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Substantial blue carbon sequestration in the
world’s largest seagrass meadow
Chuancheng Fu 1,2,3✉, Sofia Frappi1,2,3, Michelle Nicole Havlik1,2,3, Wells Howe4, S. David Harris4,

Elisa Laiolo1,2,3, Austin J. Gallagher4, Pere Masqué 5,6 & Carlos M. Duarte 1,2,3

Seagrass meadows are important sinks for organic carbon and provide co-benefits. However,

data on the organic carbon stock in seagrass sediments are scarce for many regions, parti-

cularly The Bahamas, which accounts for up to 40.7% of the documented global seagrass

area, limiting formulation of blue carbon strategies. Here, we sampled 10 seagrass meadows

across an extensive island chain in The Bahamas. We estimate that Bahamas seagrass

meadows store 0.42–0.59 Pg organic carbon in the top-meter sediments with an accumu-

lation rate of 2.1–2.9 Tg annually, representing a substantial global blue carbon hotspot.

Autochthonous organic carbon in sediments decreased from ~1980 onwards, with con-

comitant increases in cyanobacterial and mangrove contributions, suggesting disturbance of

seagrass ecosystems, likely caused by tourism and maritime traffic activities. This study

provides seagrass blue carbon data from a vast, understudied region and contributes to

improving climate action for The Bahamas and the Greater Caribbean region.
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Seagrasses are angiosperms that form highly productive
ecosystems in coastal areas of all continents, except for
Antarctica1. They occupy only 0.1% of the ocean surface,

but can bury 27–44 Tg organic carbon (Corg) annually,
accounting for 10–18% of the Corg burial in the global ocean, thus
constituting an important sink in the global carbon cycle2,3.
Seagrass ecosystems also provide a wide range of ecosystem ser-
vices, such as supporting biodiversity, fisheries, regulation of
water quality, coastal protection as well as recreational and cul-
tural values, all of which are critical for the health and well-being
of humanity4,5.

Recognition of the global role of seagrass as carbon sinks has
led to efforts to quantify the magnitudes, sequestration rates and
sources of Corg in seagrass sediments at different scales, required
to implement “blue carbon” strategies3–11. However, while these
estimates placed overall boundaries on the relative Corg stocks
and dynamics in seagrass ecosystems, considerable geographic
bias exists in the available data, leading to notable information
gaps, particularly for the Caribbean and Central American and
African countries, which still remain poorly represented or absent
in the latest global database11. Obtaining regional or national
estimates of Corg stocks and dynamics of seagrass sediments is
key, as they can vary considerably between habitats, depending on
multiple interrelated biogeochemical and physical factors such as
seagrass traits, hydrodynamic conditions, and sediment
characteristics3,11–13.

The Bahamas is a large ocean nation in the subtropical
Atlantic, which has been recently reported to contain the largest
seagrass ecosystem in the ocean14, with an area of
66,990–92,524 km2, which increased the documented global
extent of seagrass by 40.7%15. Indeed, The Bahamas has a warm
temperature regime, overlaid by some of the clearest waters in the
ocean, and its two large carbonate sand banks act as the primary
seabed substrate, favoring the extensive distribution of
seagrasses14. The Bahamas has historically made very minor
contributions to global greenhouse gas emissions, but it is among
the world’s most vulnerable to climate change16. For example,
Hurricane Dorian, in August 2019, one of the strongest Atlantic
hurricanes on record and the strongest hurricane to have ever hit
The Bahamas, caused about $3.4 billion in damages, which is
equal to one-quarter of The Bahamas’ annual gross domestic
product (GDP)17. More importantly, as a typical small island
developing state, The Bahamas rely heavily on the economic,
sociocultural, and ecological integrity of their coastal areas, with
the majority of their population and assets located on the coast18.
For example, The Bahamas attract 7 million tourists annually,
contributing to approximately 40% of its GDP19.

The discovery of the largest seagrass ecosystem in the ocean
prompted the government of The Bahamas to develop new leg-
islation enabling blue carbon strategies for climate change miti-
gation, adaptation and resilience20. However, sediment Corg

stocks, sequestration rates and sources of Corg in the Bahamian
seagrass meadows remain poorly resolved and should be eluci-
dated to support the implementation of ongoing and future blue
carbon strategies. Moreover, while long-term protection offered
to tiger sharks (Galeocerdo cuvier) in The Bahamas may have
played a role in keeping seagrass habitats intact21,22, tourism and
urban development may lead to disturbance of these habitats.
Therefore, information concerning anthropogenic pressure tra-
jectories on seagrass ecosystem dynamics in these regions is
indispensable for informing the conservation of the seagrass
ecosystem and boosting action to abate pressures.

Here, we provide estimates of sediment Corg stock and burial
rates and the dynamics in the sources of Corg over time in
Bahamian seagrass meadows based on data from 10 seagrass
meadows across an extensive island chain in The Bahamas (Fig. 1;

Supplementary Table 1). The data fill a substantial geographic gap
in the available information on Corg stocks and dynamics in the
world’s largest seagrass meadow, which help improve global
seagrass blue carbon estimates, thus contributing to advance
seagrass-based blue carbon strategies.

Results
Magnitude of sediment organic carbon stocks. Sediment Corg

content (% DW) along the sediment cores averaged (±SD)
0.74 ± 0.21 % (ranging from 0.55% to 1.03%). Dense Thalassia
testudinum meadows showed higher Corg content (0.95 ± 0.21 %)
in the sediments thanmoderate and sparse meadows (0.61 ± 0.07 %
and 0.59 ± 0.04 %, respectively) (F= 12.64, p= 0.005), which
showed similar values (t= 0.08, p= 0.996). Mixed T. testudinum
and Syringodium filiforme meadows exhibited higher Corg content
(0.80 ± 0.09 %) in the sediments than monospecies of T. testudi-
num (t= 5.80, p= 0.013).

Different patterns of sediment Corg content over depth were
observed among the different meadows (Fig. 2a). In dense T.
testudinum meadows, Corg contents remained relatively constant
at ~0.9 % below 6 cm but increase to ~1.0 % in the upper layers
(t=−2.72, p= 0.025). In comparison, sediment Corg contents in
moderate and sparse T. testudinum meadows both showed minor
decreasing trends from the bottom to the top of the profiles
(t= 0.75, p= 0.480). The mixed T. testudinum and S. filiforme
meadows, however, displayed a decrease in Corg contents in the
top layers but a gradual increase down to the bottom of the profile
(t= 2.85, p= 0.012).

Dry bulk density (DBD) along the sediment profiles averaged
0.9 ± 0.3 g cm−3 (ranging from 0.1 g cm−3 to 1.8 g cm−3), with no
significant difference observed among the various meadows

Fig. 1 Spatial distribution of seagrass sediment sampling sites in Great
Exuma, a large island chain within the greater Bahamas archipelago
(inset). Map layer data sources: World shape map https://hub.arcgis.com/;
World relief map http://www.shadedrelief.com; The Bahamas boundary
https://data.humdata.org/. Sampling sites for dense, moderate, sparse
T. testudinum meadows and mixed moderate T. testudinum and S. filiforme
meadow are indicated by red, orange, blue, and purple dots, respectively.
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(F= 2.05, p= 0.193). DBD generally exhibited minor increasing
trends from the top to the bottom of the sediment profiles
(F= 2.93, p= 0.099), except for the sparse T. testudinum
meadow, which displayed an anomalous significant increase in
DBD towards the upper layers (t=−4.64, p < 0.001) (Supple-
mentary Fig. 1).

Sediment Corg densities for the top 15 cm of the dense,
moderate, and sparse T. testudinum meadows, and the mixed
moderate T. testudinum and S. filiforme meadows were 7.7 ± 3.0,
5.6 ± 1.9, 6.6 ± 2.3, 6.5 ± 0.8 mg Corg cm−3, respectively. Sediment
Corg density showed significant differences between dense and
moderate T. testudinum meadows (t= 4.82, p < 0.001), but no
significant differences were noted with other meadows. The depth
pattern of sediment Corg density followed the same tendencies of
sediment Corg contents in most cases (Fig. 2b). In sparse T.
testudinum meadow, however, sediment Corg density increase
markedly towards the surface (t=−3.35, p= 0.001), resulting
from the anomalous increase in the DBD.

Corg stocks in the top 15 cm showed an increase from the
sparse to the moderate and dense T. testudinum meadows, while
no evidence for differences between monospecies of T. testudi-
num and mixed T. testudinum and S. filiforme meadows (t= 0.24,
p= 0.995) (Table 1). Based on the newly mapped seagrass area in
the Bahamas (66,990−92,524 km2)14, we estimate the seagrass
sediment to contain 64−88 Tg Corg in the top 15 cm. The
projected Corg stocks obtained by extrapolating to 100-cm depth
would range from 44.6 (sparse T. testudinum) to 77.3 (dense T.
testudinum) Mg Corg ha−1, equivalent to a total inventory of
424−586 Tg Corg in the top-meter sediment of the Bahamas
seagrass ecosystem.

Organic carbon accumulation rates. Four of the nine sediment
cores analyzed (S3, S7, S9 and S10) conformed to a 210Pb pattern
of decreasing concentrations from the surface towards deeper
layers, while the rest of them showed anomalies suggesting the
presence of some degree of mixing (Supplementary Fig. 2).
Sediment mixing may lead to the overestimation of sediment
accumulation rates (SARs)23, hence where mixing is present (i.e.,
in cores S2, S3, S7, S8), rates should be considered as upper limits.
Core S1 showed no decreasing trend of the 210Pb concentrations
with depth, reflecting intense mixing and rendered it undatable.

The SARs of dense, moderate, sparse T. testudinum and mixed
moderate T. testudinum and S. filiformemeadows over the last century
are (±SE) 1.9 ± 0.2, 4.5 ± 1.3, 4.0 ± 0.5 and 1.0 ± 0.1mmyr−1,
respectively. The corresponding Corg accumulation rates (CAR) over
the last century are 28 ± 5, 37 ± 15, 38 ± 5 and 4 ± 1 g Corg m−2 yr−1,
respectively (Table 2). Extrapolating to the total seagrass area,
we estimate the Bahamian seagrass sediment annually sequester
2.1–2.9 Tg Corg.

Organic carbon sources. Seagrass sediments had an average
stable Corg isotope (δ13C) value (±SD) and carbon-nitrogen molar
ratio (C/N) of −13.9 ± 1.6 ‰ and 11.1 ± 2.8 throughout the
sampled meadows and thickness of the deposits, respectively
(Fig. 3). δ13C values were similar between the moderate and
sparse T. testudinummeadows (−14.9 ± 1.4‰ and −14.7 ± 0.6‰,
respectively; t=−0.15, p= 0.988), while both were significantly
lighter than the dense meadows (−12.5 ± 0.9‰) (F= 3.94,
p= 0.004). The mixed T. testudinum and S. filiforme meadows
showed significantly heavier δ13C values (−12.8 ± 0.6‰) than the
monospecies of T. testudinum (t=−6.50, p < 0.001), whereas

Fig. 2 Sediment organic carbon content (Corg) and density depth profiles of the Bahamian seagrass meadows. a Sediment Corg content depth profiles of
the Bahamian seagrass meadows. b Sediment Corg density depth profiles of the Bahamian seagrass meadows. Data for dense, moderate, sparse T.
testudinum meadows and mixed moderate T. testudinum and S. filiforme meadows are denoted by red, orange, blue, and purple dots, respectively. Data are
mean values ± standard error (SE).

Table 1 Sediment organic carbon (Corg) stocks in the Bahamian seagrass meadows.

Seagrass meadows N cores 0–15 cm (Mg Corg ha−1) Extrapolated 0–100 cm (Mg Corg ha−1)

Mean 95% CI Range Mean 95% CI Range

Dense T. testudinum 5 11.6 3.7 6.4–17.2 77.3 25.0 42.4–114.4
Moderate T. testudinum 8 8.4 1.5 4.7–11.4 56.2 9.8 31.1–76.1
Sparse T. testudinum 1 6.7 44.6
Moderate T. testudinum+ S. filiforme 2 9.9 0.6 9.6−10.2 66.0 4.3 63.8–68.2
All 16 9.5 1.5 4.7−17.2 63.3 10.1 31.1–114.4

95% CI 95% confident interval.
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C/N ratios showed an opposite trend (t= 2.03, p= 0.045).
T. testudinum seagrass C/N ratios follow the sequence of mod-
erate > dense > sparse meadows (11.8 ± 3.3, 10.7 ± 1.8, and
7.9 ± 1.4, respectively). However, sediment C/N lacks a strong
pattern across sediment depth (F= 1.51, p= 0.221), in contrast to
δ13C, which progressively decreases (i.e., more depleted) towards
the top (F= 38.23, P < 0.001). By applying a Bayesian mixing
model with δ13C and C/N tracers, we estimated that seagrass
detritus contributed 29 ± 18%, 24 ± 15%, 24 ± 15% and 30 ± 19%
to the sediments Corg pool in dense, moderate, sparse T. testu-
dinum and moderate mixed T. testudinum and S. filiforme mea-
dows, respectively. Allochthonous contribution was dominated by
cyanobacteria (28–35%), followed by algae and phytoplankton
(27–28%), and was lower for mangroves (14–15%).

The age model of each seagrass sediment cores allowed us to
explore the Corg source changes over time (Fig. 4). The dated
layers of the sediment cores spanned 11−76 years as a result of
different SARs. The autochthonous and allochthonous sources
display two distinct patterns across the sediment cores,
respectively. Moderate (S3 and S6) and sparse (S10) T.
testudinum seagrass meadows showed steep decreases in
seagrass-derived Corg from ~1980 onwards, accompanied by
increased contributions of cyanobacteria and mangrove-derived
Corg. However, these trends were less pronounced in the
remaining meadows, especially the dense T. testudinum seagrass
meadow (S5), which exhibited minor decreases in seagrass-
derived Corg and slight increases in cyanobacteria and mangrove-
derived Corg at the same period. Algal and phytoplankton Corg

inputs to the sediment were relative stable, but began to decrease
after ~2000s for S3, S6, and S10.

Discussion
Bahamian seagrass meadow as a global hotspot of blue carbon
sequestration. Sediment Corg stock per unit area of the Bahamian
seagrass meadows is slightly lower than reported global averages
(top 15 cm, 11.6 Mg Corg ha−1; top 1 m, 77.0 Mg Corg ha−1)11, but
the CAR are well below the global mean estimates (139 g Corg

m−2 yr−1)4. When compared to literature estimates of Corg sto-
rage and CAR in carbonate seagrass meadows at similar latitudes
globally (Supplementary Table 2), Corg storage and accumulation
in The Bahamas are generally in the lower range on a spatial
basis. The Corg stocks align with those of the seagrass meadows in
Southeastern Brazil (67.6 ± 14.7 Mg Corg ha−1), despite higher
biomass of the seagrass species in The Bahamas24,25. Meanwhile,
our Corg stock estimates fall within the range of those reported for
arid regions with extreme environmental conditions (i.e., nutrient
limitation and high temperature), such as seagrass meadows
around the carbonate-rich sediments of the Arabian Peninsula,
documented to have low Corg sink capacity (34.3–76.2 Mg Corg

ha−1)8,26,27. Although CAR in Bahamian seagrass meadows is
2–3 fold higher than those in the arid regions, it only represents
1/6 and 1/2 of those in Florida Bay and Shark Bay,
respectively25,28,29. These comparisons suggest that The Bahamas
seagrass ecosystem is not as efficient in accumulating Corg in the
underlying sediments per unit area, as those elsewhere.

The relatively low Corg stocks and accumulation rates in
Bahamian seagrass meadows are consistent with the low reported
net primary production (NPP) of seagrasses in this region, which
is only half of the global values (The Bahamas: 213.1 g Corg m−2

yr−1 ;30 Global: 394–449 g Corg m−2 yr−1 31), as well as a
comparatively low biomass24,32,33. It is, therefore, reasonable to

Table 2 Sediment and organic carbon accumulation rates in the Bahamian seagrass meadows.

Seagrass species N cores SAR (mm yr−1) MAR (g cm−2 yr−1) CAR (g Corg m−2

yr−1)

Mean SE Mean SE Mean SE

Dense T. testudinum 2 1.9 0.2 0.27 0.01 28 5
Moderate T. testudinum 4 4.5 1.3 0.61 0.24 37 15
Sparse T. testudinum 1 4.0 0.5 0.65 0.08 38 5
Moderate T. testudinum+ S. filiforme 1 1.0 0.1 0.05 0.01 4 1
All 8 3.3 0.8 0.46 0.14 31 8

SAR sediment accumulation rate, MAR mass accumulation rate, CAR organic carbon accumulation rate, SE standard error.

Fig. 3 Sediment δ13C and C/N molar ratio depth profiles of the Bahamian seagrass meadows. a Sediment δ13C depth profiles of the Bahamian seagrass
meadows. b Sediment C/N molar depth profiles of the Bahamian seagrass meadows. Data for dense, moderate, sparse T. testudinum meadows and mixed
moderate T. testudinum and S. filiforme meadows are denoted by red, orange, blue, and purple dots, respectively. Data are mean values ± SE.
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expect low Corg stocks in the underlying sediment, since seagrass
plant traits (e.g., density) are one of the key drivers of seagrass
sediment Corg stocks11,13, also evidenced by the differences
detected among seagrass habitats with different plant densities in
our results. The low NPP of the Bahamian seagrass could
probably be due to phosphorous limitation, as a result of the
remote nature of The Bahama Banks leading to limited terrestrial
sediment supply, as well as binding of inorganic phosphate by
biogenic carbonate sediment34,35. Yet, the buried Corg in
sediment, representing 11% of NPP in the Bahamian seagrass
meadows, is somewhat below the estimated global ratio (16%)31.
Several complementary reasons can explain this. The SARs of the
studied seagrass meadows are relatively low and mainly
determined by the production and redistribution of chemical
and biogenic carbonates36–38, with frequent presence of mixing of
the sediment due to physical disturbance or bioturbations that
may promote more decomposition of deposited Corg. In fact, the
carbonates in the sampled region are relatively coarse in grain size
and contain a large proportion of oolitic particles39. Corg in coarse
carbonate sedimentary matrix may cycle rapidly, and even
encapsulation into crystals does not fully protect it from
decomposition or alteration40. Finally, dissolution rates of
carbonates in seagrasses can be an important loss driver for
carbonate in The Bahamas41, reducing the sediment buildup and
releasing Corg contained in the carbonate matrix, rendering Corg

vulnerable to decomposition.

Yet, The Bahamas Banks host the world’s largest seagrass
ecosystems, which accounts for 25.1–40.7 % of the documented
global seagrass extent (227,377–266,562 km2)14,15. The Corg

values obtained here (0.4–1.4 %) are consistent with ancillary
values previously reported for The Bahamas (<0.5–1.8 %)33,42,43.
This supports the extrapolation from our values to The Bahamas
seagrass ecosystem, which delivers a mean Corg stock correspond-
ing to 20.5–33.7 % of the global seagrass Corg stock (1.75–2.05 Pg
Corg)11,15, and 5.7–9.2 % of total annual seagrass sediment Corg

sequestration (31.4–36.8 Tg Corg yr−1)4,15, based on documented
global seagrass extent (Table 3). Taken together, these findings
suggest that the Bahamas seagrass meadows render the overall
ecosystem a global blue carbon hotspot.

Extensive seagrass ecosystems over the Bahamas Banks provide
critical opportunities to mitigate climate change. Indeed, we
estimate that its annual Corg sequestration is equivalent to or even
higher than the anthropogenic greenhouse gas emissions in the
Bahamas (1.71 Tg C yr−1 at 2018 rates)44. Moreover, The
Bahamas Banks are generally less than 10 m deep and are
bounded by near-vertical declivities into very deep water, which
likely facilitate the export of seagrass carbon to the deep
ocean45,46. Following the estimation by Duarte and Krause-
Jensen45 that 4.9% of the seagrass NPP could be sequestrated in
the deep ocean, we estimate that The Bahamas seagrass meadows
can contribute roughly 10.4 g Corg m−2 yr−1 and a total of
0.70–0.96 Tg Corg to Corg sequestration in the deep-sea annually.

Fig. 4 Temporal trends of sediment organic carbon (Corg) sources in the Bahamian seagrass meadows. a Temporal trends of seagrass-derived Corg in
the Bahamian seagrass meadows. b Temporal trends of cyanobacteria-derived Corg in the Bahamian seagrass meadows. c Temporal trends of Algae &
phytoplankton-derived Corg in the Bahamian seagrass meadows. d Temporal trends of mangrove-derived Corg in the Bahamian seagrass meadows. Data for
core S5 (dense T. testudinum), S3 (moderate T. testudinum), S6 (moderate T. testudinum), S7 (moderate T. testudinum), S9 (moderate T. testudinum), S10
(sparse T. testudinum), and S2 (mixed moderate T. testudinum and S. filiforme) are denoted by red, orange, blue, light blue, gray, black, and purple dots,
respectively.
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In addition, our estimates of sediment accumulation rates show
that The Bahamas seagrass meadows elevate the seabed at a mean
rate of 3.3 ± 1.5 mm yr−1, well exceeding the rate of sea level rise
in The Bahamas (0.2 mm yr−1)47. Given that the Bahamas is an
archipelago with the majority of its population and assets located
near the coast for geographical and economic reasons, the natural
shoreline protection provided by seagrass meadows from sea level
rise is particularly important to the climate-change mitigation of
this nation.

Seagrass disturbance revealed by sediment Corg source change.
Seagrass sediment carbon source apportionment shows that the
autochthonous Corg in The Bahamas sediments is lower than
estimates for seagrasses globally (~50%)48. This difference is
probably due to the relatively low NPP of Bahamian seagrass
meadows. Grazing may also be an important factor, through
herbivores such as green turtles and conch43,49. Although long-
term protection offered to tiger sharks in The Bahamas has likely
helped to keep seagrass habitats from overgrazing through the
top-down control of grazers 14, our findings revealed a simulta-
neous decline of seagrass-derived Corg in sediments after the
1980s, indicating disturbance of seagrasses around The Exumas.
However, the declines in seagrass-derived Corg are not uniform
across the sites, which is likely related to the intensity, duration
and frequency of exposure to disturbances50. Overall, the con-
tribution of seagrass to Corg stocks declined from (29 ± 3) % in the
1980’s to (21 ± 7) % in the 2020’s, suggesting a parallel decline in
seagrass NPP in the region, likely resulting from anthropogenic
impacts. Indeed, the Bahamas’ GDP has grown at least 10-fold
from the 1980s to the present, with tourism revenues dominating
(~40%)19. Before the impact of COVID (2019), tourist numbers
had at least doubled to over 7 million, which was about 18-times
the population of The Bahamas19. Meanwhile, The Bahamas has
become a major hub for international marine traffic, with more
than 5,000 vessels, including a number of mega-yachts, transiting
the Bahamas Banks every year. The intensified boating, anchor-
ing, yachts, shipping activities, and dredging for coastal infra-
structure associated with tourism and marine traffic
development32,50,51 may have contributed to seagrass disturbance
in the study area, therefore leading to decline in seagrass Corg

input to the sediments. Moreover, these declines were in parallel
with decreases in algae and phytoplankton-derived Corg after
~2000s, possibly attributed to the decline in epiphytes resulting
from seagrass disturbance52.

Cyanobacteria contribute much more to sediment Corg than
seagrasses, which is counterintuitive given their low biomass and
limited nutrient availability in the study area. This could be
explained by the intercrystalline and intracrystalline protection of
cyanobacteria-derived Corg as they are involved in the develop-
ment of ooids53. In contrast to autochthonous input,
cyanobacteria-derived Corg in seagrass sediment increased at
different degrees since the 1980s and appeared to be widespread.

Anchoring, fishing, as well as dredging activities in all lead to
disturbance and suspension of bottom sediments32,50,51, which
might release nutrients such as phosphorus and iron into the
water column. This will alleviate nutrient limitation and stimulate
cyanobacteria blooms in the water column and lead to increased
cyanobacterial contributions to sediment Corg over time. In
addition, Sahara dust is suggested as a major source of nutrients
to the Caribbean supporting cyanobacteria in the Bahamas
seascape54. Increased dust deposition and precipitation over the
past few decades55 concurrent with seagrass decline may also
partially explain the increase in cyanobacteria-derived Corg in
seagrass sediment.

Furthermore, presence of Corg derived from adjacent mangrove
habitats to the seagrass sediments emphasizes the importance of
cross-habitat connectivity within the tropical coastal seascape.
Mangrove-derived Corg in sediments was relatively stable before
1980s but increased slightly since then, which might be associated
with the onset of mangrove disturbance due to anthropogenic
and natural drivers. Indeed, deforestation, tidal flow change due
to silt blocking the entrances to creeks, harvest for charcoal
production, as well as increased tropical storms and hurricanes
have resulted in 22% of mangrove loss in the Bahamas from 1980
to 200556. More strikingly, catastrophic hurricanes, such as
Dorian in 2019, destroyed 30% (~ 7,776 ha) of mangroves around
the islands of Grand Bahama and Abaco57. These disturbances
may possibly result in an escalated export of Corg from deforested
mangrove soils58, which explains the increase of mangrove-
derived Corg in seagrass sediment after 1970s.

Conclusions
Our data suggest The Bahamas seagrass ecosystem is a substantial
global blue carbon hotspot, its meadows containing stocks of Corg

(0.42–0.59 Pg) equivalent to 20.5–33.7 % of global seagrass
sediment estimates and 5.7–9.2 % of annual worldwide seques-
tration rates, estimated based on documented global extent. Our
data add to the growing body of knowledge on Corg storage and
sequestration in seagrass meadows and provide values for a
relatively data‐deficient region that supports the largest seagrass
ecosystem in the ocean. Further efforts are, however, required to
map Corg stocks and sequestration more expansively across this
vast region, as well as consolidating potential additional con-
tributions to carbon dioxide sequestration from alkalinity release
in seagrass meadows. In addition, an understanding of the carbon
budget of seagrass meadows compared to bare areas is essential to
consolidate the role of seagrass in carbon dioxide removal. Our
results provide evidence for declines of carbon burial in Baha-
mian seagrass meadows since the 1980’s, suggesting opportunities
to enhance carbon sequestration through blue carbon strategies
aimed at avoiding further losses and restoring Bahamas seagrass
meadows, as well as damaged mangrove forests. Moreover, the
conserved and restored seagrass meadows will provide essential
co-benefits to The Bahamas such as coastal protection from sea

Table 3 Extent, organic carbon accumulation rates and stocks (in the top meter of sediment) in the global and Bahamian
seagrass meadows.

Seagrass ecosystem Seagrass Area (km2) Sediment CAR (Tg Corg

yr−1)
Sediment Corg stock (Pg)

Min. Max. Min. Max. Min. Max.

Global (documented) 227,37714,15 266,56215 31.44,14,15 36.84,15 1.7511,14,15 2.0511,15

Bahamian 66,99014 92,52414 2.1 2.9 0.42 0.59
Bahamian/Global 25.1% 40.7% 5.7% 9.2% 20.5% 33.7%

CAR organic carbon accumulation rate, Corg organic carbon, Min. minimum, Max. maximum.
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level rise and increased hurricanes, thereby adding resilience to
future climate change.

Methods
Sediment sampling. This study was conducted in The Exuma
Cays, an extensive set of 365 low-lying islands spanning 209 km
north-south, centrally located on the Great Bahamas Bank within
the broader Bahamas archipelago. The shallow waters of The
Exumas support extensive monospecific T. testudinum meadows
and mixed T. testudinum and S. filiforme meadows. The Exumas
are a world-famous tourist and yachting destination, with a wide
range of exclusive resorts, hotels and marinas which constitute
the primary economic income, along with fisheries.

In total, sediment coring was performed in 10 sites containing
seagrass meadows between 17th and 23rd November 2021,
distributed along the Great Exuma island chain (Fig. 1), mostly
consisting of T. testudinum meadows of variable density and one
mixed T. testudinum and S. filiforme meadow (Supplementary
Table 1). Seagrass meadow coverage was estimated through two
complementary methods. Initially, the seagrass coverage was
categorized into three types: dense (coverage > 70%), moderate
(coverage 30−70 %), and sparse (coverage <30%), in accordance
with the classification by Wabnitz et al.59. An initial evaluation of
seagrass coverage within these categories was performed through
visual estimation during sediment sample collection. Vegetation
species at each sampling site were identified based on expert
knowledge. Secondly, during field expeditions, photographs of the
seagrass meadows were captured. An image thresholding
technique available in ImageJ (v. 1.53e) was employed60, to
assess seagrass cover percentage in each photo14. The seagrass
meadows were subsequently categorized into dense, moderate,
and sparse seagrass coverage as remarked. These estimations can
then validate visual estimation during sediment sample collection
(Supplementary Table 3).

Two to three sediment cores were extracted at each meadow
sites, resulting in a total of 25 cores for Corg and 210Pb analyses.
All cores were collected by SCUBA divers, by inserting PVC pipes
of 30 cm long, 9.4 cm in diameter and >60 cm long, 7 cm in
diameter, respectively. From each site, one or two 15 cm long
sediment cores (except for S10, which was sampled up to a depth
of 11 cm) were used for Corg stock and source analyses (referred
as Corg core), and one sediment core between 24 and 56 cm long
was used for 210Pb measurements (referred as 210Pb core). One of
the stations (S4, Fig. 1), was discarded for sediment chronology
due to evident bioturbation due to thalassinidea shrimp.
Compression of the sediments during coring was alleviated by
distributing the spatial discordances proportionally between the
expected and the observed sediment column layers29. The
compression of the 210Pb core during coring ranged from 5%
to 22%, and no compression was observed for the shorter Corg

cores. The Corg cores were sliced at 1 cm thick interval for the top
3 cm and at 2 cm thick interval down to the bottom. The 210Pb
corers were cut into 0.5 cm thick slices for the top 1–3 cm and
1 cm thick slices down to the bottom of the core.

Sediment dry bulk density, organic carbon, nitrogen and
organic carbon isotope analysis. Each sediment slice was
weighed before and after oven drying at 60 °C until constant
weight to determine the dry bulk density (DBD) by dividing the
dry weight by the sample fresh volume (cm3)61. All visible plant,
faunal, and large inorganic material (e.g., shells) were removed,
and the sediment was crushed using an agate mortar and pestle to
obtain a homogenized fine sample.

An aliquot of the grinded sediment sample was weighed
accurately into silver capsules and acidified with 4% HCl to

remove carbonates until no effervescence was detected in two
consecutive cycles. The samples were dried in a 60 °C oven
overnight, and then encapsulated into tin capsules. One
subsample was left untreated in order to measure total nitrogen
(TN). All the samples from Corg cores were analyzed for Corg and
TN using an Organic Elemental Analyzer Flash 2000 (Thermo
Fisher Scientific, Waltham, MA). For sediment δ13C quantifica-
tion, about 2 g subsamples were acidified with 1 mol L−1 HCl to
remove carbonates, centrifuged, and the supernatant was carefully
removed by pipette, avoiding resuspension. The sample was then
rinsed with Milli-Q water twice, centrifuged and the supernatant
removed. The residual samples were re-dried in a 60 °C oven and
then loaded onto tin capsules for δ13C analyses by using a cavity
ring-down spectrometer system by Picarro (CM-CRDS G2201-I,
Picarro, Santa Clara, CA) attached to a combustion module
(Costech Analytical Technologies, Valencia, CA). Replicate
samples accounted for 10% with measurement errors of ±
0.04%, ± 0.003% and ± 0.2‰ for Corg, TN and δ13C, respectively.
Sediment Corg stocks (Mg Corg ha−1) within each core were then
estimated by calculating the cumulative Corg stock (multiplying
Corg density by the depth interval) downcore.

Sediment 210Pb analysis. The concentrations of 210Pb along the
nine 210Pb cores were analyzed aiming to determine sediment
accumulation rates during the past century/decades, where
feasible. 210Pb was determined through the quantification of its
decay product 210Po activity (assuming radioactive equilibrium
between the two radionuclides) by alpha spectrometry after
addition of 209Po as an internal tracer, digestion in a HNO3:HF
mixture (9: 3 mL) using an analytical microwave oven and plating
onto silver disks62. 226Ra (supported 210Pb) was analyzed in two
to four selected slices from the upper and lower sections of each
core by gamma spectrometry through the emission lines of its
decay product 214Pb. Analyses of replicate samples and reference
materials were carried out systematically to ensure the accuracy
and the precision of the results. The concentrations of excess
210Pb used to apply the age models were determined as the dif-
ference between total 210Pb and 226Ra. The mean mass and
sediment accumulation rates (MAR and SAR, respectively) over
the past decades/century could be calculated for eight of the nine
dated sediment cores using the Constant Flux-Constant Sedi-
mentation (CF-CS) model below the surface mixed layers23,63

(Supplementary Fig. 2). Carbon accumulation rates (CAR) were
estimated as the product of the fraction of %Corg and the MAR.
We adopt the mean MAR values to reconstruct the age models of
the Corg cores based on the mass depth of each core, which
therefore allow us to investigate the Corg source change over time.
However, it was not possible to establish an age model for S8 due
to sediment mixing throughout the top 15 cm of the Corg core.

Sediment Corg source estimation. A Bayesian mixing model
(package simmr64) in R 4.3.065 was used to estimate the relative
contribution of the potential Corg sources to the sediment Corg

stock. Two tracers (δ13C and C/N molar ratio) were used and
four endmembers were considered as potential sources in the
mixing model, namely seagrass, cyanobacteria, algae (macroalgae
and epiphyte) and phytoplankton, and mangrove. Cyanobacteria
was included because of empirical evidence that cyanobacteria
involvement in the development of ooids from The Bahama
Banks, and is preserved as intercrystalline and intracrystalline
carbon53.

A total of 15 large seagrass fragment (leaves and rhizomes)
samples were collected from the Corg cores and analyzed for δ13C
values, Corg and TN concentrations. We did so to account for the
significant decomposition effects on δ13C signature and C/N
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ratio66,67. The fragment samples were washed with Milli-Q water,
fumed with HCl to remove carbonates and then dried at 60 °C68.
Fragment δ13C, Corg and TN were analyzed using the same
instruments for sediment samples. We also synthesized δ13C and
C/N ratio data for cyanobacteria, macroalgae, epiphyte, phyto-
plankton and mangrove plants from The Bahamas to generate
corresponding endmembers. The available data for the δ13C and
C/N ratio of seagrass epiphytes and phytoplankton often indicate
that these fall within the same range as macroalgal δ13C and C/N
ratio (Supplementary Table 4). Therefore, we pooled seagrass
epiphytes and phytoplankton collectively with macroalgae as a
single Corg source (Supplementary Table 4). We did not consider
terrestrial Corg input as suggested for other estuarine regimes,
because of the minimal land area of The Bahamas, where rivers
are absent. Due to the large variation in δ13C and C/N among
these endmembers, we used the median values of isotope or C/N
ratio since it was difficult to deduce undisputed fractionation
factors for them69.

Statistical analysis. We used linear mixed-effect models (“lme()”
function in R 4.3.065,70) with restricted maximum likelihood
(REML) estimates to assess potential variability in sediment
parameters (Corg, DBD, Corg density, δ13C and C/N molar ratio)
among different seagrass meadows. Sampling location was
included as a random factor and Tukey posthoc tests were
employed to assess pairwise differences among species and sedi-
ment depths. Variability of Corg stock in the top 15 cm of sedi-
ment among different seagrass species was not tested due to
sample number limitation. The projected Corg stock in the upper
meter of sediment was estimated by multiplying the Corg stock by
100/15 to extrapolate the Corg stocks to 100-cm depth and given
as extrapolated Corg stock, to enable comparison with literature
values3. We did not consider variance of Corg stock over depth
due to divergent patterns of Corg among different seagrass mea-
dows observed in this study. However, a major limitation of this
approach is that the transformation could lead to an uncertainty
of Corg stocks since the top core section contains typically more
Corg than the older bottom section3. Data plotting was conducted
using OriginPro 2023 (OriginLab, Northampton, MA)

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
The data that support the findings of this study are available at Figshare database (https://
doi.org/10.6084/m9.figshare.24418201).
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