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Abstract: Seagrass ecosystems sequester carbon at disproportionately high rates compared to terres-
trial ecosystems and represent a powerful potential contributor to climate change mitigation and
adaptation projects. However, at a local scale, rich heterogeneity in seagrass ecosystems may lead
to variability in carbon sequestration. Differences in carbon sequestration rates, both within and
between seagrass meadows, are related to a wide range of interrelated biophysical and environmental
variables that are difficult to measure holistically using traditional field surveys. Improved methods
for producing robust, spatially explicit estimates of seagrass carbon storage across large areas would
be highly valuable, but must capture complex biophysical heterogeneity and variability to be accurate
and useful. Here, we review the current and emerging literature on biophysical processes which shape
carbon storage in seagrass beds, alongside studies that map seagrass characteristics using satellite
remote sensing data, to create a blueprint for the development of remote sensing-enabled proxies for
seagrass carbon stock and sequestration. Applications of satellite remote sensing included measuring
seagrass meadow extent, estimating above-ground biomass, mapping species composition, quan-
tifying patchiness and patch connectivity, determining broader landscape environmental contexts,
and characterising seagrass life cycles. All of these characteristics may contribute to variability in
seagrass carbon storage. As such, remote sensing methods are uniquely placed to enable proxy-based
estimates of seagrass carbon stock by capturing their biophysical characteristics, in addition to the
spatiotemporal heterogeneity and variability of these characteristics. Though the outlined approach
is complex, it is suitable for accurately and efficiently producing a full picture of seagrass carbon
stock. This review has drawn links between the processes of seagrass carbon sequestration and the
capabilities of remote sensing to detect and characterise these processes. These links will facilitate the
development of remote sensing-enabled proxies and support spatially explicit estimates of carbon
stock, ensuring climate change mitigation and adaptation projects involving seagrass are accounted
for with increased accuracy and reliability.
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1. Introduction

The potential role of blue carbon as a natural climate mitigation strategy has prompted
increased research focus on methods for monitoring coastal ecosystems [1]. Although the
ecological value of seagrass meadows is long established [2], recognition of their value as
important sinks in the global carbon cycle [3] highlights the need for robust monitoring
and reporting on greenhouse gas (GHG) offset projects [4]. Seagrasses contribute dis-
proportionately to organic carbon (Corg) burial, sequestering 10% of oceanic buried Corg
despite occupying less than 0.2% of ocean area [5]. Despite their relatively small global area
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compared to tropical, temperate and boreal forests, they sequester carbon at a comparable
rate [6]. Seagrasses also influence water flows, cycle nutrients, form the base of food webs,
and offer shelter for a range of marine species [7], positioning them as providers of multiple
ecosystem services beyond carbon sequestration [8,9]. Development of methods to accu-
rately map seagrass and produce robust estimates of seagrass carbon storage across large
geographical areas is needed to improve global carbon monitoring schemes and support
protection and restoration efforts crucial for maintaining ecosystem services.

The carbon sequestration capacity of seagrass is of critical interest in climate change
mitigation and adaptation including emissions reporting, GHG abatement schemes and
offset projects [1,3]. Protocols for accurate quantification of seagrass carbon stock in the
field have been developed [10], and incorporated into some national GHG inventories [11].
However, high inter- and intra-habitat variability in seagrass carbon stock and burial
rates [12–15] suggests that regional-scale reporting would be strengthened by measure-
ments which accurately capture this variability.

Satellite remote sensing has been used for continuous broad-scale monitoring of seagrass
biomass and condition [16,17]. Synoptic monitoring of coastal ecosystems by satellite remote
sensing can provide vital spatial information about the ecological characteristics of seagrasses
as they change over time, supporting coastal management and conservation [18–20]. To
incorporate seagrass in quantitative climate change mitigation and adaptation strategies,
robust methods are required to translate these satellite-derived ecological characteristics
into metrics relevant to estimates of carbon stock and sequestration rates. This involves
consideration of the ecological characteristics of seagrass meadows as they relate to carbon
sequestration and the capabilities of current and future remote sensing platforms.

Although optical satellite remote sensing has been used to characterise the ecological
characteristics of seagrass, direct measurement of seagrass carbon stock or sequestration
rates using only remote sensing data is still not possible. Therefore, determining estimates
of seagrass carbon stocks from remote sensing-based measurements requires an understand-
ing of biophysical processes that underlie seagrass carbon sequestration, and the spatial,
temporal and spectral scales relevant to those processes. Developing this understanding is
important for identifying biophysical variables usable in carbon stock assessments which
are measurable from remote observation platforms. Addressing this challenge requires
developing and refining biophysical proxies for total carbon stock that can be derived from
remote sensing data and understanding the limitations of current and next-generation
remote sensing platforms in sensing these proxies. Here, we present a new perspective on
the role of current and emerging remote sensing technologies for broad scale assessment of
seagrass carbon stocks through the development of suitable proxy measures.

This review will establish a framework for developing methods for satellite remote
sensing-enabled estimation of seagrass carbon stock. In Section 2, we provide background
on the key challenges for carbon accounting in seagrass environments. In Section 3, we
outline the biophysical processes operating within seagrass environments that drive carbon
sequestration rates. In Sections 4 and 5, we carry out a literature review in order to identify
viable methods for satellite remote sensing of seagrass biophysical characteristics. Based
on this review, we consider a set of remote sensing proxies for carbon storage in seagrass
which account for spatial heterogeneity and change over time. Finally, in Section 6, we
relate these remote sensing proxies to current seagrass carbon accounting requirements,
creating a blueprint for applying Tier 3 spatially explicit methods to seagrass carbon stock
mapping and monitoring.

2. Background

Activities within the Land-Use, Land-Use Change and Forestry (LULUCF) sector,
such as afforestation and habitat restoration, can provide cost-effective mechanisms for
offsetting emissions, which play a key role in current and planned global climate change
mitigation policy. Previous mitigation efforts of the LULUCF sector were generally focused
on terrestrial forests and grasslands and omitted seagrass and other coastal ecosystems
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from national GHG inventories [21]. The Intergovernmental Panel on Climate Change
(IPCC) addressed this omission with the release of the Coastal Wetlands supplement to
their guidelines on GHG inventories [22]. However, seagrass contributions to carbon
emissions have remained underreported and were yet to be fully integrated into national
inventories [11,23]. National-level plans for climate change mitigation and adaptation, such
as the Nationally Determined Contributions (NDCs) of parties to the Paris Agreement,
continue to largely omit seagrass reporting. Of the 185 NDCs submitted by countries
as of 2020, 64 included coastal wetlands, while only ten provided explicit reference to
seagrasses [11].

Accurate carbon accounting intersects with issues of seagrass conservation. Seagrass
meadows are degrading globally, with a rate of loss possibly as high as 7% per year [24].
Degradation of seagrass ecosystems represents a two-fold climate risk: reducing the ca-
pacity of blue carbon ecosystems to sequester carbon and provide co-benefits [25], and
increased emissions caused by stored Corg partially remineralising to become atmospheric
CO2 [26]. Conversely, seagrass meadow restoration substantially increases carbon storage
in the soil [3,27]. A recent study estimated the combined possible mitigation benefit from
avoided seagrass degradation and seagrass restoration to be 341 TgCO2 equivalent y−1 [28],
based on a conservative global extent estimate [29]. Given the disproportionate carbon
storage and high rate of change, incorporating seagrass conservation and restoration into
national emissions reporting, GHG abatement schemes, and offset projects is critical to
global climate mitigation efforts.

Accurate inclusion of seagrass ecosystems in carbon accounting estimates is currently
limited by existing methodologies. Seagrass reporting in GHG inventories under the
IPCC guidelines often employs Tier 1 or Tier 2 methods which rely on global and regional
estimates of carbon stock, respectively [30]. Tier 3 methods model carbon stocks using
spatially explicit methods. Unlike terrestrial LULUCF inventory contributions, methods for
Tier 3 reporting have not been established for seagrass ecosystems. Tier 3 approaches are
intended to provide greater accuracy than Tier 1 or 2, and require a robust understanding
of underlying processes, and identification of appropriate inputs for models of carbon
stock over time [31]. The ability to accurately model carbon stocks in seagrass meadows is
contingent upon capture of reliable, high resolution remote sensing data that can be used to
represent biophysical characteristics of seagrass ecosystems relevant to carbon sequestration
at ecologically appropriate spatiotemporal scales. Improving remote sensing methods for
characterising seagrass ecosystems therefore forms a critical agenda for improving coastal
carbon accounting mechanisms [32].

A key challenge for developing accurate Tier 3 representations of seagrass is the het-
erogeneous biophysical characteristics of these ecosystems. The contribution of seagrasses
toward carbon sequestration and co-benefits can vary geographically, and are influenced
by biophysical characteristics and environmental conditions in ways that are still poorly
understood [33–36]. Spatial heterogeneity introduces uncertainty in quantifying ecosystem
services in other contexts [37,38], and measurements of carbon stock across different sea-
grass environments frequently vary by a factor > 20 [12,39]. Spatially explicit Tier 3 models
would need to capture spatio-temporal heterogeneity inherent in seagrass meadows to
enable accurate emissions reporting.

Carbon stocks in seagrass, as in other environments, can be divided into pools, pri-
marily above-ground biomass (AGB), below-ground biomass (BGB), and soil carbon. In
seagrass ecosystems, the soil pool comprises as much as 98% of the total ecosystem carbon
stock [40]. Studies have shown that carbon storage potential can be extremely high even
in areas with low AGB, primary productivity and areal extent [41,42]. This is a barrier
for optical remote sensing as only the above-ground components of the plant and soil
background contribute to the optical signal, making estimation of total carbon stock from
the optical signal challenging. Despite these challenges, the absorption of electromagnetic
radiation by water limits the use of other remote sensing methods, such as microwave
remote sensing, to targets above the surface of water. As many seagrass meadows are
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fully submerged, satellite-borne optical remote sensing is most promising for producing
synoptic seagrass biophysical data; however, microwave remote sensing may contribute
complementary information for seagrasses present in the intertidal zone.

Accurate and broad-scale seagrass mapping for carbon reporting requires the repeat-
able, synoptic coverage provided by satellite remote sensing, rigorously calibrated and
validated through field-based verification [43]. However, the heterogeneity within seagrass
meadows and the challenges associated with optical remote sensing of seagrass carbon
stock limits the use of direct measurement of total carbon from space, necessitating the use
of measurable biophysical “proxies” that can capture seagrass ecosystem heterogeneity
and contribute to GHG inventories and carbon stock mapping. Appropriate proxies must
reliably characterise overall carbon stock and the associated spatial heterogeneity and be
measurable with optical remote sensing by satellite. It is also critical that the limitations
of remotely sensed proxies for mapping overall carbon stock in seagrass meadows are
clearly understood and described to provide accurate estimates of seagrass carbon stock
and account for bias.

3. Processes and Drivers of Carbon Sequestration in Seagrass Meadows

Understanding the biophysical processes which drive seagrass carbon sequestration is
key to identifying suitable remote sensing proxies to ensure that approaches to development
of total carbon stock estimation methods have ecological relevance. Mazarrasa et al. [44]
identified three processes which contribute to carbon stock in the soil pool: biomass
accumulation (especially below-ground), allochthonous Corg sedimentation, and efficient
burial of Corg (Figure 1).

Remote Sens. 2022, 14, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 1. Three key processes in accumulation of seagrass carbon stock: biomass accumulation, 
input of allochthonous material, and efficient burial of Corg, and examples of the biophysical char-
acteristics which drive higher (a) and lower (b) carbon stocks. 

3.1. Biomass Accumulation and Autochthonous Contributions to Corg Stocks 
Biomass accumulation is closely linked to the species composition of seagrass 

meadows, as seagrasses display large interspecific differences in biomass. For example, 
AGB can vary from 2.3 g m−2 (Halophila stipulacea) to 1005 g m−2 (Amphibolis antarctica) [45], 
due to significant differences in shoot and leaf morphology. BGB varies similarly be-
tween species, with larger species tending to show both higher biomass and higher BGB 
to AGB ratios [45]. Certain species, most notably Posidonia oceanica, produce particularly 
large mattes of root and rhizome material [46]. Intraspecies variations in biomass have 
also been identified, occurring across environmental gradients, including nutrient 
availability, light availability, salinity and temperature [47–50]. The higher BGB to AGB 
ratio of morphologically larger seagrasses is important for carbon sequestration as roots 
and rhizomes are composed of more refractory material than shoots, are less prone to 
export via herbivory or physical disturbance, and are already located within the anoxic 
soils which facilitate long term Corg storage [51–55]. Morphologically larger seagrasses 
trend towards higher carbon storage [12,56–58], and have higher relative contribution of 
autochthonous compared to allochthonous inputs into the carbon stock [59,60]. 

The life cycles of seagrasses also show considerable interspecies variations. Smaller, 
colonizing species may exhibit full life cycles on the scale of months, while larger persis-

Figure 1. Three key processes in accumulation of seagrass carbon stock: biomass accumulation, input
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3.1. Biomass Accumulation and Autochthonous Contributions to Corg Stocks

Biomass accumulation is closely linked to the species composition of seagrass mead-
ows, as seagrasses display large interspecific differences in biomass. For example, AGB
can vary from 2.3 g m−2 (Halophila stipulacea) to 1005 g m−2 (Amphibolis antarctica) [45],
due to significant differences in shoot and leaf morphology. BGB varies similarly between
species, with larger species tending to show both higher biomass and higher BGB to AGB
ratios [45]. Certain species, most notably Posidonia oceanica, produce particularly large
mattes of root and rhizome material [46]. Intraspecies variations in biomass have also been
identified, occurring across environmental gradients, including nutrient availability, light
availability, salinity and temperature [47–50]. The higher BGB to AGB ratio of morpholog-
ically larger seagrasses is important for carbon sequestration as roots and rhizomes are
composed of more refractory material than shoots, are less prone to export via herbivory or
physical disturbance, and are already located within the anoxic soils which facilitate long
term Corg storage [51–55]. Morphologically larger seagrasses trend towards higher carbon
storage [12,56–58], and have higher relative contribution of autochthonous compared to
allochthonous inputs into the carbon stock [59,60].

The life cycles of seagrasses also show considerable interspecies variations. Smaller,
colonizing species may exhibit full life cycles on the scale of months, while larger per-
sistent species can take many years [61]. This is an important factor influencing carbon
sequestration, as the lower turnover rates of persistent species lead to high biomass accu-
mulation [44]. However, seagrass life cycles can also vary intraspecifically depending on
environmental conditions [62,63]. The variation is significant enough that the same species
can form both enduring and transitory meadows under different conditions [61,64]. These
changing environmental conditions can follow annual cycles, or be related to shorter or
longer-term changes caused by fluctuations in dynamic environments or major disturbance
events such as storms [61]. Though the relationship between persistence and carbon storage
is established [44], there has been limited investigation of intraspecific variation in seagrass
life cycle or meadow form and its relationship to carbon sequestration.

3.2. Input of Allochthonous Corg into the Ecosystem

Input of allochthonous Corg is controlled both by biophysical characteristics of seagrass
meadows and environmental conditions. Seagrass canopies influence the local hydrody-
namic environment, increasing sedimentation and decreasing resuspension [54,65–67].
Morphologically larger species and mixed species meadows form canopies with higher
complexity, which more effectively encourage sedimentation as they reduce water velocity
and baffle sediments [44,68]. Higher density meadows also have a larger impact on local
flow rates and sedimentation [69,70]. Input of allochthonous Corg is therefore influenced
by the same set of biotic factors as biomass accumulation [44]. However, unlike biomass
accumulation, which is indirectly shaped by abiotic factors that determine seagrass growth
patterns, the input of allochthonous Corg is more heavily influenced by abiotic factors,
especially those relating to sediment. The capture of allochthonous Corg by seagrass mead-
ows first requires a sediment source, therefore source sediment characteristics including
density, grain size, and Corg content influence carbon stocks [34,71–73]. Geomorphic setting
also influences input of allochthonous Corg into the seagrass ecosystem. Small species in
high-energy coastal settings have less capacity to capture sediment, while low-energy estu-
arine settings are associated with higher amounts of sedimentary Corg accumulation [60,74].
Although relationships between canopy complexity and supply of allochthonous Corg
appear to exist [75], this relationship is complicated by the abiotic factors which influence
sedimentation rate and sediment Corg content.

The spatial arrangement of the seagrass landscape is an additional dimension that
influences input of allochthonous Corg into seagrass carbon stocks. Continuous meadows
capture sediment more effectively than meadows fragmented into patches [76,77]. Car-
bon stocks within a patch tend to increase with distance from the patch edge [78]. The
arrangement of gaps in seagrass meadows relative to the direction of water flow may
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also impact sedimentation, as flow attenuation will differ with variations in gap shape
and arrangement [79,80]. The broader coastal landscape is also important, as proximal
ecosystems that are highly productive such as mangroves can contribute Corg to seagrass
sediments [81,82]. Similarly, the presence of nearby barrier reefs can drive the input of
allochthonous Corg by reducing local wave energy [83]. The input of allochthonous Corg
is therefore driven by the complex interactions of biotic and abiotic characteristics acting
across varying spatial scales.

3.3. Efficient Burial of Corg

The burial efficiency of Corg determines the amount of organic material that will
remain in the soil in the long term after being introduced through the processes of biomass
accumulation and allochthonous sedimentation. This is influenced by conditions which
lead to relatively high levels of recalcitrance, therefore lower levels of degradation into
atmospheric CO2, in organic material in the soil. An anoxic soil environment, high mud
content, and a large proportion of more refractory material such as roots and rhizomes
are conducive to higher burial efficiency [44]. Seagrasses increase mud concentration in
the soil by capturing fine sediments, in turn encouraging anoxic conditions and seagrass
tissue recalcitrance [84]. The proportion of refractory material is linked to its origin, as
autochthonous material tends to be more refractory than allochthonous. The efficient burial
of Corg is therefore in part driven by the same conditions which lead to high biomass
accumulation (morphologically larger, persistent species) and high input of allochthonous
Corg (high rates of sedimentation and Corg-rich sediments).

3.4. Summary: Processes and Drivers of Seagrass Carbon Stocks

The drivers of seagrass carbon sequestration are complex. Larger, more persistent
species lead to higher carbon stocks, especially when meadows are dense and less frag-
mented. This applies to both autochthonous and allochthonous components of total carbon
stock, though the latter is more influenced by geomorphic setting and source sediment
properties. Estimation of carbon stocks therefore requires an understanding of the species
composition and morphology, the spatial arrangement of seagrass meadows, patterns of
spatiotemporal change, and the broader coastal landscape context in which the meadow
is situated.

Although larger seagrass species have consistently higher Corg stocks, other drivers
of carbon sequestration can act in highly variable ways depending upon context [60]. The
complexity of the relationships between drivers and carbon stocks highlights the need to
account for key biophysical characteristics, their variability and heterogeneity, as well as
environmental setting in the mapping of seagrass carbon stocks.

4. Review Method

A literature review was carried out to generate a library of established remote sensing
methods to ascertain what biophysical characteristics have been measured in the past,
how they were measured, and any technical limitations on their measurement. Studies to
include in this library were identified through a systematic literature search.

Many remote sensing studies characterise seagrass without explicit reference to carbon
stock or sequestration. For this reason, the search terms did not include reference to
carbon, instead focusing on the subject (seagrass) and the method (satellite remote sensing).
The following search terms were entered into Web of Science and Scopus: (“Seagrass”
OR “submerged aquatic vegetation”) AND (“remote sensing” OR “remotely sensed” OR
“satellite” OR “earth observation” OR “Landsat” OR “WorldView” OR “PlanetScope” OR
“QuickBird” OR “IKONOS” OR “Sentinel-2”). The search was limited to academic journal
articles published in English and studies published on or before 30 April 2022.

After deduplication, 1119 records were identified. The abstracts of these studies were
examined and irrelevant records excluded. The full texts of the remaining studies were
reviewed to ensure they:
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1. Contained a clearly described and repeatable method;
2. Used optical satellite remote sensing data to attempt to measure at least one biophysi-

cal characteristic of seagrass;
3. Did not exclusively use manual image interpretation techniques.

A total of 204 studies fulfilled these criteria and were used to create the database of
seagrass remote sensing methods, including a record of different methodological techniques
and contextual information such as study site location.

5. Identifying Remote Sensing Proxies for Seagrass Carbon Stock: Possibilities
and Challenges

Levels of carbon stock within seagrass meadows are influenced by biomass accumula-
tion, the input of allochthonous Corg, the efficient burial of Corg [44], and the biophysical
and environmental drivers of those processes. In this section, we examine potential remote
sensing proxies for improving the measurement of seagrass carbon stocks and evaluate
direct monitoring of blue carbon potential from space. Although recent modelling has
highlighted the complexity of the relationships between potential remote proxies and
seagrass carbon stock [36,60,85], the identification of proxies that can be measured from
space, and an assessment of the limitations of such an approach is an important first step in
conceiving a holistic remote sensing-enabled methodology for spatially explicit mapping
of seagrass carbon stock.

5.1. Meadow Characteristics and Dynamics as Proxy Indicators of Carbon Stock
5.1.1. Aboveground Biomass (AGB)

Direct estimates of AGB, as well as the related biophysical metrics of percent cover
and Leaf Area Index (LAI), have been widely used in studies characterising seagrass using
satellite remote sensing [86–91] Approaches applied include discrete mapping of percent
cover classes (e.g., [88,92]) and regression-based estimates of AGB on a per-pixel basis
(e.g., [91,93]). Although AGB contributes as little as 2% of total carbon stock in seagrass
ecosystems [40], AGB is closely related to both BGB and soil carbon [75,94]. The importance
of seagrass productivity and canopy complexity in carbon sequestration and the viability
of remote sensing-based measurements of AGB and related characteristics highlight the
potential of seagrass AGB as a remote sensing-based proxy for carbon stock.

The challenge in identifying the ideal approach for deriving estimates of seagrass
AGB as a proxy for carbon stock is the selection of remote sensing methods that are
both ecologically appropriate and capable of producing accurate results. From the three
interrelated metrics described above, percent cover is more easily derived from remote
sensing data compared to LAI and AGB, as it contributes more directly to the remote
sensing signal. In comparison, LAI and AGB estimates are more limited, especially in
dense seagrass meadows, due to saturation of the remote sensing signal [90,95,96]. As
AGB incorporates information about the three-dimensional volume of plants it is the most
abstracted of these three metrics from the remote sensing signal [97]. However, percent
cover is less directly related to the accumulation of biomass and capture of allochthonous
Corg than AGB and therefore a less direct proxy for overall carbon stock.

In the case of intertidal seagrass beds, the periodic absence of the water column
provides additional remote sensing options for characterising seagrass AGB. Access to
wavelengths of light which are highly attenuated by water makes common vegetation
indices which rely upon near infrared reflectance, including the Normalised Difference
Vegetation Index (NDVI), viable in intertidal environments [95,98]. Additionally, recent
research has suggested that Synthetic Aperture Radar (SAR) data improve the accuracy
of seagrass mapping, including AGB estimates, by providing information on surface
structure which complements optical remote sensing data [99,100]. These approaches may
also be applicable for seagrass beds which are emergent but not fully intertidal. These
studies suggest that AGB estimates could be approached differently for intertidal and
subtidal seagrass.
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An important additional methodological consideration is whether to map AGB in
discrete classes or as continuous values. As seagrass density can vary over light availability
gradients [101,102], a continuous measurement would be more ecologically appropri-
ate [103]. Remote sensing-derived estimates of AGB are likely to be an important proxy
for total carbon stock, but their effective use requires a deeper understanding of method-
ological complexities to identify sensor properties data analysis techniques which can most
accurately and reliably produce AGB estimates.

5.1.2. Meadow Species Composition

Species composition is an important consideration for the effective use of AGB-based
carbon stock proxies. Significant differences in morphology and AGB to BGB ratio among
seagrass species [45] suggest that classification of seagrasses by species could enhance
the accuracy of satellite derived prediction of overall carbon stock. Although species
composition is not a reliable direct proxy for carbon stock, it can complement AGB data
and improve remote sensing-enabled carbon stock estimates.

Many species of seagrass are spectrally separable [87,104], and are therefore distin-
guishable using optical satellite remote sensing. However, spectral differences between
seagrass species are often subtle [105], and epiphytic growth can interfere with spectral
separability [106]. Beyond the spectral properties of individual leaves, the morphology of
shoots can also impact their detection. Traganos and Reinartz [107,108] mapped two mor-
phologically distinct species (Posidonia oceanica and Cymodocea nodosa) using Sentinel-2 [107]
and RapidEye [108] satellite images. Sentinel-2 has a broader spectral range compared to
RapidEye with data captured in a shorter wavelength coastal blue band. In both cases
P. oceanica was classified more accurately than C. nodosa. When the narrower spectral range
RapidEye images were used, the difference was considerable with an accuracy of 89–92%
for P. oceanica and 50–61% for C. nodosa. These results suggest that although smaller species
are more difficult to map accurately, a broader spectral range has the potential to improve
detection. Methods that incorporate non-spectral data such as secondary textural charac-
teristics or object-based approaches are effective in classifying species, even in relatively
species-rich tropical areas [109–111]. These approaches may offer a useful alternative for
overcoming spectral similarity and other species classification challenges such as turbidity
which can impact on the spectral information.

5.1.3. Intra-Annual Variation in Seagrass Growth

Seagrass meadows exhibit intra-annual, seasonal variation in AGB [64,112] and at the
extremes of habitat suitability, shoots can be completely absent for months of the year when
water temperatures are outside the habitable range [113]. This is particularly relevant when
using AGB as a proxy for carbon stock, because despite seasonal variability in seagrass
growth, soil carbon and total carbon stock are more temporally stable [114]. Traditionally,
biomass assessments were recommended during the peak growing season [115]. How-
ever, significant intraspecific differences in seagrass phenology can exist even with minor
differences in environmental conditions. This is further complicated in mixed meadows,
where interspecific differences in phenology lead to biomass peaks at different times [116].
Given the complex factors dictating peak biomass and the apparent variability in the ratio
of AGB to overall carbon stock, assessments at intra-annual timescales should be consid-
ered to ensure robustness when measuring AGB as a proxy for overall carbon stock. In
addition, importance of regular monitoring will increase in the future as the environmental
conditions which dictate seagrass phenology shift under changing climate conditions [117].

5.2. Landscape Ecology Metrics and Spatial Characteristics as Proxies for Carbon Stock
5.2.1. Landscape Ecology Metrics Applied to Seagrass Meadows

The spatial structure and arrangement of seagrass meadows have been linked to
rates of carbon burial, with studies showing that continuous seagrass meadows capture
allochthonous Corg more effectively than fragmented meadows, leading to greater input
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of Corg into the sediments [76–78]. Landscape ecology metrics, which offer methods of
quantifying the spatial arrangement of landscapes, may therefore provide a suitable remote
sensing-based proxy for carbon stock across the seagrass landscape. Recognition of the
system properties present in heterogeneous seascapes has prompted growing application of
landscape ecology concepts and techniques to coastal and marine environments, including
consideration of spatial context, configuration, connectivity, and the effects of scale [118].

Seagrass patches vary widely in size, often from 1–100 m in diameter [119]; however,
the spatial scales at which spatial configuration and fragmentation significantly affect carbon
sequestration are not well established. Although seascape metrics could provide an effective
indicator of potential carbon stock, there is a need to determine the appropriate spatio-
temporal scale for adequately capturing the biophysical processes influencing the relationship
between the spatial configuration of seagrass meadows and carbon sequestration [120].

The spatial, spectral and temporal resolution of remote sensing data products will de-
termine the seascape metrics that can realistically be measured [121]. Seascape metrics such
as patch shape, area and edge length have been measured using aerial platforms [122–124]
and patch complexity, connectivity and diversity have been quantified using high spatial
resolution platforms, including GeoEye-1, IKONOS and SPOT 7 [125–127]. Studies have
demonstrated the importance of ultra-high spatial resolution imagery for mapping patch
level fragmentation [128,129], which may otherwise be masked in measures of overall
seagrass density based on coarser spatial resolution imagery (Figure 2). Although there
has been limited research linking landscape metrics and carbon stock using remote sensing
data, modelling has shown that metrics related to heterogeneity and patch fragmentation
are strong predictors of overall carbon stocks [36,72].
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Figure 2. A patchy seagrass meadow in Jervis Bay NSW, Australia, displayed at four different spatial
resolutions. This demonstrates the effect of image spatial resolution on the representation of spatial
arrangement in seagrass ecosystems. Images sourced from (a) ArborCam aerial imagery (0.05 m
spatial resolution, captured 15 October 2020), (b) PlanetScope (3 m spatial resolution, captured
14 October 2020), (c) Sentinel-2A (10 m spatial resolution, captured 12 October 2020), and (d) Landsat
8 OLI (30 m spatial resolution, captured 22 September 2020).
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5.2.2. Landscape Context

Local landscape context influences the quantity and carbon content of sediment
deposits [14,72]. In estuarine environments, seagrass meadows further inland and in areas
less exposed to wave energy have higher sediment accretion rates, with studies showing
carbon stocks decreasing along an oceanward gradient [14,85]. Additionally, proximity to
ecosystems with high productivity and outflow of organic material, such as mangroves, is
associated with increased carbon storage in seagrass meadows [36,81].

Broad characterisations of geomorphic setting have been found to be insufficient for
predicting seagrass total carbon stocks, suggesting that the influence of landscape context
varies locally depending on factors such as sediment deposition rates and surrounding
geology [60,130]. This is relevant for remote sensing-based estimates of carbon stock as it
suggests that measuring seagrass characteristics alone, without landscape context, risks
missing key variables. Further, Asplund et al. [36] found that the predictive power of
patch fragmentation metrics for estimating sedimentary Corg stock varied considerably
between seagrass species. This work suggests that the effective use of landscape ecology-
based proxies for seagrass carbon stock requires site specific understanding, including local
landscape context and nearshore sedimentary environment.

5.3. Seagrass Life History and Phenological Time Series Analysis

Carbon storage potential is also influenced by the temporal dynamics of seagrass
meadows, a characteristic that can be detected using remote sensing-based change de-
tection analysis. Enduring seagrass meadows have higher carbon stores than transitory
meadows [44,131], highlighting the importance of seasonal and multi-decadal monitoring
of vegetation cover. Change detection can support carbon stock assessments in two ways.
First, through classification of life history (e.g., persistent/opportunistic/colonising, en-
during/transitory; [61]) which would enable differentiation between areas which show
significant intraspecies differences in life cycle (not measurable using single date or annual
image capture, see Figure 3). Second, using temporal analysis to derive phenological
metrics can assist in differentiating species where spectral separability is poor, an approach
successfully applied in terrestrial contexts [132]. Measures of intra-annual change and
phenology have the potential to contribute directly as carbon storage proxies, or indirectly
by supporting more accurate species classification.
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Figure 3. Conceptual comparison of different seagrass life cycles, highlighting the differences in
representation between annual and intra-annual capture of remote sensing images. Indicative
seagrass life cycles adapted from [61].

Multi-temporal remote sensing analysis of seagrass introduces challenges. Differences
in water column properties (e.g., tidal level, turbidity) between image dates or poor georeg-
istration of mutitemporal images can introduce errors when they are confused for changes
in seagrass extent or biophysical properties [133,134].
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Despite the dynamic nature of seagrass meadows, there has been limited research on
the use of remote sensing for characterising intra-annual variability, with most time series
studies focused on longer-term change [108,135–137]. A relatively small number of studies
have examined shorter term variation in seagrass using satellite remote sensing, often
showing complex intra-annual dynamics [133,138,139]. Given the potential significance
of seagrass life cycle for carbon storage, further research is needed on the application of
remote sensing for continuous capture of phenological patterns across seagrass meadows.

6. Enabling Carbon Stock Estimates from Space

Remote sensing-based proxies of seagrass carbon stocks should be informed by an
understanding of the underlying biophysical processes and drivers of carbon sequestration.
Satellite remote sensing is well placed to:

1. Estimate AGB and its heterogeneity across space;
2. Classify seagrass ecosystems by species composition or dominant species;
3. Characterise the spatial configuration and landscape context of seagrass ecosystems,

and quantify these characteristics using landscape ecology metrics;
4. Capture intra-annual variability of seagrass species composition and AGB to monitor

seagrass life cycles and temporal change (Figure 4).
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complementary field data for important variables not currently measurable using remote sensing.

However, the processes underlying seagrass carbon sequestration are complex, often
non-linear in nature and abstracted from remote sensing signals. For example, while mea-
surement of seagrass AGB can be detected via remote sensing, critical carbon accounting
variables such as sediment properties, including grain size, sedimentation rate and Corg
content, cannot be directly measured from space. In many coastal settings, these sedi-
ment properties are the primary driver of carbon burial [14], while in other environments
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seagrass properties, such as species composition, play an important role [36]. Accurate
estimates must be verified, not only through in situ field validation of satellite data, but
through incorporating knowledge of seascape context, sediment dynamics and the relative
contributions of different biophysical processes. Characterising the relative contributions
of allochthonous and autochthonous Corg to the seagrass carbon pool, the variation in these
processes over space and time, and the sediment properties determining the efficiency of
Corg burial is critical for deriving effective spatially explicit estimates of carbon stock to
support carbon accounting (Figure 4).

7. Conclusions

The globally significant contribution of seagrass ecosystems to carbon sequestration
highlights the importance of rigorous methods to quantify carbon stock and stock change
for incorporation into emissions reporting, GHG abatement schemes and offset projects.
The processes involved in seagrass carbon sequestration are complex and require accurate
characterisation of key biophysical characteristics of the seagrass.

Future work to develop spatially explicit models of seagrass carbon stock should
focus on determining reliable proxies of carbon stock which can be measured in a synoptic
manner. Seagrass carbon stocks have been estimated using predictive modelling [36,60,72],
and the inclusion of ecologically relevant remote sensing-based data can ensure that these
models accurately capture the complexity and heterogeneity of seagrass ecosystems. This
will support the effective use of remote sensing data by helping to identify the roles of local
environmental processes in shaping carbon sequestration. Additionally, seagrass carbon
stock estimation may be improved through optimising remote sensing data collection (e.g.,
sensor spatial, temporal and spectral properties) and data analysis (e.g., accuracy and
thematic resolution of outputs). Addressing these priorities will improve spatially explicit
carbon stock estimations in critical seagrass ecosystems.
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