gorelick et al. 2017). Earth Engine is a platform

that allows both visualization and analysis of various

geospatial datasets, similar to traditional remote sensing

or GIS workflows, except implemented in a scalable,

cloud-based computing environment. It has a Python and

JavaScript application programing interfaces (API), and

can be used on any computer with an internet connec-

tion. Users can access an existing catalogue of publicly

available geospatial datasets, or upload their own data,

while maintaining ownership of all algorithms and results.

Earth Engine is free for research, education and non-

profit use.

Table 1. Mapping area details from the individual reef scale to the whole Great Barrier Reef and South West Pacific region, including reef area

mapped, input data combinations and training/validation data type and coverage

Focus extent

†Number of reefs,

shallow reef area and

reef habitat area

Satellite image

data (pixel

resolution) Bathymetry data Wave data

Training and validation

inputs (% geographic

extent covered)

Heron Reef 1 ~43 km2 ~220 km2 Worldview-2

(2 m)––
CASI derived (4 m)‡‡ Bathymetry/fetch model

(Harris)––
• Point-based in situ data

9

• Map-derived sub-sam-

pling
10

(extent: 100%)

Cairns-to-

Cooktown

management

region

247 ~1,700 km2

~3 000 km2

Planet Dove

(5 m)
––Landsat-8

(15 m)–

Planet Dove derived

(5 m)–– Landsat-8

derived (15 m)–

Bathymetry/fetch model

(harris)–– Bathymetry,

wind-gen, propagation

model (Callaghan)
10

Point-based in situ data
9

Map-derived sub-

sampling
10

(extent: ~15%)

Whole Great

Barrier Reef

~3,000 ~16 000 km2

~200 000 km2

Sentinel-2

(10 m)††
Deep Reef Explorer

data (30 m)§§
Bathymetry, wind-gen,

propagation model

(Callaghan)
10

Map-derived sub-sampling
10

(extent: ~1%)

South West

Pacific

~ N/A ~16 000 km2

~140 000 km2

Planet Dove

(5 m)––
Planet Dove derived

(5 m)––
No wave data Map-derived sub-sampling

10

(extent: ~5%)

*Shallow reef area = reef classes mapped ~<5 m deep; reef habitat area = reef zone mapped < 25 m deep; number of reefs for South West

Pacific not estimated due to massive extents of fringing reefs.
†Worldview-2 image acquired 1 October 2014, geo-corrected to < 1 m, atmospheric correction via FLAASH.
‡Landsat-8 mosaic built from imagery between 2013 and 2016, bathymetry derived via physics-based inversion (Roelfsema et al. 2018).
§Planet Dove mosaic built from imagery between 2018 and 2019, bathymetry derived from a ratio-based empirical algorithm (Roelfsema et al.

2018; Li et al. 2019).
–Sentinel-2 mosaic built from median reflectance between 2015 and 2018 on Google Earth Engine (Gorelick et al. 2017).
††CASI hyperspectral data acquired 2 July 2002, bathymetry derived via adaptive lookup approach (Hedley et al. 2009; Roelfsema et al. 2018).
‡‡Deep Reef Explorer dataset - bathymetry compiled from multiple sources (Beaman 2010).
§§SWAN wave propagation-based wave model that incorporates bathymetry and meteorological data (Callaghan et al. 2015).
––ReefWave bathymetry and fetch-based wave model (unpublished).
9In situ data derived via analysed georeferenced photo-transect data; from and derived similarly as (Roelfsema et al. 2018).
10Detailed habitat maps created via an object-based analysis routine from or similar (Roelfsema et al. 2018).
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Data collation and segmentation

First, the relevant covariate data layers and training data

are collated into a common geographic reference system.

The framework uses both spectral reflectance data and

biophysical data that have well-established links to the

drivers of distributions of reef biota (Roelfsema et al.

2018). We used reflectance data from Landsat-8, Sentinel-

2, Planet Dove and Worldview-2 satellites (Table 1), but

most reflectance data could be substituted. Bathymetry,

slope angle (derived from bathymetry) and wave data can

be used to differentiate most reef geomorphological zones,

and are also useful as surrogates for aspects of the physi-

cal environment (light availability, temperature, energy)

that influence coral reef ecological partitioning. Texture

metrics (gray-level co-occurrence matrix; kernel-based

neighbourhood variance) are also used to aid detection of

other physical and biological aspects of coral reefs, such

as surface roughness and habitat heterogeneity.

After the covariate layers are collated, the mapping area

is segmented into image ‘objects’, such that an object rep-

resents a relatively homogenous group of pixels, that bal-

ances both shape and colour (Blaschke et al. 2014). We

used simple non-iterative clustering (Achanta and Sus-

strunk 2017) on the blue, green and depth layers, but

other combinations of segmentation algorithms and input

data could be used. Briefly, this segmentation method

starts with a uniform grid of pixels (centroids), and clus-

ters are formed around these centroids via distance calcu-

lation in a n-dimensional space of colour and spatial

coordinates. Object size is a user-defined parameter that

can be easily modified to suit the imagery or required

output. Object ‘compactness’ is also a user-defined

parameter that controls the possible geometry, namely

roundness and linearity, of an object. This parameter

often required trial and error, and we set it to a value

(the same for all maps) that allows both round objects as

well as linear objects, to account linear features like reef

crests and spur and groove formations.

For each object, the mean value for every input data

layer was calculated. The pixel-based and object-based

data were stacked together such that each pixel location

in the stack of covariate layers included both the exact

pixel-based value and the values for the object that pixel

belongs to. Reefs are complex connected environments, so

our hybrid approach is useful because it allows both indi-

vidual pixel values and neighbourhood information to

simultaneously inform the classification.

Coral reef habitat classification

The reference data used for mapping training and valida-

tion were from two key sources: (1) point-based field data

derived from georeferenced in situ photographs from

SCUBA and snorkel transects (Roelfsema et al. 2018) or

(2) derived by sub-sampling points from high-confidence

polygons within existing maps or from expert-derived

polygons (image interpretation; Stehman and Foody 2019;

Murray et al. 2019). The two rules for selecting training

and validation data were: (i) for point-based training

data, 75% was used for training and 25% reserved for val-

idation; and (ii) for map-based training data, 3000 ran-

dom points sampled within each mapping category, 50%

for training and 50% for validation. Reference data from

which training and validation data were distributed rea-

sonably evenly across the focus extents, although large

areas did not have any reference data (Figs. 2 & 3).

Module 1:
Ingest input data and 
perform image 
segmentation

Module 2:
Initial map classification via 
machine learning 

Module 3:
Map refinement and 
clean-up via object-based 
rules

Module 4:
Validation and accuracy 
assessment

● Satellite imagery
● Bathymetry
● Wave data

● Point-based in 
situ data (e.g. 
snorkel and 
SCUBA transects)

● Map-derived data 
(e.g. high 
confidence 
polygons 
extracted from 
existing maps)

● Expert knowledge 
(e.g. manually 
delineated 
polygons)

● Validation and 
accuracy based 
on data held-out 
from Module 2

● Logical rules 
incorporating 
biology and 
geomorphology 
(e.g. reef crest 
surrounded by 
reef flat = remap 
as reef flat)

Geomorphic map
Benthic map
Accuracy statistics

Figure 1. Flow chart detailing the four key modules of the coral reef

mapping framework, including the data input types, processing steps

and output products.
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The classification module samples the covariate data at

locations defined by training data, which represent known

occurrences of bottom type, to train a random forest

algorithm (James et al. 2013). Random forests are an

ensemble decision tree method, where multiple decision

trees are created, and (for classification problems) the

final prediction is the mode of the prediction from all

trees. Each tree contains a random sample (bootstrapped)

of the training data and at each node split a randomly

selected set of the covariate features is used. The random

selection of training data and covariate data ensures

uncorrelated decision trees, meaning the random forest

method is less prone to overfitting and is robust to

redundant covariate data. The random forest classifier

was trained with 50 trees per class, a minimum leaf

population of 1 and the square root of the total number

of covariates as the number chosen at each node split

(James et al. 2013).

Once trained, the random forest model is used to pre-

dict the class membership of each pixel across the whole

focus extent. Here we developed two thematic map types:

geomorphological zones (e.g. lagoon, reef flat, reef crest,

reef slope) describe the natural structural reef features

that underpin the most important biology; and benthic

composition (e.g. algae, rubble, coral) describes reef sub-

strates and benthos. These two thematic map outputs are

the most commonly mapped thematic structures in coral

reef ecosystems (Roelfsema et al. 2018). A full list of

classes and their description is in Appendix S1. In this

study we have limited the mapping to depths of around

Great Barrier Reef
(~3000 reefs)

Management 
region

(247 reefs)

Individual reef

Geomorphic map

Benthic map

N

20 km

250 km

8 km

2 km

Queensland, 
Australia

(A) (B)

(C)
Training/Validation
data locations

b)

Figure 2. A demonstration of the varying spatial scale and detail possible from the coral reef mapping framework: (A) The Great Barrier Reef

(Sentinel-2, 10 m); (B) Cairns-to-Cooktown region (Planet Dove, 5 m); (C) Heron Reef (Worldview-2, 2 m). Red plus symbols indicate training/

validation data locations. Small red squares in panel b/c denote zoom location for Figure 4. The maps can be explored in detail here:

mitchest.users.earthengine.app/view/coral-map-explorer.
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15 m due to the water penetration potential of the satel-

lites we used (Li et al. 2019), but the framework is flexi-

ble to accommodate different thresholds. Producing each

map type (benthic and geomorphic) requires a different

set of covariate data layers and training data (Table 1).

The clean-up module applies ‘object-based rules’, a

type of expert system (Pekel et al. 2016), which enables

direct translation of geomorphological, ecological and

biological principles into logical mapping and contextual

algorithms that reduce misclassifications in map outputs.

Most of these rules are well defined from previous

research on coral reef mapping (Roelfsema et al. 2018).

Geomorphic structure is more amenable to logical

neighbourhood rules than benthic habitat, as benthic type

can be more dynamic in terms of its neighbouring ben-

thic types. For example, consider a small group of pixels

(an object) mapped as reef crest that are surrounded by

reef flat pixels – reef crest by definition must occur along

the edge of reef flat, not surrounded by it, so a class-logic

rule is applied to reclassify that group of reef crest pixels

to reef flat. Some classes need to be a minimum size to

justify their assignment, for example, lagoons are typi-

cally > 50 9 50 m, so very small areas mapped as shallow

lagoon would be reclassified. Rules for re-classifying ben-

thic classes use the underlying geomorphic classification

for the logical rule. For example, seagrass is very unlikely

(A) (C)

(D)

 South West Pacific
(~140,000 km2 shallow reef)

N
400 km

New 
Caledonia

Vanuatu

Fiji

Tonga

Niue

Samoa

Tokelau
Tuvalu

Wallis & 
Fortuna

American 
Samoa

(B)  Kadavu,
Fiji

20km

Geomorphic map

Benthic map

Planet Dove image

8 km

Vaiaku,
Tuvalu

Lalona 
Island, 
Tonga

1.5 km

Training/Validation data locations

Figure 3. A demonstration of the varying spatial scale and detail possible from the coral reef mapping framework (all Planet Dove 5 m): (A) the

South West Pacific region showing the Planet Dove image mosaic; (B) the image mosaic, geomorphic map and benthic map for Kadavu, Fiji; (C)

Geomorphic map for Vaiaku, Tuvalu; (D) benthic map for Lolona Island, Tonga. Yellow plus symbols indicate training/validation data locations.

Small red square (above New Caledonia) in panel (A) denotes Surprise and Merite reef location for Figure 5. The maps can be explored in detail

here: mitchest.users.earthengine.app/view/coral-map-explorer.
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to occur on a reef slope, so a class-logic rule reassigns

those areas of seagrass (spectrally dark) to coral/algae,

which are the more likely spectrally dark substrates to

occur on reef slopes.

A series of these rules, referred to as a ‘ruleset’ in

object-based approaches, were developed for this module.

The exact combination of rules varies per mapping area,

due to different combinations of classes and reefs type.

Typically, about 20 to 30 rules were applied to the geo-

morphic map, and between 5 and 10 rules were subse-

quently applied to the benthic map. The full ruleset for

this clean-up module is available in our code (see Code

and data access), which includes a plain English descrip-

tion of each rule.

Accuracy assessment

The final module computes standard accuracy assessment

metrics for the output maps. Accuracy is estimated using

the data held-out from the classifier (either 25% or 50%

of the entire sample depending on data source, see meth-

ods). To support decision-making, the module provides

both a traditional error matrix approach to calculate

overall, user and producer accuracy, along with a 95%

confidence interval on overall accuracy using a non-para-

metric bootstrap (Lyons et al. 2018). Accuracy statistics

were calculated for each mapping scenario, for both the

geomorphic and benthic maps (10 maps in total).

Code and data access

The code for the entire Google Earth Engine framework

is accessible online, as both a live version (github.com/

CoralMapping/gee-mapping-source) and as a static release

as per this paper (https://doi.org/10.5281/zenodo.

3714181). Landsat/Sentinel imagery, training data and all

bathymetry/wave data are provided open access (Planet

and Worldview image data are proprietary).

Results

Our framework successfully generated geomorphic and

benthic zone habitat maps from five different earth obser-

vation sensors and a range of training data sources, at

spatial resolutions between 2 m and 15 m, and at spatial

scales from 200 km2 to 200 000 km2 (Table 1, Figs. 2–4).
The methods transferred seamlessly between the shallow

continental shelf reef system of the Great Barrier Reef

(predominantly platform reefs) to the complex patchwork

of oceanic reef types (mixed fringing reefs, barriers, sub-

tidal atolls and almost atolls) developed across the South

West Pacific region (every reef across > 6 000 000 km2 of

ocean around and between New Caledonia, Vanuatu,

Tuvalu, Samoa, Nuie, Tonga and Fiji). For the maps that

used bathymetry derived from Planet Dove data, occa-

sionally, small reef areas were unable to be mapped when

water depth values could not be derived due to data qual-

ity and water quality interactions.

In total 10 maps were produced. Overall accuracy of

the maps was consistently high (mean 78%; median 80%)

and all but one map achieved an overall accuracy

of > 70%. There were no notable differences between the

geomorphic and benthic maps in terms of accuracy.

These accuracies are similar to existing coral reef maps

reported in the literature (Roelfsema et al. 2018; Purkis

et al. 2019). Full results for the accuracy assessment,

including all accuracy measures, error matrices, boot-

strapped confidence intervals and individual class accura-

cies are provided in Appendix S2.

The spatial extent and detail of these maps is difficult

to explore and appreciate in static form, therefore we

provide a web application built on Google Earth Engine

for readers to explore the mapping products (mitch-

est.users.earthengine.app/view/coral-map-explorer). The

high-spatial resolution Planet satellite map products for

the Cairns-to-Cooktown and South West Pacific regions

can be downloaded from the Allen Coral Atlas (allenco-

ralatlas.org/), and the Great Barrier Reef maps will soon

be published by the Great Barrier Reef Marine Park

Authority (gbrmpa.gov.au/).

There was broad agreement between the maps from

this study and existing maps, although similar to the Mil-

lennium (Andrefouet et al. 2006) and Purkis et al. (2019)

maps, our maps make a clear information improvement

over the UNEP-WCMC map (Fig. 5). At the broad spatial

scale, the pattern and zonation was similar between our

maps and the Millennium (Andrefouet et al. 2006) and

(Purkis et al. 2019) maps (Fig. 5). Inspecting the maps at

finer spatial resolution showed that our maps increased

the information content over the Millennium (Andrefouet

et al. 2006) maps, but were less detailed than the Purkis

et al. (2019) maps (Fig. 5). Importantly, our framework

provides a separate, coincident geomorphic and benthic

map, while the Millennium (Andrefouet et al. 2006) maps

only give geomorphic information, and the Purkis et al.

(2019) maps give combined geomorphic-benthic habitat

information.

Discussion and conclusions

This study demonstrates a mapping framework that is

capable of providing varying levels of thematic informa-

tion detail, while handling vast amounts of data at local

to continental scales within a publicly available system

that has minimal processing limitations. As the test case,

we demonstrated coral reef habitat mapping at spatial
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resolution ranging from 2 m to 15 m, from an individual

reef (~200 km2) up to the first ever detailed maps of geo-

morphic type and benthic habitat for the entire Great

Barrier Reef (~200 000 km2) and South West Pacific

region (~140 000 km2). Our framework is an example of

the growing momentum to implement methods capable

of near real-time thematic mapping for environmental

monitoring (Coops and Wulder 2019; Foo and Asner

2019), and a shift in the remote sensing discipline

towards providing methods that facilitate both top-down

and bottom-up remote sensing for science and manage-

ment activities (Murray et al. 2018b).

Coral reef ecosystem risk assessment and
monitoring

There is a need for structured ecosystem risk assessments to

identify ecosystems at risk of large, detrimental changes,

and earth observation has become a critical data source to

support these assessments (Murray et al. 2018a). Remote

sensing is crucial for understanding the distribution and

change of ecosystems, particularly for remote and broadly

distributed ecosystems like coral reefs, of which a high

proportion (40%) is considered remote and isolated (Foo

and Asner 2019; Purkis et al. 2019). Ecosystem risk assess-

ments, as well as assessments of progress towards global

conservation targets, require detection and quantification

of change over time (Keith et al. 2013), and doing this via a

broad un-targeted approach for coral reef environments is

cost-prohibitive (Foo and Asner 2019).

High variability and availability of data sources relevant

to ecosystem dynamics and varying requirements of out-

put map products (Nagendra et al. 2013; Rose et al. 2015;

Coops and Wulder 2019) have also stifled ecosystem risk

assessments in coral reef environments (Bland et al.

2017). Effective ecosystem risk assessment thus requires

spatially explicit data representing multiple levels of bio-

logical organization to support estimates of area change,

ecosystem degradation, collapse thresholds and spatially

explicit simulation models. In this context, the ability of

our framework to deliver coincident geomorphic zonation

and benthic habitat maps is particularly advantageous.

The growing use of end-to-end ecosystem models (e.g.

eReefs; Baird et al. 2018) relies heavily on spatially expli-

cit data, often remote sensing-derived maps (Bland et al.

2017), reinforcing the importance of flexibility in our

framework.

In context with other mapping efforts

Tremendous human effort has gone into mapping the

planet’s coral reefs over the last 200 years – from

500 m250 m

Worldview-2 (2 m pixels) Sentinel-2 (10 m pixels) Planet Dove (5 m pixels) Landsat 8 (15 m pixels)

Geomorphic
map

Shallow lagoon Inner reef flat Reef crest

Slope (exposed) Slope (sheltered)
Coral + Algae Rubble RockBenthic 

map

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

Figure 4. Example coral reef habitat maps on the Great Barrier Reef showing differences in spatial resolution from different satellite sensors for a

geomorphic map of Heron Reef (panels A–D; red square in Figure 2 panel C) and a benthic map of Batt Reef (panels E–H; red square in Figure 2

panel B). The maps can be explored in detail here: mitchest.users.earthengine.app/view/coral-map-explorer.
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dangerous voyages to discover and chart reefs at the end

of the 19th Century, through to the collation and digitiza-

tion of regional, national and global maps following the

widespread availability of computers, satellite imagery and

modern mapping methods. The aim of this study is not

to compare our outputs with those global-scale coral reef

maps in current circulation, but rather to present a new

framework that will support and enhance reef mapping

efforts worldwide. Future work will focus on refining

maps through quantitative analysis, incorporating new

training data and comparing with currently in use

products. Our initial comparisons have shown broad

agreement in terms of both accuracy (see Results section)

and broad spatial patterns (Fig. 5), which is encouraging

given the scale and detail attainable from our framework.

We expect our maps to support specific localized use

where appropriate, and amalgamation into existing

resources to facilitate wall-to-wall coverage for existing

large-scale management and conservation frameworks. In

that sense, mapping coral reefs using consistent methods

over such large extents will help facilitate hierarchical and

generalized classification schemes for both geomorphic

zonation and benthic habitat types, a major concurrent

focus of our work.

 Surprise Reef 20 km

Image Geo. Benthic

WCMC Millen. Purkis

3 km Merite Reef

Image Geo. Benthic

WCMC Millen. Purkis

(A)

(B)

Figure 5. A comparison of the geomorphic and benthic maps produced in this study (Geo. & Benthic) to the UNEP-WCMC (Spalding et al.

2001), Millennium Project (Andrefouet et al. 2006) and (Purkis et al. 2019) reef maps. Surprise Reef and Merite reef are situated at the north

west tip of New Caledonia. This figure provides a broad comparison of class resolution and distribution rather than direct comparison of habitat

classification; no class colour definitions are provided as there are around 40 different classes between the mapping projects.
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Key future challenges

A key limiting factor in this framework is the quantity

and accuracy of training data and its distribution across

space and time. Our framework enables an unprecedented

ability to predict beyond the bounds of a focus extent.

However, model performance can degrade significantly

when predicting beyond the region from which the map

classification is trained, and therefore scaling the frame-

work to the global domain requires considerable amounts

of training data distributed across the world. Many of the

issues relating to training data are explicitly linked to vali-

dation data, because scaling up to the global domain

requires that large areas have no validation data. Here we

infer our reported accuracy into those areas, but it is

actually quite uncertain. We encourage users to conduct

additional accuracy assessments at their desired scale and

provide feedback.

Thus, a key focus of the framework is continued devel-

opment and investment into the collection and curation

of in situ and expert-derived data to serve as training and

validation data. Our study has shown that, despite con-

siderable advances in mapping technologies, mappers and

end users must still continue to scale their investment in

training data according to issues such as map relevance

(validation in context of class importance/composition),

statistical rigour and reproducibility (Stehman and Foody

2019).

Our framework is not dependent on training and vali-

dation data of one particular source. It is able to utilize

point-based in situ data, expert knowledge-derived points

or polygons, or high-confidence polygons extracted from

existing maps – either as a single source type, or mixed

stream of those options. The data sources can also be

mixed or separated between training and validation. This

is an ideal situation for future efforts to incorporate the

growing scientific use of citizen science data (Callaghan

et al. 2019) and enhanced collection methods or existing

archives (e.g. coralwatch.org, hawaiicoral.org). Flexibility

in training and validation inputs will allow citizen science

data to enhance user feedback mechanisms and increase

the pool of training and validation data. Flexible data

structure will also help the transition towards more user-

friendly implementations of mapping methods, such as

online tools that allow users to make habitat maps by

inputting their own training and validation data (Murray

et al. 2018b).

Continued investment into mapping

An agile mapping framework such as ours offers an

opportunity for investment from management agencies or

conservation organizations, to provide data for their own

application, as well as continue to improve input data

and validation procedures. Blurring the line between

mapping methods and management- and user-ready data

can lead to loss of confidence in an approach, particularly

at large geographic scales (Tropek et al. 2014). Thus long-

term benefit and usefulness of mapping products require

investment into image data acquisition along with collec-

tion and curation of training and validation datasets. This

is why we provide a Google Earth Engine app to view the

maps created in this study, but defer download of user-

ready data to official sources where investment has

already occurred.

This study describes the workflow now adapted to two

initiatives aimed at mapping the distribution of coral reef

ecosystems at geographic and thematic scales yet to be

achieved with remote sensing. The Allen Coral Atlas (allen-

coralatlas.org) project will map all the shallow water tropi-

cal coral reefs in the world using Planet Dove satellite data

and derived products (Li et al. 2019), and is funding new

in situ field data collection. Maps from this paper are avail-

able on the Atlas, with regions around the world coming

over 2020-2021. The Great Barrier Reef Marine Park

Authority (gbrmpa.gov.au) has funded intensive water col-

umn correction and depth retrieval from Sentinel-2 satellite

data (Roelfsema et al. 2018), to create next generation geo-

morphic and benthic maps (including coral type), available

from early 2020. Projects and investments such as these will

be critical for supporting future conservation of reefs dur-

ing a time of great global change.

Growth areas for next generation reef
mapping

Maps of coral reefs support a wide variety of scientific

investigations and management decisions, and we hope

our framework and data can support improved manage-

ment and protection of reef ecosystems around the world.

Our analysis demonstrates that remote sensing approaches

can be used to simultaneously model the distribution of

both benthic and geomorphic features, and is sufficiently

flexible to adapt to other classification schemes for which

georeferenced training data are available. Time-series

analysis is similarly possible, and could support the detec-

tion of detrimental changes in reef environments. With

appropriate investment, this would allow us to approach

near real-time mapping, with a time-lag influenced only

by the amount of time to process and make available

image data once it has been acquired.

There are other avenues of growth in the context of

improving and expanding our mapping framework. We

expect some of these growth areas will include: more

accurate bathymetry retrieval and deeper retrieval allow-

ing mapping to greater depths; better tide models to
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create image mosaics at specific tide heights; ability to

handle turbid water more accurately; incorporation of 3D

information into training and validation data; transfer to

next generation classification models like convolutional

neural networks and deep learning; and simultaneous

inclusion of change detection systems.

Existing monitoring and conservation efforts across

large scales almost exclusively rely on geomorphic zonation

maps to infer benthic habitat information. We expect

remote sensing analyses such as ours – that provide both

geomorphic and benthic habitat maps – could support

studies ranging from large-scale investigations on reef

dynamics, ecosystem services delivery and spatial planning

for fisheries management, to finer scale site selection for

restoration and ecological field studies. Some exciting

examples include: better identification of refugia; three-di-

mensional analysis of reefs systems (incorporating bathy-

metry and map products); tracking patterns of resilience

and understanding drivers; modelling ecosystem service

benefits (e.g. wave attenuation and recruitment grounds

for fisheries); understanding patterns of success and failure

in restoration projects; and planning new projects to maxi-

mize recovery potential and human benefits. We hope

these example research and conservation directions are

only a start, and look forward to the applications our map-

ping framework might enable into the future.
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