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Introduction: Seagrass sediments are important ‘blue carbon’ reservoirs which
store climatically significant quantities of organic carbon (C,,g) at the global scale.
Seagrass meadows that overly these sediments also provide a range of critical
ecosystem services including shoreline stabilization, storm surge protection, and
fisheries nursery grounds. However, the controls over accumulation and the
sources of organic C to these sediments beds are highly variable and poorly
understood with the relative importance of hydrodynamic setting, species
composition and canopy density being unclear.

Methods: Here we address these questions using the first observation-based
estimates of Cqg stocks and provenance on Turneffe Atoll, Belize, made via
remotely-sensed habitat extent, local C.4 data and isotopic data. Sedimentary
Corg Was highest in sediments underlying the most sheltered meadows and
decreased with increasing exposure to wind and wave energy with the seagrass
meadows in the central lagoon containing an extensive deposit of mangrove derived
organic carbon, stabilized and protected by the overlying seagrass meadow.

Results: The influence of species composition appeared weak with the ubiquitous
species T. testudinum occurring across a wide range of hydrodynamic regimes
ranging from the most sheltered to the most energetic and being associated with a
wide range of sedimentary organic C concentrations. Importantly from the
perspective of remote sensing, org C concentrations were unrelated to canopy
density. We hypothesize that this decoupling of organic C concentration from
seagrass canopy cover reflects a much longer timescale for carbon storage in the
sediments than the lifespan of the seagrass plants themselves and/or a substantial
non seagrass derived organic C burden in seagrass sediments. Overall, we
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conservatively estimate that the top 30cm of sediments underlying the seagrass
meadows overlying carbonate sediments on the atoll exterior store 0.58 x 10° Mg
Corg. most of which is seagrass-derived, whilst the sediments underlying the
meadows within the central lagoon store an additional 1.28 x 10° Mg Corg- When
the maximum possible extent of seagrass is considered, this estimate increases to
354 x 10° Mg Corg. Substantial Cy,q stocks extending >1m depth were observed
across all sites, and so these inventories are considered conservative.

Discussion: A preliminary ‘cost of loss’ for sedimentary Co4 in the top 30 cm of
Turneffe Atoll's seagrass meadows, based on a carbon trading value of €60 tCO,
(eq), is estimated at €42 million for the outer atoll, increasing to €136 million
when the mangrove-derived sediments of the central atoll are considered and

€260 million when turbid areas are assumed to contain seagrass.

KEYWORDS

blue carbon, seagrass, organic carbon, sediment carbon, stable isotopes, mangroves,
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1 Introduction

Since the industrial revolution, fossil fuel combustion and land
use change have resulted in substantial emissions of carbon dioxide
(COy,) to the atmosphere. Between 1850 and 2020, anthropogenic
CO, emissions totaled 2420 + 240 Gt, equivalent to the amount of
carbon stored in terrestrial ecosystems (2500 Gt; IPCC, 2023).
Around 50% of this emitted CO, remains in the atmosphere
today, where it has been linked to increased radiative forcing,
rapid climate change, an increase in global average temperatures,
and a suite of associated ecological, social, and economic
consequences (e.g. Huckelba and Van Lange, 2020 #15). In
response, efforts to quantify and enhance natural C sequestration
have increased, particularly at local scales where management and
auditing can be straightforward, and where C sequestration
objectives do not compete with critical land uses including
agriculture and urban settlement (Freedman et al., 2009).

As pressure for space intensifies on land, interest in the carbon
storage potential of marine environments has intensified (e.g.
Nellemann and Corcoran, 2009; Mcleod et al, 2011; Macreadie
et al., 2017; Lovelock and Duarte, 2019). A particular focus is on
vegetated coastal ‘blue carbon’ ecosystems, which include mangrove
forests, saltmarshes, and seagrass meadows where marine
angiosperms can fix and store carbon more efficiently than many
of their terrestrial counterpart ecosystems (Mcleod et al., 2011). These
ecosystems also provide multiple ecosystem services, including storm
surge protection, mitigation of sea level rise, fisheries nursery
grounds, water clarity, and habitats for numerous endangered
species (de los Santos et al,, 2020), yet are among the most
threatened ecosystems on the planet with around 50% of their
historic extent having already been lost (Duarte et al., 2013).
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Seagrass meadows are capable of sequestering carbon much faster
per unit area than rainforests on mineral soil, and account for 10 -
18% of oceanic carbon burial, storing between 27 and 55 Tg organic
carbon (Coyg) yr’1 despite covering just 0.1% of the seafloor (Duarte
et al.,, 2005; Mcleod et al,, 2011; Fourqurean et al., 2012). Multiple
factors affect C,,, burial rates in seagrass ecosystems, including
canopy cover, proximity to additional carbon sources such as
forests and mangrove swamps, and hydrodynamic conditions
(Mazarrasa et al.,, 2018). Generalized estimates suggest that around
half of the organic material stored within seagrass meadows comes
from the seagrass itself, whilst the rest comes from the surrounding
environment, for example from adjacent mangrove forests (Kennedy
et al,, 2010). Different sources of organic material typically exhibit
contrasting elemental stoichiometry that can reflect varying
biogeochemical reactivities (e.g. varying organic C:N). Thus,
proximity to alternative carbon sources can be an important

determiner of sedimentary C,., storage and burial efficiency.

or
Particle capture from overlyingg waters has been shown to be
positively correlated with seagrass canopy density, and is also
influenced by local hydrodynamic regimes whereby seagrass in
lower energy environments tends to be more efficient at carbon
sequestration and storage (Hendriks et al., 2008).

The importance of accurately quantifying and understanding the
Corg stored within seagrass meadows, and within blue carbon habitats
more widely, has come to the fore in recent years due to increasing
interest in its exploitation via carbon finance (e.g. Friess et al., 2022)
and payment for ecosystem services (PES) initiatives (e.g. Locatelli
et al, 2014), and in its inclusion within Nationally Determined
Contributions (NDCs; Dencer-Brown et al., 2022). Belize is one of
the country’s leading the way towards integration of seagrass blue
carbon into NDCs, evidenced by their COP26 pledge to develop and
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implementation a national seagrass policy which includes enhanced
protection measures. To the best of our knowledge, however, no
published data exists for carbon storage within the nation’s extensive
seagrass meadows (229,146 ha; Grimm et al,, 2023).

An estimated 16% of Belize’s seagrass exists within the shallow
waters around the Turneffe Atoll Marine Reserve (Fedler, 2018), a
marine protected area located approximately 32 km offshore of
Belize. In this paper we combine recent, high resolution estimates of
local seagrass extent (Carpenter et al., 2022) with site-specific Corg
data to estimate seagrass C,,, storage within the reserve. We use
these data to explore how sedimentary Corg storage is influenced by

10.3389/fmars.2024.1371162

(1) site energetics; (2) seagrass canopy cover; (3) Co.g source and (4)
the species composition of the seagrass assemblage.

2 Materials and methods
2.1 Site description
Turneffe Atoll is a 16 x 32 km reef structure that has developed

on a north-south structural high, approximately 32 km off-shore of
Belize, Central America (Figure 1). The Atoll resides atop a fault
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FIGURE 1

Map of Turneffe Atoll showing the location of the study area (inset) and the location of Zones A — E and Sites A — D). Grey regions denote the atoll
land mass, which is almost entirely comprised of mangrove cayes.The location of Belize in the wider region is shown by the red square in the

inset box.
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escarpment, which runs parallel to the coast on a complex
underwater platform constructed of Pleistocene limestone, and
formed as coral reef growth kept pace with gradual subsidence of
the fault system and local sea level rise (McCloskey and Liu, 2013).
The visible atoll mainly comprises mangrove cays, interspersed with
extensive seagrass meadows. These meadows are dominated by
turtle- (Thalassia testudinum), manatee- (Syringodium filiforme),
and shoal- grass (Halodule wrightii). The close proximity of
mangroves to seagrass meadows and the sheltered nature of the
central lagoon means that the provenance of the organic matter
across the system is likely to be highly variable, leading to the choice
of geochemical and isotope methods detailed later. The atoll is a
designated marine reserve and an ecological hotspot, with
established breeding populations of endangered species including
crocodile, manatee, and sea turtle. The cays are largely uninhabited,
except for a few boutique dive resorts and a research station.

2.2 Site selection

In January 2019, we undertook a week-long field study of
seagrass meadows on Turneffe Atoll. In consultation with local
ecosystem managers, we split the atoll into five zones according to
aspect, capturing differences in exposure to the prevailing hydro-
energetic regime (Figure 1).

Zones A and B are located on the seaward side of the atoll,
which is regularly exposed to strong prevailing winds, wave action,
and storm events. The dominant current flow comes from the south
and moves anti-clockwise around the Atoll, meaning that Zone A is
typically subject to greater hydrodynamic energy than Zone B. Zone
C is located on the more sheltered landward side of the atoll where
wind speeds and wave action tend to be lower and storm events less
impactful. Zone D includes the Atolls central lagoon, which is
sheltered on all fronts by mangrove forest and fringe reefs. Zone E
lies to the north of the Atoll in open water, where relatively sparse
seagrass is interspersed with extensive patch reefs of coral. It
experiences minimal sheltering and is thought to be the most
energetic region of the atoll.

We used local knowledge obtained from local fishermen, divers,
ecosystem managers, and academics with knowledge of the area to
select a sampling site within each Zone which was considered
representative of typical hydrodynamic and sedimentary
conditions. A second site was added within Zone B in order to
check the potential importance of environmental vs. energetic
setting, specifically proximity to mangrove forest.

- Site A was located in a mixed-species meadow containing
both T. testudinum and S. filiforme in a sandy embayment
off Calabash Caye.

- Sites B1 and B2 were located within a T. testudinum
meadow in Northern Bogue Inlet, which connects the
northern area of the Central Lagoon to the eastern
(seaward) margin of the atoll. These sites are< 200 m
apart, but Site B1 bordered a sand cay and Site B2
bordered a mangrove cay.
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- Site C was in a H. wrightii meadow located next to another
inlet known as Jones’ Hole, which connects the Central
Lagoon to the western (leeward) margin of the atoll. This
site is relatively sheltered, and prevailing currents supply a
steady input of material from the lagoon.

- Site D was in a T. testudinum meadow located in a
protected, relatively sheltered embayment within the
Central Lagoon, to the south of Shag Cay.

- Site A was also used as representative of Zone E, which we
were unable to sample due to inclement weather.

2.3 Sample collection

Sampling took place between 22" and 27" January 2019. At
each site, we placed nine 50 cm x 50 cm quadrats at random within
a 50 x 50 m survey zone, except at Site C where we only placed four
quadrats prior to our survey being halted for health and safety
reasons (the arrival of an American crocodile in the adjacent
mangrove forest), and where n = 4. For each quadrat, we
recorded water depth, seagrass species, and a visual estimate of
seagrass canopy cover (%). Underwater photographs were taken of
the quadrat from above, and used to refine and confirm our canopy
cover estimates, with the final value being the mean of seven
independent estimates made by researchers with field experience.
Such methods (e.g. https://naturalhistory.si.edu/sites/default/files/
media/file/seagrass-monitoring-activity.pdf) are commonly used in
similar field surveys.

To quantify sedimentary organic carbon content and its origin,
we took a short sediment core from a randomized location within
each quadrat by inserting an open-barrel PVC pipe (40 cm length, 6
cm diameter) to a depth of ~ 30 cm. A rubber stopper was inserted
into the top of the pipe to provide suction as the cores were
withdrawn, keeping the sediment in place and maintaining
structural integrity. A second stopper was used to seal the pipe at
the bottom for transport to shore, where the cores were extruded
using a home-made extrusion tool which comprised a rubber
stopper attached to a metal pole which was inserted into the top
of the core and used to manually push the core out of the bottom
end, onto a PVC sheet.2 cm thick sections were cut from the top (0-
2 ¢m), middle (~14-16 cm), and bottom (~26-28 cm) of the cores
using a sharp, clean blade. Living plant material (above and below
ground biomass) was manually removed before these sections were
bagged and frozen. The effects of species composition on these pools
was unfortunately beyond the scope of this study, although clearly
important, and will form the basis of a subsequent publication.
Compaction during sampling was determined by measuring core
depth, length of core within the core tube, and length of the
extruded core, and was minimal (< 5%).

To obtain insight into longer-term C, storage and historic site
conditions, we also collected long’ cores from locations within each
site: two from Sites A, B1 and C and three from Sites B2 and D. The
locations from which these longer cores were collected was
determined upon visual inspection of the shorter cores collected
at that site, with positions selected to be as representative as possible
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of typical site conditions. A larger open-barrel PVC pipe (1.5 m
length, 25 cm diameter) which had been sharpened at the bottom
end was manually inserted as far into the sediment as possible, and
rubber drain stoppers were inserted at the top to provide suction
during removal. On shore, the sediments were extruded using a
larger version of the home-made extrusion device described above.
For these larger cores, the extruder was pushed into the core tube
using a mallet, and the extruded core was caught in a halved core
tube. These larger cores were split horizontally, photographed, and
a detailed core log was taken. The core log included a photo of the
core and a written description of the sediment type, any visible
features, and depths at which these features occurred. We then cut 2
cm thick sediment sections every 10 cm along the core length, again
using a clean, sharp blade. Again, living plant material was removed
before bagging and freezing the samples. Compaction during coring
was more substantial in these longer cores (mean = 18%, range =
-8% to 39%), and was corrected for using standard methods
(Howard et al., 2014).

One additional long core was collected from each site for
archiving and analysis of grain size, sediment characterization,
and dry bulk density (DBD). At Site D we encountered two
contrasting sedimentary environments (silty clay vs. organic rich),
and so we collected archive cores representative of both.

2.4 Measurement and analysis of Cg,q
and §°Cq,q

Each bagged sample was homogenized and an approximately 10
g sub-sample oven dried at 60°C to a constant weight (within 5%; 24
hours for Sites A — C; 48 hrs for Site D). Carbon content and stable
isotope ratios were determined using a Flash 2000 Elemental
Analyzer (EA) coupled to a Delta V Advantage Isotope ratio mass
spectrometer (IRMS) attached to a ConFlo IV Continuous Flow
interface (Both Thermo Fisher Scientific). After first measuring total
carbon (Ciy), the inorganic carbon (Ciyorg) fraction was removed
from a duplicate sub-sample using 3 M hydrochloric acid. The
remaining organic carbon (C,) and its isotopic composition
(813C0rg) were then analyzed, and Ci,org calculated by subtracting
Corg from Cyq. The isotopic ratio of Ciperg Was then calculated from
the contents and isotopic ratio of the two carbon fractions §"* Corg
data are reported in the conventional delta notation relative to a
Vienna Pee Dee Belemnite (V-PDB) standard. Analytical precision
based on standard reproducibility for Cog and Cyor was 0.34 wt. %,
and for 8'°C,,, it was £0.12 %o. The final tally of cores analyzed for
Corg and 613Corg was 11 from Site A, 10 from Site B1, 12 from Site
B2, 6 from Site C, and 12 from Site D.

Seagrass and mangrove C,, contributions were estimated using
a two-endmember stable isotope model (Equations 1, 2). As no local
seagrass and mangrove data were available, we used literature values
of -12.8 %o for seagrass Cory (Lin et al, 1991) and -29.5 %o for
mangrove Cy (Ray et al, 2018) as model endmembers.
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2.5 Dry bulk density, grain size, and
sediment characterization

Previous work has demonstrated that the highly porous nature of
carbonate biogenic sediments typically results in DBDs which are
consistent both between and within cores (Miyajima et al., 2015). DBD
was therefore measured for three sub-samples taken within the top 30
cm of each archive core at 10 cm intervals. Samples were collected with
50 mL cut-off plastic syringe, weighed before and after collection of the
sediment. The volume of the sample in the syringe was recorded, and
the syringe was placed in an oven at 60°C for 24 hours. After a further
24 hrs in the oven, the syringes were reweighed once more to check
their contents were completely dry (taken as a difference of less than
5% mass between 24 and 48 hrs). Any not completely dry were
returned to the oven and weighed every 24 hrs until dry. DBD was
calculated from the dry sample weight divided by the volume of the
sub-sample. The mean within-core standard deviation (SD) was 15%.
We also checked the method uncertainty by measuring DBD at each
depth in triplicate for one site (B2) and found a SD of 6%.

Analyses of grain size distribution was undertaken on each archive
core at 1 cm depth intervals using a Malvern Mastesizer 2000 laser
microgranulometer. In addition, grain composition was manually
described for each archive core using a binocular microscope. To
ensure archive cores were representative, further grain size and
composition analysis was undertaken at 10 cm intervals on a
selection field-cut core samples, with no notable difference observed.
As such, only archive core data are presented for these parameters.

2.6 Carbon stock calculations

Seagrass extent (ha) and canopy cover (%) across Turneffe Atoll
and within each of the energetic zones mapped in Figure 1 were
estimated using drone and satellite mapping according to the
methods and results set out in Price et al. (2022) and Carpenter
et al. (2022), respectively.

The Intergovernmental Panel on Climate Change have set out a
tiered approach for blue carbon quantification at national scale
(IPCC, 2014) which can also be applied at regional and site level,
allowing local ecosystem managers to identify key carbon storage
regions and conservation priorities outside of national-scale
initiatives. Tier 1 estimates are the most basic, obtained by applying
habitat-specific global averages for carbon storage to the extent of a
given habitat within national borders. These estimates carry a high
level of uncertainty but can be a useful starting point. Tier 2 estimates
reduce uncertainty by using country-specific carbon storage data.
Tier 3 estimates require monitoring at sufficient temporal resolution
and at a diversity of locations within a country, but can be
prohibitively costly, particularly in parts of the world where science
funding and/or capacity are limited. The seagrass sedimentary Co.g
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stock of Turneffe Atoll was calculated at atoll scale using globally
averaged (Tier 1) and locally derived (Tier 2) C,,, storage values.

2.6.1 Tier 1 estimate

We multiplied total seagrass extent by the global mean (108 Mg
Corg ha') and maximum (829 Mg Corg ha') Corg storage values
provided by the Blue Carbon Initiative (Howard et al., 2014). These
values are for the top 1 m of sediment. We also scaled the resultant
Corg stock to the top 30 cm of sediment by assuming a constant
relationship with depth. This was done to standardize Tier 1 and
Tier 2 estimates, with 30 cm chosen based on the depth at which
most field data had been obtained.

2.6.2 Tier 2 estimate

We averaged Cyg (% wt) and DBD across the top 30 cm of each
core and multiplied the results to calculate a value for C, (g cm™).
These values were scaled to the top 30 cm of sediment (g cm™) and
converted to Mg Coyg ha™', which is the standard unit typically used
in blue carbon assessments. Mean Cg, (in Mg Copg ha™) at each site
was multiplied by the associated zone’s individual seagrass extent to
give an estimate of C,,, storage within that zone. As no C,,, data
were available within Zone E, we used data from the zone with the
closest energetics (Zone A). We then summed the estimates for each
zone (A - E) to give an estimate for atoll-wide C,,, storage.

2.7 Statistical method

All data investigation, plotting, and statistical analysis was
conducted in R (v. 4.2.0; R Core Team, 2020). Statistical
significance was investigated using Analysis of Variance
(ANOVA) and Tukey HSD tests, using an o = 0.05.

3 Results
3.1 Seagrass extent and canopy cover

Total seagrass extent on Turneffe Atoll was estimated as 26,700
ha, split into zones as per Table 1 and visualized in Figure 2.

Most seagrass was found within the central lagoon (Zone D;
39%), where 96% seagrass was found to be high (> 50%) density, with

10.3389/fmars.2024.1371162

68% found in the highest (> 75%) density band. At the other extreme,
93% of seagrass found in the northern atoll (Zone E; 23%) grew at low
(< 50%) densities, split fairly evenly between the lowest two density
bands (0 - 25% = 50%; 25 — 50% = 43%). Most seagrass in the near-
shore (Zone C; 25%) was found in the mid-range (25 - 50% = 55%)
and its shoulder bands (0 - 25% = 20%; 50 — 75% = 19%), with only
6% in the highest density band. This pattern was echoed on the
seaward side of the atoll within Zones A (4%) and B (9%).

Over half of the Central Lagoon’s seagrass cover was partially-
obscured by high turbidity (55%), making it difficult to determine %
canopy cover remotely. We investigated these high turbidity regions
by boat and found that the turbid zones contained high density
seagrass cover. Based on these field observations, we estimate that the
true extent of Zone D seagrass is closer to 23,500 ha, 86% of which is
growing at the highest density (75 - 100%). We did not have time to
investigate the turbid regions within other zones, and so cannot infer
seagrass presence or density for them. However, our extent estimates
for Zones A, B, C, and E could be underestimated by up to 22, 27, 20,
and 7% if all turbid cells contained seagrass. If all turbid areas
contained seagrass, the actual habitat extent would be 42,500 ha.

3.2 Sediment characterization

Sites on the atoll exterior (Sites A — C) were dominated by
calcareous bioclastic material. Where visible macerals of mangrove
peat were observed (i.e., darker, finer deposits, partly with
mangrove roots still visible, Figure 2 lower panel), these
represented ~ 5% of recovered material at Sites A and C, and<
2% of recovered material at Sites B1 and B2. In contrast, sediments
in the Central Lagoon (Side D) contained a majority (< 60%) of
materials which were mangrove derived. We encountered a
secondary sedimentary environment within Site D dominated by
calcareous materials, with mangrove material representing< 20%.
This was only observed in one core next to a small creek, suggesting
localized deposition. Typical examples of cores obtained from the
outer and inner atoll respectively are shown in Figure 3.

Sediments at Site A were dominated by coarse sands, with an
average grain size of > 430 um and no grains< 80 pum. Sediments at
B1 and B2 were generally less coarse than those found at Site A, with
average grain sizes 280 um and 320 um, respectively, and bimodal
distributions suggesting rapid deposition followed by more careful

TABLE 1 Mapped seagrass extent within each zone, split according to modeled seagrass canopy cover (2 significant figures).

Canopy Density

0-25% 156 14 670 29 1,300 20 27 0 3,100 50
25 - 50% 450 40 1,000 45 3,700 55 370 4 2,600 43
50 - 75% 410 36 440 19 1,200 19 2,900 28 430 7
75 - 100% 110 10 180 8 400 6 7,100 68 60 1
Seagrass Extent 1,100 4 2,300 9 6,600 25 10,500 39 6,100 23
Turbid Extent 400 650 1,700 13,000 460

Note that Zone A is dominated by T. testudinum; Zone B is a mix of T. testudinum and S. filiforme; Zone C is dominated by H. wrightii, and Zone D is dominated by T. testudinum.
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Bar chart showing the distribution of % seagrass cover within Zones A — E. Turbid regions (where seagrass cover could not be adequately assessed
via drone) are shown as dotted grey bars. These areas are assumed to be high density seagrass, based on manual ground truthing visits.

sorting. At Site C, sediments were finer still with an average grain
size of 155 pm. At Site D, where mangrove peat dominated, any
calcareous sands observed were composed of crushed bioclasts, with
an average grain size of 270 pm (Figure 4). These data support our
initial classification, based on location and current direction, that
Site A is the most energetic site, followed by Sites B1 and B2 (with
B2 experiencing more rapid deposition than B1, owing to its slightly
more sheltered location), Site C and then Site D.

05 8y §3 iy 91 5y My v Dy iv ) 6L W

FIGURE 3

3.3 Dry bulk density, Corg and §°Coq

On the outer atoll (Sites A - C), Cq, content ranged from 0.04%
to 4.72%, DBD ranged from 7.78 mg cm™ to 42.38 mg cm™, and
813Corg ranged from -28.54 %o to -9.26 %o. Within the Central
Lagoon (Site D), Cqg values ranged from 3.7% to 37.85%, DBD
ranged from 12.01 mg cm™ to 225 mg cm™, and 8'°C,,, values
ranged from -27.4 %o to -15.20 %o. Co, stored in the top 30 cm

€ L6 B SC ¥E CC E6 4G OF 62 B2 LX BT 5E W 64 I KC 0L 64

Typical cores from the atoll exterior (in this case Site A, upper panel) and interior (Site D, lower panel).
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FIGURE 4

Grain size distribution sediments at Sites A-D. Data presented have been averaged across the top 30 cm of each core. Duplicate cores were
measured at each site (shown as solid vs. dashed lines), excepting Site D where only one core was measured.

ranged from 0.35 g cm ™ to 59.96 g cm > on the outer atoll, and from
16.5 g cm™ to 2570g cm ™ within the Central Lagoon (Figure 5A).

According to our two-endmember C,,, source model, the mean
contribution of seagrass-derived material to the sedimentary Cg,
stock was 49% Site A, 80% at Site B1, 72% at Site B2, 72% at Site C,
and 39% at Site D (Figure 5B).

3.4 C,,4 storage: physical setting, canopy
cover and species composition

Figure 6 shows that there is no relationship between above
ground canopy cover obtained from field observations and below

Frontiers in Marine Science

ground C,,,, whether as content (% wt), concentration (mg cm™), or
stock (mg cm™®) at site or atoll scale. Individual sites had rather
similar organic C concentrations regardless of percentage cover with
variability in physical setting appearing to drive most of the variation
in organic C concentration - Figure 6 shows clearly that the high
energy site a has the lowest variation organic C concentrations and
the sheltered site d has the highest. The influence of species
composition appeared weak with the ubiquitous species T.
Testudinum being present across the atoll across the whole range of
hydrodynamic conditions and organic C concentrations, leading to a
very wide range of organic C concentrations associated with this
keystone species (57 +/- 58.83 Mg Org C Ha™).

frontiersin.org


https://doi.org/10.3389/fmars.2024.1371162
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Felgate et al.
‘1A
8
£
o
()]
Eo
o
S
o
(o))
-2
4 @
A B1 B2 Cc D
FIGURE 5

10.3389/fmars.2024.1371162

A B1 B2 C D

Violin plots of (A) Cq,q concentrations in the top 30cm (mg cm™) and (B) mean 81360@ signatures (%.) at Sites A—D. Coq is displayed as a natural log

to show vastly different values on one plot.

3.5 Corg stock assessment

Applying the recommended Tier 1 average value of 108 Mg ha™
to our derived seagrass extent produced an estimated seagrass Corg
stock of 0.86 x 10° Mg C,, in the top 30 cm of the seagrass
sediments (Table 2), which would be equivalent to 3.17 Mt CO, (eq)
if released. Applying the minimum (10 Mg ha') and maximum
(829 Mg ha™) values for Tier 1 assessment produced a range of
between 0.08 x 10° and 5.10 x 10° Mg Cpp with an associated
potential CO, release of between 0.29 and 24.3 Mt CO, (eq). Tier 2
assessment using site specific values produced an estimated stock of
1.86 x 10° Mg Co.g, equivalent to 6.82 Mt CO, (eq), which is more
than double that obtained using the global average value, but
towards the bottom of the full range.

Most of this estimate was associated with Zone D (69%) where
most Co, appeared to be mangrove rather than seagrass derived
(Figure 5B), and so we repeated the assessment for the outer atoll

only. This produced a much smaller estimated stock of 0.58 x 10°
Mg or 2.14 Mt CO, (eq). Repeating the Tier 1 assessment for the
same area produced an estimate of 0.52 x 10° Mg (range = 0.05 x 10°
- 4.03x10° Mg) with a GHG potential of 1.93 Mt CO, (eq) (range =
0.18 - 14.79 CO, (eq)). Thus, when focusing on seagrass-dominated
sediments, our Tier 2 estimate is broadly similar to the Tier 1
estimate achieved using the global average value.

4 Discussion
4.1 Seagrass C,4 on Turneffe Atoll

To the best of our knowledge, this is the first study to quantify
Corg storage within Belize’s seagrass meadows using local data, and
therefore represents an important step forward for both national

and global blue carbon datasets.
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FIGURE 6

Corg cONcentrations in the top 30 cm of Turneffe atoll sediments as a function of percent seagrass canopy cover, with data split according to site.
Corg is presented as a natural log in order to show all sites side by side. Each data point represents a separate sample.
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TABLE 2 Estimated C,,4 stored within the top 30 cm of sediment within each zone.

10.3389/fmars.2024.1371162

Zone A Zone B Zone C Zone D Zone E
Corg (min) Mg 3,380 7,000 19,800 31,400 18,400
Tier 1 Corg (av) Mg 36,500 75,500 214,000 339,000 199,000
Corg (max) Mg 280,000 580,000 1,640,000 2,600,000 1,530,000
DBD gem?® 1.01 + 0.00 0.86 + 0.05 0.61 % 0.00 0.21 + 0.00 1.01 + 0.00
Corg % wt 0.44 + 0.142 121 + 051 343+ 1.0 19.35 + 10.98 0.44 +0.142
Corg mg cm™ 445 159 193 3,680 4.45
Tier 2 2
Corg mg cm 134 + 43 308 + 120 628 + 184 1220 + 691 134 + 43
Corg Mg ha™! 134 +43 30.8 + 12.04 62.8 + 184 121+ 72 134+43
Corg Mg 15,000 71,900 415,000 1,270,000 82,000
+ 4800 + 26603 + 116200 + 812800 + 26240

Tier 1 estimates were obtained using the reccommended global min, mean, and max values provided by the Blue Carbon Initiative (Howard et al,, 2014). Tier 2 data are presented as mean values.
As no samples were obtained within Zone E, Tier 2 C,, storage was estimated using data obtained from Zone A. Values for DBD and C,, are given to 2 decimal places. All other values are given

to 3 significant figures + standard deviation (SD).

4.2 Comparison with previous estimate

Fedler (2018) previously reached a Tier 1 estimate of 5.52 x 10°
Mg Corg using a literature derived Cy value of 150.9 Mg ha™'. This
was for the top 1m of sediment, however, which we can scale to our
working depth of 30 cm to get a comparable estimate of 1.67 x 10°
Mg C,,, (relative to our Tier 2 estimate of 1.86 x 10° Mg Corg).
Fedler’s estimate was obtained using a greater habitat extent (36,643
ha vs. 26,700 ha), presumably because they included areas we
identified as highly turbid. Thus, it seems highly likely that areas
of turbidity in our habitat mapping did indeed overly seagrass beds.
This would render ours an underestimate and suggest that Turneffe
Atoll contains more C,, within its seagrass sediments than
previously thought.

To investigate the effect of habitat extent, we repeated our
assessment under the assumption that all turbid areas contain
seagrass (as was true in Zone D). The results of this re-
assessment are shown in Table 3.

This gives Tier 1 estimates ranging from 0.13 x 10° Mg Cyq to
10.59 x 10° Mg Cq,g and a Tier 2 value of 3.54 x 10° Mg Coyg. This
represents our maximum estimate for C,, within Turneffe Atoll’s
seagrass meadows and is more than double Fedler’s literature based
1.67 x 10° Mg Cipq.

We can also compare the data found here to other systems
(Table 4). The results suggest that the storage values given here are
broadly comparable to those found elsewhere in tropical environments
at a similar latitude. Clearly physical setting is important, as shown
here, and it is likely that some of this variability reflects the wide range
of hydrodynamic conditions sampled.

4.3 Validity of the zoning approach
Seagrass meadows are highly heterogenous environments, and

Corg storage is controlled by a number of environmental conditions
including canopy cover, proximity to additional carbon sources

TABLE 3 Estimated C,,4 stored within the top 30 cm of sediment within each zone, in a scenario where all turbid areas contain seagrass.

Zone A Zone B Zone C Zone D Zone E
Corg (min) Mg 4,580 8,950 24,800 69,700 19,800
Tier 1 Corg (av) Mg 49,5000 96,700 268,000 752,000 214,000
Corg (max) Mg 380,000 742,000 2,060,000 5,770,000 1,640,000
DBD gem? 1.01 + 0.00 0.86 + 0.05 0.61 + 0.00 0.21 + 0.00 1.01 + 0.00
Corg % wt 0.44 + 0.142 1.21 +0.51 343+ 1.0 19.35 + 10.98 0.44 +0.142
Corg mg cm’ 445 15.9 193 3,680 445
Tier 2 Corg mg cm™ 134 + 43 308 + 120 628 + 184 1220 + 691 134 + 43
COrg Mg ha'! 134 +43 30.8 + 12.04 62.8 + 184 121 £ 72 134 +43
Con Mg 20,400 92,100 519,000 2,830,000 88,100
+6528 + 34077 + 145320 + 1811200 + 28192

Tier 1 estimates were obtained using the reccommended global min, mean, and max values provided by the Blue Carbon Initiative (Howard et al,, 2014). Tier 2 data are presented as mean values.
As no samples were obtained within Zone E, Tier 2 Cor, storage was estimated using data obtained from Zone A. Values for DBD and C,, are given to 2 decimal places. All other values are given
to 3 significant figures.
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TABLE 4 Comparison of data presented here to other environments.

Region Reference Mg Species
-1
Corg ha
Colombian Serrano 72+38 Seagrass
Caribbean et al. (2021)
Maldives Macreadie 50 Mixed Seagrasses,
et al. (2024)
Maldives Macreadie 116 £ 9 Mangroves
et al. (2024)
Seychelles Rowlands 118 Seagrass
et al. (2024)
Andoman Stankovic 55+ 7.15 Seagrass
and Nicobar et al. (2021)
Belize This study 13-122 Seagrass

and mangroves

All values converted from values reported by author to match core lengths reported here,
except for data in Rowlands et al. (2024) where sediment core depths varied.

such as forests and mangrove swamps, and hydrodynamic
conditions (Mazarrasa et al., 2018). The net effect of which can be
difficult to predict. Turneffe Atoll exists in a data poor region,
meaning that our sampling scheme was largely built around local
knowledge. This approach suggested that site energetics were the
overwhelming environmental factor at play. The data presented
in this paper (seagrass density and distribution, sediment
characteristics, C,q storage, and 8'°C,,,) collectively suggest that
each site represents a different sedimentary environment, and that
those environments reflect the foundational local knowledge and
initial zone assignment used to guide their selection. Thus, while
more spatial resolution would undoubtedly be desirable, we believe
our zoning approach to be a reasonable first step towards a
comprehensive Tier 2 assessment of Turneffe Atoll’s seagrass Coq
carbon stores.

4.4 The exterior Atoll vs. the
Central Lagoon

Sedimentary C,,, storage on Turneffe Atoll is dominated by
Zone D, however this was due to the accumulation of an extremely
organic rich layer of mangrove peat rather which we do not
associate with seagrass presence per se. Indeed, we observed a
clear stratigraphy within the ‘Tlarge’ cores taken at Site D which
suggests these sediments are related to the presence of mangroves,
which have since been removed, rather than accrued by seagrass
particle capture. Thus, while the inner lagoon encapsulated within
Zone D undoubtedly represents a substantial carbon store, its
existence cannot be attributed directly to the presence of
overlying seagrass meadows and its inclusion in any valuation of
seagrass blue carbon would likely be inappropriate. A follow-up
study to investigate the sedimentary environment within Zone D
(unpublished) confirmed that this peat-rich sedimentary
environment is wide-spread within the Central Lagoon. This
lends confidence to our relatively large estimate of C,, storage
within this zone.
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4.5 |sotope mixing model

Our two-endmember mixing model could be improved by
obtaining endmember values from local vegetation rather than
from the literature. Nonetheless, whilst the absolute values for
mangrove and seagrass Co,; contributions are not absolute, the
substantial differences predicted by the model can be considered to
reflect reality. Field observations and laboratory sediment type
classification lends confidence to this. Converting isotopically
derived % contributions to C,, quantities provides would provide
additional insight into e.g. the amount of mangrove-derived Cyg
being captured within seagrass sediments.

Sites B1 and B2 were selected to investigate how proximity to
mangrove influenced C,, storage in seagrass sediments, being
located in similar energetic settings but next to a sandy beach and
a mangrove forest, respectively. These had statistically
indistinguishable proportions of mangrove-derived material
(Figure 5B) and mean C,,, content (Figure 5A) implying the this
difference in setting was rather unimportant.

Despite Site A being a highly exposed, seagrass dominated site
with minimal carbon storage, the site appears to be strongly
influenced by mangrove-derived carbon (Figure 5B). An
alternative interpretation is that there is an additional carbon
source not accounted for in our model which has a similarly low
C value to mangrove carbon, for instance a strong terrestrial
signal. Our model could therefore be improved by including other
Corg sources, such as algal and epiphytic production.

4.6 Relationship between C,,4 and
canopy cover

We did not find any relationship between above ground canopy
density and below ground C,,, storage, in disagreement with the
documented relationship between canopy cover and particle
capture (Mazarrasa et al,, 2018). At Zone D, it is likely that the
extremely high carbon content of the relic peat on top of which
seagrass is growing would overwhelm any contemporary
relationship between canopy cover and carbon storage, but we
would expect to see any relationship between these two parameters
in Zone A - C if such a relationship exists on the atoll. It is possible
that the highly exposed nature of the atoll means that even the
lowest energetic regime studied was subject to sufficiently high
energy as to overwhelm the expected relationship. It is also possible
that this relationship is unreliable (Ricart et al., 2020). This
demonstrates the need for more data collection across a range of
diverse environments before assigning universal relationships to
these complex, dynamic environments.

4.7 Valuing Turneffe Atoll's seagrass Cy g

A preliminary ‘cost of loss’ for sedimentary C,, in the top 30
cm of Turneffe Atoll’s seagrass meadows, based on an approximate
carbon trading value of €60 tCO, (eq), is estimated at €42 million
for the outer atoll. This valuation increases to €136 million when the
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mangrove-derived sediments of the central atoll are considered, and
€260 million when turbid areas are assumed to contain seagrass.

As noted above, we observed a high degree of turbidity at Site D
which was mirrored across much of the associated Zone D
(Table 1). This may indicate erosion of these mangrove-derived
sediments and their associated C,,, the cost of the which could
already be substantial. At the same time, any recapture of this
sediment by seagrass beds within Zone D or, indeed, on the outer
Atoll, may be important for limiting the overall rate of carbon loss.
Future work is ongoing to investigate the causes and magnitude of
this apparent loss of mangrove-derived carbon.

It is important to note that this approximate valuation does not
consider restoration value, the efficacy of which has recently been
called into question (Williamson and Gattuso, 2022). Instead, we
specifically focus on the value of the existing seagrass carbon store.
Previous work has demonstrated that loss of existing seagrass
meadows leads to erosion of the underlying sediment carbon
stock, producing a net source of CO, to the atmosphere (e.g.
Greiner et al,, 2013), thus reinforcing the merit of conservation
efforts where seagrass meadows are known to overlie substantial
Corg stores. The value expressed in this study therefore represents
the cost of seagrass degradation and subsequent sediment
disturbance, rather than any additive benefit. This value also
assumes that the entire top 30 cm of carbon is vulnerable to loss,
and does not take into account differences in lability. There have
been in the past significant hurricane events in Belize and the
vulnerability of seagrass carbon stocks to these are unknown but
potentially significant. One consequence of such a loss could be the
exposure and erosion of the carbonate coral reef underlying the
organic deposits. The probability of this occurring is hard to judge
but it is clearly a hypothesis worthy of further study.

4.8 Limitations

As with all such studies, the dynamic and heterogeneous nature
of seagrass habitats means that more sites will always be desirable.
In this study, we took a pragmatic approach to maximize the
usefulness of the available data but accept that sampling across a
wider range of sites would help to build confidence in our zone
assignments and refine our overall C,, storage estimate.

Sampling in this study focused on relatively shallow waters
which could be easily accessed. Studies have shown that seagrass
Corg capture can vary with water depth, but the direction of change
depends upon many factors and so is difficult to predict (Mazarrasa
etal., 2018). For example, seagrass in deeper waters can be sheltered
from surface storms (increasing storage) but receive less light
(decreasing production and hence storage). Future work would
benefit from including deeper water sampling to assess this
variability across the atoll.

We were unable to obtain suitable blank samples as part of this
study (i.e., sediment cores from an area without seagrass influence).
This was because seagrass coverage on Turneffe Atoll is extensive,
and we could not find a suitable, accessible location in which to
core. However, the fact that our C,, values are physically and
environmentally sensible (i.e., C,g stocks increase as site energetics
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decrease) suggest that our overall findings have not been
substantially altered by this.

This study does not account for C stored in above and below
ground seagrass biomass, which can be significant. We did not
measure biomass C,.g but can estimate it here using data presented
in Fourqurean et al. (2012) for the Tropical Western Atlantic. That
study presents 44 data points from the region, the mean of which is
0.85 Mg ha™". Scaling this estimate to the habitat extent used in our
study (including turbid regions) adds approximately 39 x 10° Mg C
to our estimate of seagrass blue carbon, compared to estimates in
the x10° for sedimentary Co,,. This suggests that seagrass biomass
stores are minimal, relative to our estimate of sedimentary Ci,
storage, but future work could aim to aim to confirm this.

We could not sample Zone E due to inclement weather. As a
result, our estimate of C,, storage in this zone is speculative. The
sparser seagrass coverage observed in Zone E coupled with local
knowledge of smaller seagrass species and more open, higher energy
waters is likely to result in limited Cq,g accrual. This will, in turn,
limit C,, storage. C,rg stocks in Zone E may be better
approximated using a value closer to the Tier 1 minimum value,
producing a stock estimate of 19,800 Mg C,, as opposed to our Tier
2 estimate of 88,100 Mg C,,. Further sampling is required to verify
this, but we note that this difference equates to just 2% of our Tier 2
estimate for Turneffe Atoll as a whole (Zones A - D) and< 10% of
our estimate for the outer atoll (Zones A - C). Thus, whilst
uncertainty around C,, storage within Zone E is significant,
refinement of our estimate with field data is unlikely to
substantially alter our findings.

Irrespective of a possible over-estimate C,, storage within Zone
E, our assessment of seagrass blue carbon on is likely to be an
underestimate as it only accounts for the top 30 cm of seagrass
sediment, whereas we know that these sediments can extend several
meters underground. Whilst we do not know how deep this may be
on Turneffe, we do know that it extends at least as deep as our ‘long’
cores (i.e, > 1 m). Future studies should aim to better constrain Co,g
storage at depths > 30 cm, and to determine the total depth of
seagrass sediments on Turneffe Atoll. Finally, the impact of black
refractory carbon in the areas is unknown and could be
quantified further.

5 Conclusions

In this study we present data from five seagrass meadows on
Turneffe Atoll, Belize, and test several hypotheses regarding the
drivers of seagrass Co Storage. As expected, a 8'’C,yy mixing
model confirmed that proximity to mangroves increased the
proportion of mangrove carbon within seagrass sediments, and
sedimentary C,, storage was found to increase as site energetics
decreased. However, in disagreement with the prevailing literature,
we found no relationship between seagrass canopy cover and
sedimentary C,, storage.

We estimated C,,, storage within the top 30 cm of seagrass
sediments at atoll scale, and conservatively estimate that the
seagrass meadows of Turneffe Atoll store 0.58 x 10° Mg or 2.14
Mt CO; (eq) on the atoll exterior, with an additional 1.28 x 10° Mg
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Corg 01 4.68 Mt CO, (eq), stored within the Central Lagoon, most of
which is likely not seagrass derived. This translates to a tentative
present-day ‘cost for loss’ value of around €42 million for the
predominantly seagrass-derived sediments of the outer atoll, with
an additional €94 million stored within the central lagoon, most of
which is mangrove-derived. We also provide a maximum estimate
of 3.54 x 10° Mg Co for the entire atoll, where (a) the Central
Lagoon is included; and (b) all turbid areas are assumed to contain
seagrass. This translates to an approximate valuation of
€260 million.

The data contained in this paper represent an important step
forward for blue carbon research in Belize, and will augment and
strengthen the global dataset, having been collected in a region
which is relatively data poor, and where carbon sequestration and
storage may operate at different rates to the regions which dominate
the global data set (i.e., Australia and North America).
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