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Abstract: Seagrass beds provide a range of ecosystem services but are at risk from anthropogenic
pressures. While recent progress has been made, the distribution and condition of South Pacific sea-
grass is relatively poorly known and selecting an appropriate approach for mapping it is challenging.
A variety of remote sensing tools are available for this purpose and here we develop a mapping
toolbox and associated decision tree tailored to the South Pacific context. The decision tree considers
the scale at which data are needed, the reason that monitoring is required, the finances available,
technical skills of the monitoring team, data resolution, site safety/accessibility and whether seagrass
is predominantly intertidal or subtidal. Satellite mapping is recommended for monitoring at the
national and regional scale, with associated ground-reference data where possible but without if time
and funds are limiting. At the local scale, satellite, remotely piloted aircraft (RPA), kites, underwater
camera systems and in situ surveys are all recommended. In the special cases of community-based
initiatives and emergency response monitoring, in situ or satellite/RPA are recommended, respec-
tively. For other types of monitoring the primary driver is funding, with in situ, kite and satellite
recommended when finances are limited and satellite, underwater camera, RPA or kites otherwise,
dependent on specific circumstances. The tools can be used individually or in combination, though
caution is recommended when combining tools due to data comparability.

Keywords: coastal; habitats; Oceania; remote sensing; satellite; drone

1. Introduction

Coastal habitats are the frontier between land and ocean. They provide ecosystem
services including food, coastal protection, construction materials, recreational opportuni-
ties and cultural wellbeing, and there is an innate value to their biodiversity. Seagrasses,
particularly, are extolled for their ecosystem benefits such as provision of fish nurseries,
pollution filtration, sediment stabilisation, provision of food sources and, more recently,
potential to sequester carbon [1–5]. In tropical regions such as the Indo-Pacific, seagrass
beds also support turtles, manatees and dugongs, providing them with food [6]; they
provide at least 30 different service benefits in the Indo-Pacific region, including coastal
protection, food provision, nursery habitat, cultural value and carbon storage ability [7].
Seagrass and other coastal habitats, and the services they provide, are threatened by ur-
banisation, which has been generally increasing in many South Pacific nations over the
last few decades [8]. This urbanisation has created challenges for locations with limited
infrastructure in coping with increasing population density and the associated potential
for coastal pollution, habitat destruction and impacts from concentrated use of biological
resources, e.g., for food production. Seagrasses have relatively high light requirements
compared to other marine flora such as macroalgae and phytoplankton [9], and so they are
often restricted to the shallow waters fringing islands and coasts. This places them at high
risk of exposure to land-sourced contaminants from adjacent watersheds; this, along with
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habitat destruction, is contributing to the accelerating loss of seagrass across the globe. This
loss has placed them amongst the world’s most threatened ecosystems, with an estimated
worldwide decline rate of around 110 km2 per year since 1980 [10] and a predicted loss of
5–35% by the year 2100 in the tropical Pacific [11]. An international effort is required for
the conservation of seagrass meadows [12], especially in the Indo-Pacific region which is
the focus of this special issue [13].

In South Pacific nations, these challenges are set against the backdrop of severe coastal
climate impacts from rising sea levels, extreme weather events, increased sea temperatures
and ocean acidification [11,14]. These environments are of particular concern as they are of-
ten in isolated places that can support greater biodiversity and—in some instances—are the
last remaining bastions of pristine or high-quality coastal ecosystems [15–18]. Pacific Island
seagrass habitats are considered to be a shining example of ecological resilience [19,20] but
observational data are comparatively sparse, and it is important to consider how to collect
evidence in a manner that is efficient, realistic and cost-effective.

Given their importance and the threats they face, it is important to map the extent
and condition of seagrass habitats as a baseline and to track their status over time in order
to understand the impacts of climate pressures and other anthropogenic drivers and to
monitor the success of attempts to conserve or restore them. A variety of methods are
available to map and monitor seagrass and associated coastal habitats or features, varying
in scale, complexity, cost and logistic requirements, e.g., [21–23]. The choice of which
tool(s) to use is governed by the questions posed by individual studies, the availability of
existing knowledge on the resources, accessibility of the habitats being studied, expertise
and financial considerations.

Recent work [24,25] has progressed our understanding of seagrass extent in the Pa-
cific, though many gaps remain, particularly in the remote South Pacific Islands countries
and territories. The South Pacific is made up of thousands of small and isolated islands,
surrounded by mostly clear and shallow waters which can be episodically affected by
sediment-laden riverine plumes. While in situ mapping of seagrasses has been accom-
plished in some countries [26], field mapping in such dispersed situations is challenging
and, indeed, conventional field survey methods are sometimes difficult to implement,
requiring a large amount of time and expense to conduct over a large spatial scale [21].
Remote sensing techniques can help fill gaps in observed data in large and remote ar-
eas [21,22], but until recently relatively few attempts to adopt remote sensing techniques to
map the distribution and extent of seagrass meadows in the South Pacific have been made.
Specific challenges in implementing remote sensing techniques in the South Pacific relate
to key logistical, financial, geographical and environmental factors, including permission
to access sites, exposure to dangerous animals, difficulty in maintaining consistent survey
funding, remoteness and large distances between sites and weather and sea bottom condi-
tions. Furthermore, technical difficulties, including a lack of basic information on seagrass
occurrence to calibrate and/or validate the remote sensing information, or a lack of human
expertise needed to operate equipment or analyse the remote sensing information, also hin-
der the use of remote sensing technologies. The development of tools able to facilitate the
uptake of remote sensing techniques for regional conservation programmes is particularly
relevant in the South Pacific context.

Ref. [24] produced a framework for mapping seagrass in Indo-Pacific environments.
The framework considered spatial scales of mapping and how to combine remote sensing
with in situ data, but encompassed only one remote sensing method (satellite). Here, we
adapt and expand on [24]’s concept to consider the range of remote sensing approaches
available for mapping seagrass in order to propose (i) a toolbox of mapping methods best
suited to South Pacific contexts and (ii) a decision tree to facilitate the selection of tools
from the toolbox. These are specifically designed for mapping seagrass in South Pacific
environments where monitoring teams face logistic, financial and geographical challenges
and are aimed at users with a range of technical expertise, particularly those new to the field
or with less expertise. Our governing principles in developing this toolbox and decision
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tree are that they should be applicable to the requirements of isolated locations, easy to
implement and practicably usable by the monitoring teams in the countries concerned.
With this, we aim to simplify many of the complexities associated with remote sensing
applications, providing a pathway for South Pacific environmental managers to access
seagrass data beyond in situ monitoring.

We build our mapping toolbox by appraising the available tools against key criteria
for South Pacific contexts, create a decision tree to aid planning and present examples to
illustrate how the tree can be used—giving real-world case studies of tool use in data-
poor South Pacific contexts. We draw these from the Commonwealth Marine Economies
Programme (CMEP), a UK Government initiative aiming to support the sustainable blue
growth of Large Ocean States in the South Pacific by contributing to skills development and
data collection for marine and coastal waters. CMEP has collaborated with several South
Pacific states, primarily Fiji, Kiribati, the Solomon Islands and Vanuatu. Other examples are
drawn from established seagrass monitoring programmes in the Pacific. In this study, we
focus on the spatial extent of seagrass beds, but the toolbox is equally applicable to mapping
health and condition. The paper is intended to assist surveyors and managers in deciding
on the best overall approach to collecting seagrass data in particular circumstances. It is a
high-level toolbox and, as such, does not extend into specific advice on survey planning,
tool operation or data processing (e.g., software applications, mapping algorithms).

2. Seagrass Monitoring Tools

Seagrass is monitored using remote sensing supported by—or alternatively—in situ
surveys. Here, we define remote sensing in its broadest sense as any technique that collects
data at a distance from a feature without making direct contact (note that, under this
definition, some remote sensing techniques require deployment of equipment at or near
the focal location), and in situ as techniques that require contact with the feature or data
collection in the direct vicinity (e.g., the use of quadrats, standing within a seagrass bed or
scuba diving directly above it). One of the main differences between the two approaches
with respect to mapping seagrass is that in situ surveys commonly gather information
from a set of points within a seagrass bed and interpolate to the whole feature or track the
boundary of the feature, while remote sensing techniques are generally aimed at mapping
the features in their entirety (Figure 1). There are general advantages and disadvantages to
both approaches, summarised in Table 1.

Figure 1. Visualisation of the different approaches to seagrass mapping. The green shapes signify a
seagrass bed and the grids show both the scale of areal coverage (box size) and data resolution (cell
size). Approaches with no grids do not provide comprehensive cover directly.
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Table 1. Summarised advantages and disadvantages of seagrass mapping approaches for remote,
data-poor environments. Broad approaches, highlighted in blue, are (a) remote sensing and (b) in-situ
survey. Remote tools are grouped depending on whether they are deployed from the air or on/under
the water surface.

Tool Advantages Disadvantages

(a) Remote sensing Objective, accurate, safe Moderate to steep learning curve, need
for ground-reference data

Aerial
remote sensing

Map entire features, mapping
can be automated

Limited by atmospheric and
water conditions and ground-reference

data, challenging in deeper or turbid
water due to light attenuation and

water clarity

Optical satellite

Map entire regions over
multiple scales/resolutions,

allows repeat coverage, some
data are free, no

access constraints

Less accurate for small beds, limited by
cloud, less control over image timing,

higher-resolution data can be expensive

Crewed aircraft
(Optical or LiDAR)

Map multiple beds at a time,
higher-resolution

than satellite

Less accurate for finer features, limited
by cloud/fog (optical), greater reliance
on ground-reference as no photographs

(LiDAR), expensive

Remotely
piloted aircraft

Can be low-priced, highly
resolved maps, speedy

Multiple flights needed for large beds;
limited by wind and fog, needs

near-site access, travel costs

Kite aerial
photography

Can be low-priced, highly
resolved maps

Multiple flights needed for large beds;
very limited by wind and fog,

navigational control affects map quality,
needs site access, travel costs

Underwater
remote sensing

Avoids interference from
atmospheric conditions

Can require water ingress (e.g., scuba
diver) or at-sea boat surveys

Optical camera systems

Direct mapping or
ground-reference for other

tools, intertidal and subtidal
cover, range of simple to

complex systems

Can be more complicated and
expensive than aerial, limited by light

attenuation and water clarity,
positioning harder, constraints on site

coverage, needs site access,
travel/boat costs

Acoustic systems
(e.g., side-scan sonar,

multibeam echosounder)

No issues of light
Attenuation, good

areal coverage

Greater reliance on ground-reference as
no photographs, travel/boat costs

(b) In situ survey Simple, effective, short
learning curve

Can be low data coverage, safety
concerns in remote or difficult terrain

and costs of travel to remote sites

Boundary-tracking Outer boundary is delineated Does not consider patchiness so may
overestimate cover

Grid/transect/
random quadrat

Identify variability in cover
within a bed

Interpolation between samples reduces
overall accuracy

2.1. Remote Sensing Techniques

Remote sensing aims to directly map the entirety of a seagrass feature. Remote sensing-
based tools and methods have been applied for mapping and monitoring seagrass habitats
worldwide since the end of the 1990s and have proved to be an effective means to map
systems at both local and regional scales [21]. A variety of techniques are available for
remote sensing, ranging from aerial methods that can be applied on a regional to local scale,
to in-water technology that uses either standard imagery or acoustic signals to identify and
map the seagrass at specific locations (Table 1).
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The aerial methods mainly all have the same underlying purpose—interpretation of
the visible bands from stills or video imagery in various forms to classify and quantify
the extent of seagrass in an area (though topographic and airborne bathymetric LiDAR
uses laser pulse reflections [27]). The main differences between the techniques are in the
scale over which they can be applied and the accuracy and precision with which they
can be used to map the features. Satellites and crewed aircraft are effective in mapping
over large scales (see overview in [21]) but they are less accurate than remotely piloted
aircraft (RPA) or kites, which offer high resolution mapping but are more amenable to
mapping small areas [28]. Large RPA exist that are more akin to crewed aircraft; however,
here, we focus on the small fixed-wing or rotary craft commonly used in environmental
monitoring. Bathymetric LiDAR sensors are also being developed for deployment on
smaller RPA (see [29] and references therein), but it is too early to understand their utility
for seagrass mapping. Ground-mounted terrestrial LiDAR has also been used in seagrass
beds, but since the applications use topography as a proxy for seagrass or to feed into
habitat suitability models rather than map seagrass per se, we do not consider them further
here [30,31].

Underwater imagery encompasses camera sensors of several types mounted on a
variety of equipment, from simple systems used to collect ground-reference data through
to underwater vehicles used for whole-feature mapping [32–34]. It is similar in principle
to aerial imagery, but has the advantage of being closer to the bed so as not to suffer
from aerial visibility issues (e.g., cloud, fog and glare). It is, though, also limited by light
attenuation and water clarity, and can be complicated and expensive depending on the
system used. Like RPA, mapping with underwater camera systems does appear to be
capable of using photogrammetry to provide high-resolution 3-D representation of seagrass
beds [35]. Acoustic technology (side-scan sonar or multibeam echosounder), which uses the
intensity of reflected sound (backscatter) to map seagrass [36], can produce high-resolution
data giving complete coverage of a surveyed feature. Acoustic techniques are not subject
to the same limitations as the visual methods and so can operate in deeper and more
turbid waters.

2.2. In Situ Techniques

In situ techniques are used for both the production of ground-reference data and direct
seagrass mapping. Seagrass mapping and monitoring has traditionally utilised techniques
such as boundary-tracking and grid, transect or random-quadrat surveys at individual
sites or local scales (see, e.g., [37–39]) (Table 1). These methods allow rapid assessment of
seagrass beds at multiple locations (e.g., [26,40]). Boundary-tracking involves traversing the
outer boundary of the seagrass bed with a hand-held GPS system [41,42]. This is a simple
and effective method, but it can be problematic on foot for subtidal areas; where boats are
used to traverse subtidal portions of a bed, manoeuvrability may be an issue when trying
to follow the boundary. Boundary-tracking is subjective in that decisions must be made on
what constitutes the outer edge of the bed and, when the seagrass is sparse, this can be a
difficult visual task. The technique also assumes the bed is internally homogenous; using
the outer boundary to calculate areal extent will return an over-estimate for patchy beds.

Spot, grid, transect and random-quadrat surveys aim to map a seagrass bed by gather-
ing information on seagrass species and density (often percent cover) at a series of points
and interpolating information about the areas between them (e.g., [41]). The interpolated
percent cover information can be used to determine the extremities and areal extent of
the bed. This approach is better than boundary-tracking at accounting for patchiness
within a bed, though it is less accurate at determining the outer boundary because it uses
interpolation. The benefit of in situ mapping and monitoring approaches is that they are
generally straightforward to learn, do not require complicated equipment and work well
as citizen science initiatives [43,44]. In situ methods are the cornerstone of training and
validation for remote sensing techniques [45].
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3. The South Pacific Seagrass Mapping Toolbox

The Indo-Pacific region is a global hotspot of marine diversity [46] lying at the con-
fluence of the Indian and Pacific Oceans, and encompassing the seas surrounding the
Indonesian Archipelago, the South China and Philippine Seas, the north coast of Australia,
Western and Central Micronesia, Polynesia and Melanesia.

This study details examples from Melanesia in the South Pacific Ocean and uses
Guadalcanal and Efate, two of the main islands in Solomon Islands and Vanuatu, as case
study areas. The Vanuatu Archipelago is a group of volcanic islands about 1800 kilometres
northeast of Australia (Figure 2). It comprises six provinces with the capital Port Vila
located on the island of Efate. Solomon Islands is a sovereign country that consists of
6 major islands and over 900 smaller islands, with the capital and largest city, Honiara,
located on the island of Guadalcanal (Figure 2). Efate and Guadalcanal have total land
areas of 898 km2 and 5302 km2, respectively, and present three different types of habitats
typical of tropical seascapes: coral reefs, mangrove forests and seagrass meadows [47]. Nine
species of seagrasses have been identified in Solomon Islands, and thirteen in Vanuatu [11];
however, the spatial distribution and areas of seagrass meadows is currently unknown
in both islands. Anthropogenic pressure is mainly related to agricultural, sewage and
industrial inputs into the coastal zone, logging and/or mining and accompanying water
quality issues (e.g., [48–51]).

Figure 2. Solomon Islands and Vanuatu in the Western Pacific.

3.1. Selecting Tools

We devised a set of criteria relevant to monitoring seagrass in data-poor South Pacific
environments. The five criteria are:

• Spatial scale and resolution. Tools that map larger scales can fill data gaps quickly and
effectively. Mapping over large spatial scales often means mapping at low-resolution,
which can come at the cost of accuracy, thus mapping at smaller scale is important in
the context of monitoring change at specific locations.

• Cost. Large Ocean States can be economically disadvantaged compared to more
prosperous nations, with comparatively smaller budgets to spend on ecological moni-
toring, and so decisions should consider the economic cost of purchase and ongoing
maintenance of equipment and of technical training).

• Maintenance and storage. Some of the monitoring techniques use tools that require
little in the way of maintenance, but others are complex pieces of equipment requiring
calibration, a power source, ongoing maintenance and troubleshooting. If survey
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teams lack the necessary skills, support, storage space or means to purchase replace-
ment components, this equipment can become a burden.

• Expertise. The level of expertise needed to operate monitoring equipment and under-
take mapping processes is relevant to tool selection; the greater the complexity of the
method, the greater the skills need and training burden.

• Accessibility. Intertidal and shallow coastal environments can be unsafe places to ac-
cess for surveying and water safety is of particular concern in nations where swimming
skills are not widespread (Udagedara, S., Blue Resources Trust Sri Lanka; pers. comm.).
Moreover, the South Pacific is made up of thousands of small and isolated islands.

The monitoring tools were appraised relative to each other against the five criteria
(Table 2). Scale is subjective and rather arbitrary; here, we have loosely defined it as
the spatial scale at which the tool could be expected to produce data during a reasonable
survey window. Satellites orbit the globe in quick-time (e.g., the European Space Agency’s
Sentinel-2 satellite completes an orbit in 100 min [52] and, thus, can easily provide data
at the national to international scale. Crewed flights can cover areas from 5–500 km2

up to around 6000 km2 while RPA, in comparison, generally covers up to few km2 per
flight [53,54].

Table 2. Development of the mapping toolbox by appraisal of seagrass monitoring tools against five
key criteria for South Pacific contexts. The first four criteria are scored from small to large (light
to dark gold) and the fifth criterion is scored for increasing difficulty/risk, considering the level
of isolation and safety associated with monitoring (light = remote surveys but require one-off or
occasional site visits to collect reference data, medium = location-based surveys that require work
in the intertidal/ocean for one-off or occasional reference data, dark = location-based surveys that
require work in the intertidal/ocean on each survey).

Tool Scale Max. Spatial
Resolution

Equipment Cost
(Relative) Maintenance Expertise Site Access

In situ Local mm Minimal (quadrats,
camera, snorkelling kit) Negligible

Species
identification,

otherwise little
needed

Each survey

Satellite International
to local m Some satellite data free None Specialist data

analysis *
Only for

reference data

Crewed
aircraft

National/
regional m High cost for purchase

or hire

Onerous if
purchased (less

if hired)

Specialist
planning,

piloting and
data analysis *

Only for
reference data

Remotely
piloted
aircraft

Local mm

Low to moderate
upfront cost

(aircraft, sensor(s),
GPS)

Low
Basic piloting

skills, specialist
data analysis *

For reference
data; flight base

can be inland

Kites Local mm
Low to moderate
upfront cost (kite,

sensor(s), GPS)
Low

Some specialist
skill for flying,
specialist data
analysis skills *

Each survey

Underwater
acoustics Local mm

High cost for
equipment, vessel

hire/purchase

Moderate;
requires

calibration

Specialist
operation and
data analysis

skills

At sea for each
survey (vessel)

Underwater
camera
systems

Local mm
Equipment cheap to

expensive, vessel
hire/purchase if used

Low to high
(depending on

model)

Some specialist
operating skills,
specialist data
analysis skills *

At sea for each
survey (vessel/

hand-held)

* Data skill requirements will vary depending on the complexity of the mapping undertaken.

Crewed aircraft perform quite poorly, scoring high for three of the five criteria; while
they do offer advantages in providing large-scale data and are well-placed to reach and sur-
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vey isolated inaccessible locations, crewed aircraft surveys may be prohibitively expensive
whether contracting a specialist flight operator or purchasing a dedicated aircraft and/or
sensor equipment. Similarly, underwater acoustics also score high for three of the criteria;
it is a well-established method for mapping seabed habitats, but the specialist equipment
required makes it a more costly option compared to other remote survey techniques. It
also requires deployment from a vessel, and operating equipment from vessels at sea adds
safety risk and further cost. In addition, operating the equipment and processing the data
both require specialist skills that may not be easy to obtain and maintain in survey teams.
We, thus, reject both tools from inclusion in the toolbox due to their combination of high
cost, maintenance or expertise required relative to the other tools.

The remaining techniques can be considered useful in South Pacific contexts when
considering our governing principles of applicability to the requirements of isolated loca-
tions and ongoing practical usability. The tools retained for the mapping toolbox are thus:
satellite, RPA, kites, underwater camera systems and in situ surveys. Of these, the RPA and
underwater camera systems do require piloting skills; however, with the broad availability
and application of RPA for environmental monitoring, equipment can be relatively cheaply
obtained and novices can be trained in piloting and basic image processing in around a
week [55]. Likewise, an initial investment in skills development is needed for data pro-
cessing and analysis associated with mapping for all four remote sensing tools. This is
particularly the case when more advanced methods such as Object-Based Image Analysis or
Deep Learning are used [56]. Basic data processing and vegetation demarcation can, how-
ever, be undertaken on images with relatively little technical skill, and online/self-teaching
resources are widely available. The toolbox is shown in Figure 3. The most pre-planning is
generally required for RPA mapping, which uses dedicated software for flight-planning
and can require airspace permissions. Some planning is also required for kite, underwater
camera and in situ surveys. Underwater camera systems and in situ surveying may require
the use of snorkel or dive equipment and vessels.

Figure 3. The South Pacific seagrass mapping toolbox. The toolbox is a simplified visualisation
summarising the equipment and activities needed at the planning, survey and mapping stages.
Blue = airborne tools, green = ground-based tools. Tools were selected for inclusion in the toolbox
according to Table 2.
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3.2. The Toolbox Decision Tree

The key driver in the selection of seagrass mapping tools is to consider the objective
of the monitoring. Rather than considering the type and purpose of monitoring at the
tool selection stage, we incorporate it into the decision tree. The purpose of the decision
tree is to provide planners and practitioners with a simple method of selecting the most
useful seagrass mapping technique for bespoke monitoring. The options included in the
tree relate to real-life scenarios we consider to be most commonly encountered when
planning a monitoring initiative. These come from our collective experience of mapping
and monitoring in the region and more broadly, as well as local feedback from managers
and practitioners. They are encapsulated in the following six drivers:

• the size and accessibility of the area to be mapped;
• the purpose of the mapping;
• the speed with which the information is needed;
• the finances available for monitoring;
• the skills and experience of the monitoring team;
• the accuracy and level of detail required.

The decision tree is provided in Figure 4, beginning with the scale of monitoring
required and then considering the other drivers. Some additional drivers are employed
when the tree nodes lead to two similar tools, such as considering airspace restrictions
for RPA or whether mapping intertidal or subtidal seagrass beds when choosing between
kites and underwater cameras. The tree is specifically designed to pose predominantly
yes/no questions in order to allow tool selection to be undertaken by users across a range
of background expertise. The qualitative questions allow users with less technical expertise
to progress through the tree, while some nodes can be expanded into quantitative questions
if users desire—for example, when considering priorities for map resolution.

Several different tools are suggested for monitoring at the local level, but only satellite
monitoring is recommended as the main mapping tool at the national and regional scale.
Ground-referencing is recommended in all but a couple of specific situations. Ground data
are needed to train and validate the remotely sensed maps, and are traditionally obtained
by in situ survey. Some remote sensing tools are now also used to provide ground-reference
data for other tools, for example, RPA or underwater camera images used as ‘ground’
reference for satellite mapping; there are pros and cons to this, since the images they
provide must themselves be interpreted.

3.2.1. National and Regional Monitoring

Examples of where national or regional (sub-national, e.g., large embayments, long
stretches of coast or whole provinces) monitoring may be desired include selecting locations
for marine conservation initiatives and estimating seagrass carbon storage for climate
mitigation (e.g., Coral Triangle Marine Protected Area Network [57], iKiribati Nationally
Derived Contributions [58]). The choices here are whether whole-country maps are required
in a short timeframe—in which case, they can be produced without the use of dedicated
reference data (or using existing data collected for other purposes [59])—or whether there is
sufficient time and funding to undertake a dedicated ground-reference exercise. Mapping
without ground validation will necessarily be less robust than that derived using ground-
reference data. Mapping at the national scale can also function as a means to select sites for
monitoring at the local level, depending on the needs of the programme. Satellite usage
also lends itself well to mapping across international boundaries.
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Figure 4. The data-poor seagrass-monitoring toolbox decision tree. The tree asks a series of questions
relating to monitoring requirements; orange lines represent ‘yes’ and blue lines represent ‘no’. Green
boxes show the suggested tools. ‘Ground reference’ is the collection of site-based data to train or
validate the remote sensing tools; this is mainly interpreted as in situ surveys, though RPA and
underwater imagery is used for this purpose by some. The circles represent the degree of confidence
in the ability to classify the seagrass and in estimations of areal cover for each tool (confidence in
areal cover estimations is low for tools with low spatial resolution because they will be less able to
detect localised patchiness in seagrass cover).



Remote Sens. 2023, 15, 834 11 of 25

3.2.2. Local-Scale Monitoring

When monitoring at the local level, the initial question relates to finances. If funding
is limited, the question becomes one of the technical skills available within the monitoring
team (i.e., data processing and primarily GIS mapping), or its ability to develop them.
Where there is little funding and technical skills are limited, in situ monitoring is recom-
mended. Where there is little funding but the responsible agency has GIS mapping skills,
the recommendation is for kite surveys; otherwise, satellite mapping.

There are more options when financing is available to purchase higher-value survey
equipment. In these situations, the accessibility and safety of the survey site becomes an
important question; if there are concerns over the safety of the specific location or it is
inaccessible—for example, if it contains extensive muds, is proximal to crocodile habi-
tat [60] or is very remote—then RPA, some forms of underwater imagery and satellite
are recommended. The choice between these is determined by whether high-resolution
mapping is required and whether the seagrass bed is predominantly subtidal. Satellite
is generally only recommended when resolution is not a key driver for the monitoring,
although high-resolution satellite imagery is becoming more widely available for these
purposes (see, e.g., 25). Underwater cameras may be more useful than RPA for subtidal
monitoring since they avoid issues of surface glare. Kites are not recommended in reduced-
safety sites because kites require the survey team to walk amongst the seabed features to
capture the images, while RPA can be flown from a location set back from the site and
underwater cameras can be deployed from boats.

For accessible locations, RPA, underwater imaging systems and kites are all options,
the choice depending on whether there are airspace restrictions over the location to be
monitored and whether the seagrass bed is intertidal or subtidal. We recommend aerial
methods over underwater cameras where parts of the seagrass bed are intertidal, since this
gives more flexibility in survey timing.

There are two special cases for local monitoring. Citizen science initiatives transcend
questions of finances or technical skills. In the case of developing community-led monitor-
ing initiatives, we advocate in situ techniques in the first instance irrespective of funding,
because successful programmes are already in place in the region that demonstrate the
benefits to be achieved both scientifically and societally, and the data they generate can feed
directly into local traditional management, which is important for South Pacific cultures
(e.g., Solomon Islands [61], Vanuatu [43], Torres Strait, Australia [62]). RPA also lend them-
selves well to community monitoring, though the equipment needs more upkeep and the
initial training is more involved. The second special case is urgent or emergency response
monitoring, where remote sensing can be used to provide information on environmental
impacts of incidents relevant to Pacific Island states such as oil spills, tsunamis or cyclones
(e.g., [63]). The primary determinant here is safety; if the location is accessible or safe to
enter, RPA monitoring can obtain a rapid high-resolution overview of the situation. Where
access is not possible, the location is unsafe or the situation affects a large area, satellite
mapping is to be preferred.

3.3. Example Application of the Tools

Here, using Solomon Islands and Vanuatu as case study areas (Figure 2), we provide
three pertinent examples to illustrate the opportunities for applying the toolbox to real-
world data-poor situations. We look at (i) completely remote applications (satellite mapping
with little ground-reference data), (ii) high-resolution aerial and underwater systems and
(iii) in situ citizen science monitoring.

Our first application of the toolbox exemplifies how satellite mapping can perform
in less-than-ideal situations. Here, the Commonwealth Marine Economies Programme
assessed the use of satellite data to produce the first (to our knowledge) rapid full-coverage
seagrass maps for Guadalcanal and Efate, two of the main islands in Solomon Islands and
Vanuatu and home to the nations’ capitals (Figure 5). The maps were required over a short
time frame (1 year) with insufficient funds to commission full ground-reference surveys.
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Figure 5. Benchmark satellite maps for (A1–A3) Efate and (B1) Guadalcanal. (Left) Sentinel-2
composite image (Red (Band 4), Green (Band 2), Blue (Band 1)) and (right) predictive distribution
maps (preliminary results). Map production is detailed in Appendix A: (A1) Paonagisu, (A2) Moso
Island, (A3) Fatumaru Bay and Erakor Lagoon, (B1) Eastern Guadalcanal Islands.
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Both maps were derived from Sentinel-2 data (November 2017 for Guadalcanal and
October 2018 for Efate), employing an iterative mapping framework derived from the
BioCoast project (Figure A1). The BioCoast project aims to develop a next-generation
methodological protocol combining field and satellite data, and is being trialled at several
test sites in Europe [64]. The Framework was adjusted for the data-poor Pacific context and
example applications of the framework as part of CMEP are outlined in Figure A2. The
classification was performed in QGIS using a random forest machine learning model. There
is a paucity of contemporary in situ seagrass reference data for both islands, a common
problem for South Pacific Large Ocean States [20]. Thus, for Guadalcanal, we investigated
the use of historical calibration data [26], and for Efate, we undertook an expert judgement
calibration exercise using photo-interpretation that employed informal knowledge of local
seagrass presence. Detailed methods are provided in Appendix A. It is acknowledged that
these maps are not of a standard that would be expected from a complex mapping and
modelling process supported by extensive reference data and they are not to be used for
operational purposes. Their purpose is to illustrate what is possible in terms of producing
initial basic maps at large spatial scale, with accompanying confidence assessments, in
data-poor situations where funding is a limiting factor. Such maps can serve to guide
further investigation at the local level, e.g., in identifying locations for detailed survey and
providing initial estimates of seagrass presence in remote locations. Additional reference
data (expert contributions, new field datasets or other (higher-resolution) spatialized
information on ground covers) must be added in the future in order to train and evaluate
the supervised model iteratively until a seagrass distribution map with a sufficient level of
confidence is obtained.

Our second example illustrates the potential for application of remote aerial and
underwater tools in the two nations. Figure 6 shows imagery from a trial RPA seagrass
survey undertaken by the Vanuatu Department of Water, Geology and Mines and CMEP in
Erakor Lagoon, Vanuatu. The flight was conducted during low tide, at around midday, on
Friday the 16 March 2018, using a DJI BOT rotary RPA equipped with an RGB camera; the
orthomosaic was produced using Pix4D. This example demonstrates both the potential and
constraints of RPA for seagrass mapping in these types of environments. The individual
images show the detail with which seagrass can be mapped; the vegetation can be clearly
distinguished and image quality and resolution are sufficient to show the small circular
clearings within the bed made by benthic fauna. The orthomosaic (Figure 6) shows the effect
of surface glare on image quality; reflection from the water surface will impair the ability
to accurately classify seagrass and subsequently artificially deflate extent calculations, an
issue particularly pertinent to sunny tropical climates. Glare issues are surmountable [65],
though RPA flights work best in lower-wind, less-bright conditions.

Figure 7 illustrates a bespoke underwater optical shallow-water drop camera system
designed for use in tropical coastal waters, deployed by CMEP as part of a local stakeholder
seagrass survey training workshop in Erakor Lagoon, Vanuatu in June 2019. This surface-
(battery)-powered system is deployable by hand to depths of ~100 m (operational limit),
and comprises an HD video system with surface feed, standalone digital still camera,
LED lighting and laser scalers. As Figure 7 shows, these types of system perform well
in surveying clear South Pacific coastal waters and their comparatively small size make
them well-suited to small-boat surveys of nearshore seagrass and situations where safety
or logistic concerns limit ingress to the water. Drop camera systems would benefit from
further testing in Pacific conditions as a means for relatively quick data collection; however,
in this form, the drop camera is better applied to collect ground-reference data than for
comprehensive mapping and both need a reasonable level of training and expertise for
equipment operation and data analysis.
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Figure 6. RPA flight of seagrass bed in Erakor Lagoon, Vanuatu. Top: RPA flight survey site (see
inset A3 in Figure 5). Bottom: example RGB image illustrating the detail RPA can provide and the
effect of surface glare on image quality (shown in light-toned surface waves and white patch within
yellow circle).
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Figure 7. Example seagrass imagery from a Cefas shallow water drop camera system deployed in
Erakor Lagoon, Efate (top left and right) and photographs of equipment—submersible drop camera
frame (bottom left) and topside system (bottom right).

Our final example is of successful implementation of in situ citizen science approaches
in the region, by way of the Tetepare Descendants Association’s use of the Seagrass
Watch [66] protocols to monitor seagrass beds within the Tetepare Marine Protected Area
in Western Province, Solomon Islands [61]. A local, female-led initiative focusing on gen-
der empowerment, the project—monitoring via the placement of random quadrats—has
provided both baseline information on the status of the seagrass beds in an otherwise
data-poor province and data that can be employed to track and understand the impacts
of Pacific-relevant stressors; in this case, the impacts of a large earthquake and tsunami
that occurred in the province in 2010. The monitoring timeseries was disrupted on several
occasions due to financial constraints, illustrating one of the challenges associated with
maintaining in situ timeseries, even when citizen-science-driven. Nevertheless, it is an
important data source at both provincial and national levels. Data from local initiatives
such as these can also be used as ground-reference data to furnish broader mapping via
remote sensing.

4. Discussion

The monitoring toolbox can support decision-making when embarking on monitoring
initiatives for data-poor situations in Pacific Large Ocean States. It aims to provide a path-
way that allows selection of useful tools for seagrass monitoring; however, it is important
to state there is no ‘perfect’ approach, simply a range of tools that may be more or less
helpful in particular circumstances. Indeed, the best approach in terms of data quality
may be to use more than one tool (e.g., in situ and underwater camera mapping; see [41]).
Combining multiple tools gives data richness, increases ground coverage for mapping,
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can be useful to consider where multiple methods have been used in the past or where
seagrass beds straddle shallow-to-deeper waters and provides vital validation data to
improve the accuracy of lower-resolution satellite maps. For example, [67] used satellite,
acoustics, RPA, an automated surface vehicle and an underwater towed camera system
together with multiple classification algorithms to improve on satellite map resolution of
seagrass from the intertidal to ~41 m depth. The toolbox provides options for different
situations and these can be used singly or in combination; it is worth considering, though,
that using multiple tools can become complicated and technically challenging; in these
circumstances, care should be taken to consider data comparability [24,68]. There is a
trade-off between data accuracy and practicality; the range of classification algorithms
available for mapping seagrass adds further decisions on top of the survey tools and
we recommend that complex methodologies such as that used by [67] are only adopted
where the monitoring team is confident and experienced in the equipment usage and data
manipulation of spatial analysis.

The scale over which the monitoring is needed is an initial determinant of tool selection.
For all but the very smallest of states, creating full-coverage national maps using RPA,
kites, underwater imagery or in situ surveys is unrealistic due to the time and expense
required to access and survey all sites, and satellite is, in our opinion, the only viable
option. Satellite imagery can provide good resolution for mapping of seagrass at this
scale, provided that the requirement for validation can be resolved through aligning some
aspect of ground-reference data collection (or lower confidence acknowledged where use
of ground data is not possible). Satellite imagery has advantages in terms of coverage,
with, in our Vanuatu and Solomon Islands example, Sentinel-2 example imagery having
some ability to differentiate dense and sparse seagrass classes and seagrass bed classes
from the other substratum classes (Figure 5 and Appendix A). The resulting meadows
mapped from the Sentinel-2 images were not precise and did not allow the differentiation
of species. They were, thus, successful at providing information at the national scale, but
with low-accuracy and low-confidence. Recent advances are resolving some of these issues.
PlanetScope satellite imagery, with a 3.7 m × 3.7 m pixel size, RGB spectral bands and
daily revisit time at nadir are now freely available via the Education and Research Program.
They have been used to map global reef regions, including seagrasses in the Pacific (25).
This type of very-high-resolution satellite imagery, combined with emerging classification
techniques such as Deep-Learning or Object-Based Image Analysis, will be fundamental in
providing greater-resolution and more-accurate satellite maps in the future that can be used
to inform management priorities at national, but also local and global, scales. In the case
where no (or very few) field survey data are available, expert or community contributions
can aid in training classification models and evaluating their performance, adding at
each step expert knowledge, new field data or other (higher-resolution) information on
ground features. Citizen science and multi-partner networks are a great way of collecting
observational information in large remote areas and engage local communities in mapping
and conservation actions. The emergence of phone apps and web mapping are facilitating
the collection, storage and visualisation of collaborative information, though these projects
must have long-term financial support to operate successfully.

Nested within national and regional mapping is the suite of tools for mapping and
monitoring change at the local level. These serve to generate more accurate, fine-scale
monitoring data at specific locations and often function also as ground-reference data for
satellite maps. The tools can provide data at the cm to mm scale, meaning they can be used
to monitor for short-term or subtle changes in seagrass beds, providing the possibility to
monitor very localised effects such as anchor damage (note the ability of RPA to image
the round pits made by small invertebrates in Figure 6). Site-specific monitoring may
be desired for a number of reasons, including impact assessment and post-construction
monitoring for developments built on or near a seagrass bed, pollution assessments or blue
carbon assessment. Successful monitoring considers the specific purpose of the work and
the team’s skillset, and selects tools accordingly. Clarity of methodology and justification
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of the selected tools is important. For example, [69] used RPA to map seagrass extent
in their blue carbon survey but also used walk-round and video data to quantify the
boundaries of the seagrass beds; it is unclear why two separate methods of area mapping
were used and if or how the data were combined, which somewhat reduces confidence in
the presented outputs. Where time and resources permit, the lower-resolution national
and higher-resolution localised approaches align well; national mapping provides a broad
overview of the seagrass resources, while the other tools give ground-reference data to train
and validate the satellite outputs and provide more detailed monitoring and potentially
species-level identification at locations of particular interest. We advocate this approach
of lower-resolution national mapping combined with high-resolution local site mapping,
where possible.

Undertaking satellite mapping without ground-reference data is likely controversial to
some, but we argue that it can be useful and is a realistic proposition in some circumstances.
The case of seagrass monitoring in Brazil provides an illustrative example. In 2019 an
oil spill disaster occurred along the Brazilian coast in areas populated by seagrass and
mangroves [70]. The onset of the COVID-19 pandemic suspended the response activities
that had only just begun, thus preventing the collection of survey data to assess the
distribution of the oil and its ecological impact on the seagrass. Satellite mapping in
this circumstance, even without ground survey data, would have allowed for an initial
assessment of the extent to which the oil intersected with the seagrass resources. Indeed,
the benefit of this approach is that (i) it is not time-limited and can still be attempted since
the satellite images will remain available and (ii) combining historical and more recent
satellite imagery would allow before–during–after comparisons. Confidence in such maps
will of course be much lower than maps generated using ground data; however, as in the
Brazilian example, they would produce some quantitative information in data-limited areas
and accompanying confidence assessments can be produced to aid interpretation.

We consider it best practice for ongoing monitoring to continue using the same tool
that was used to create the baseline data in order to support data harmonisation. However,
circumstances do not always permit this and some tools can, to an extent, be substituted
if necessary; for example, where certain equipment is already owned by the monitoring
team, where new equipment being purchased is required for multiple purposes (e.g., RPA
destined for seagrass mapping but also for coastal erosion monitoring or disaster response
work), equipment breaks down and cannot be quickly or easily replaced or if ground con-
ditions render the previous method ineffective (e.g., aerial methods may fail in very turbid
waters after extreme weather events, but underwater cameras may provide usable imagery).

Kites and RPA are relatively similar in application and somewhat interchangeable.
RPA are generally a better choice because they have superior navigational control, making
it easier to keep them on course—important for image stitching and to minimize variations
in ground resolution between images—and reducing the likelihood of having to re-fly the
site [28,71]. RPA also require less access to site than kites; RPA can be flown from a secure
location behind a shore, while kites require the pilot to walk amongst the features being
surveyed. Kites have the advantage of lower upfront costs and a lower training burden for
piloting, though the skill level for image processing is the same for both and both can suffer
from problems mosaicking over water due to image distortion and a lack of automatic tie
points [65,72].

Where the survey team is confident in seagoing safety, underwater cameras may be
preferable to RPA or kites in locations where flights are logistically challenging, unsafe
to access or where persistent low water clarity hampers aerial imagery, though RPA is
likely a better option in situations where very strong currents and/or the presence of
underwater obstacles (e.g., Pacific War remnants [73]) could snag and endanger equipment
and the deployment vessel. Underwater imagery is often used to provide ground-reference
data for classifications derived from other remote sensing tools, but it can be applied
to quantitative mapping of photo-mosaics [32]. Downward-looking uncrewed surface
vehicles that can house more-accurate positioning systems than fully submerged cameras
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and can be run remotely from shore are showing promise for benthic flora mapping in
shallow waters [34]. Because these systems move with the surface, changes in water depth
across the survey area need to be considered, since differences in light attenuation can affect
colour representation across images, with implications for habitat class-definition [34]. Such
environmental challenges are common; however, remote sensing and surface/underwater
camera technology is evolving to resolve them. In time, both fully submerged and surface-
mounted underwater camera systems will become important tools for mapping at the
whole-feature scale.

The development level of the various methods is relevant to tool selection. In situ
surveying is very well established and remains fundamentally important to confirm the
mapping accuracy of the other tools and to foster civic involvement in marine monitoring—
one of the key benefits of in situ monitoring is community engagement, and it has clear
utility for South Pacific applications [43]. Satellite mapping is also well-established, with
an extensive literature (a Web of Science search for “seagrass mapping satellite” in the
last 5 years returned 120 articles (at 11 April 2022)). RPA is comparatively new, as is
modern semi-autonomous or autonomous underwater imagery, so while these topics are
developing at pace and publications are blooming, there are still questions over how well
they work in different situations, and there are currently fewer reference works available to
mappers than from the satellite-based seagrass literature.

In developing this seagrass monitoring toolbox, we have followed the principle that
some imperfect information is always better than none. Pacific Large Ocean States have
enormous marine resources, some of which, such as seagrass, remain in impressive condi-
tion [20] but are overall not well-understood and face pressure from multiple human-driven
problems. Time is of the essence in mapping the resources, as states face decisions that pit
development, housing and food security needs against conservation priorities. Provided
that suitable methods are used to estimate confidence for the outputs derived from the
monitoring tools, we purposefully do not rule out methods that produce lower-confidence
outputs such as satellite mapping without ground-reference data, or RPA or kite data
lacking ground control points for accurate geo-referencing. Our toolbox is flexible and can
be adapted to different circumstances, with tools selected from the box as desired to fit the
needs of the monitoring and the skills, expertise and budgets available for the endeavour.
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Appendix A. Satellite Mapping of Vanuatu and Solomon Islands

CMEP employed an iterative mapping framework derived from the Biocoast project [68]
to undertake the seagrass mapping trials in Vanuatu and Solomon Islands. The predictive
mapping process developed for Biocoast is a classic remote sensing processing chain. First,
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well-known radiometric indices such as NDVI are computed in order to give weight to
the spectral response of chlorophyll activity and, thus, of vegetation. A photo-interpreted
reference database is created by expert opinion. This database is the core of the supervised
classification process. For each class of the targeted typology, a large number of polygons
are produced, covering a maximum of variability for each of the targeted classes (in terms of
intensity of the perceived spectral response, depths and with a good spatial distribution). All
the original spectral bands and radiometric indices are then concatenated, and the reference
pixels covered by the polygons of the reference database are extracted. A random selection
of these pixels are then applied to form an independent training database and validation
database. A random forest classifier is then trained and evaluated before being applied to
the whole image. A slight spatial regularisation, using a majority filter of radius-2 pixels, is
then applied to correct some of the classification noise. The quality of the prediction depends
directly on the representativeness and relevance of the reference database produced.

Application to Vanuatu and Solomon Islands: In order to make a classified map
showing seagrass presence/absence (and eventually classes of density), the supervised
method developed requires data to train and evaluate a statistical model called a supervised
classifier. The supervised method uses training polygons that identify distinct classes
present in the satellite image of the study area, including seagrass beds. Based on spectral
information from the training polygons, a supervised classification is applied to predict
classes across the rest of the satellite image.

The result is a map where all pixels of the satellite image have been classified into
different classes (or typology) defined by the training set. The classes (typology) are entities
that need to be distinguished. They can be ground cover such as seagrass beds (dense or
sparse cover), coral reef, rock, macroalgae or other features present in the satellite images
such as clouds, cloud shadows, land and sea. As with any machine learning model, this
supervised method performs better when a sufficient and representative training, testing
and validation dataset is available. The amount of data required for the machine learning
depends on many factors, such as the complexity of the problem (i.e., of the complexity
and features of the landscape we are trying to map) and the complexity of the learning
algorithm selected. However, a sufficient number of observations is needed to access the
variance of each class (the possible variations for the same class).

The supervised processing chain is a key component of the learning process: informa-
tion such as satellite radiometric indices, textural indices or additional features (predictor
layers) are calculated prior to the machine learning step. The most relevant set of predictors
can eventually be pre-selected to reduce the dimensionality of the problem.

The machine learning step is then applied (many supervised classification algorithms
exist and can be tested depending on the factors defined above). It consists of training the
supervised model and evaluating it iteratively, adding at each step: expert contributions,
new field dataset or other (higher-resolution) spatialized information on ground covers.
The model is trained, revised and evaluated again (v0, v1, v2 [ . . . ], vx) until a seagrass
distribution map with a sufficient level of confidence (qualitatively and quantitatively)
is obtained.

The different steps of the method are outlined in Figure A1 and example applications
are outlined in Figure A2.
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Figure A1. The different steps of the Vanuatu and Solomon Islands mapping framework derived from
the Biocoast project’s mapping process. *1 Typology is defined in this framework as classification
according to general ground types. It is acknowledged that, at the Sentinel-2 pixel resolution (10 m),
a respective ground cover type may correspond to mixed substrates.



Remote Sens. 2023, 15, 834 21 of 25

Figure A2. Example application of the mapping framework. *2 Acknowledging that seagrass location
may have changed between the time this dataset was collected and this study.
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Figure A3. Illustration of (a) the resolution of the field data (typology shapefile created from the
field information collected by Vanuatu Environmental Science Society, Cefas and Seagrass-Watch) vs.
(b) the resolution of the Sentinel-2 image, Erakor Lagoon.

Figure A4. Close up views of sites where seagrass beds have been observed in situ (green dots)
overlaid with the preliminary classified (benchmark) map of Efate (zones A, B, C of Figure 5).
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