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Abstract “Blue Carbon” initiatives have highlighted the sig-
nificant role of seagrasses in organic carbon (Corg) burial and
sequestration. However, global databases on the extent ofCorg

stocks in seagrass ecosystems are largely comprised of studies
conducted in monospecific beds from a limited number of
regions, thus potentially biasing global estimates. To better
characterize carbon stocks in seagrass beds of varying struc-
ture and composition, and to further expand the current “Blue
Carbon” database to under-represented regions, we evaluate
the extent of Corg stocks in the relatively undocumented
seagrass meadows of the Arabian Gulf. Surveys were con-
ducted along the coast of Abu Dhabi (UAE) and encompassed
sites ranging from sheltered embayments to offshore islands.
Seagrass beds consisted of Halodule uninervis, Halophila
ovalis andHalophila stipulacea. While seagrasses were wide-
ly distributed along the coast, both living and soil Corg stores
were relatively modest on an areal basis. Total seagrass
biomass ranged from 0.03 to 1.13 Mg C ha−1, with a
mean of 0.4±0.1 (±SEM), and soilCorg stocks (as estimated
over the top meter) ranged from 1.9 to 109 Mg C ha−1, with a

mean of 49.1±7.0 (±SEM). However, owing to the expansive
distribution of seagrasses in the Arabian Gulf, seagrass “Blue
Carbon” stocks were large, with 400 Gg C stored in living
seagrass biomass and 49.1 Tg C stored in soils. Thus, despite
low Corg stores for any given location, the overall contribution
of seagrass beds to carbon storage are relatively large given
their extensive coverage. This research adds to a growing
global dataset on carbon stocks and further demonstrates that
even seagrass beds dominated by small-bodied species func-
tion to store carbon in coastal environments.

Keywords Blue carbon . Carbon sequestration . Organic
carbon . SoilCorg
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Introduction

Seagrass meadows are hotspots for carbon accumulation in
the biosphere, with stores comparable to temperate and trop-
ical forests (Fourqurean et al. 2012a). Given their ability to
capture and retain carbon, seagrass beds (along with other
coastal ecosystems such as mangrove forests and tidal
marshes) play a significant role in global carbon cycling and
therefore could prove to be important components of global
climate change (Duarte et al. 2005; McLeod et al. 2011; Smith
1981). Anthropogenic greenhouse gas emissions have con-
tributed vast quantities of CO2 to the atmospheric reservoir, of
which considerable amounts can be absorbed and buried by
vegetated marine systems, at rates of nearly 111.4 Tg C year−1

(Duarte et al. 2005). Through land-use conversion and the
consequences of human alteration of water quality in coastal
areas, the conversion of stored carbon from coastal ecosys-
tems (called “Blue Carbon”) to atmospheric CO2 currently
represents a substantial economic burden, ranging in annual
damages of up to US$ 42 billion (Pendleton et al. 2012).
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Globally, seagrass meadows represent one of the largest
marine sinks for organic carbon (Duarte et al. 2005;
Fourqurean et al. 2012a; Smith 1981). While occupying less
than 1 % of the world's oceans on an areal basis, seagrass
ecosystems have been estimated to bury 27.4 Tg C year−1,
accounting for nearly 10 % of oceanic carbon burial (Duarte
et al. 2005). In addition to the burial of organic carbon (Corg)
produced within the seagrass beds, seagrasses facilitate the
deposition of imported, allochthonous Corg via particle trap-
ping from the water column and sediment stabilization
(Agawin and Duarte 2002; Gacia and Duarte 2001;
Hendriks et al. 2008; Kennedy et al. 2010). Moreover, the
oxygen-poor anaerobic soils of seagrass meadows prevent
Corg remineralization and tend to promote long-term seques-
tration (Mateo et al. 1997; Pedersen et al. 2011). As such,
conservative estimates of carbon storage in the soils of
seagrass beds worldwide range from 4.2 to 8.4 Pg carbon
(Fourqurean et al. 2012a).While these estimates aid in placing
overall boundaries on the relative magnitude of carbon stor-
age, considerable variation exists in both living and soil Corg

stores for any given location. Based upon a global dataset,
Fourqurean et al. (2012a) report a range in seagrass biomass of
over 5 orders of magnitude (0.001–23.382 Mg Corg ha

−1) and
a range in soil Corg from 0.002 to 48.238 (percent dry weight).
Such variation is likely attributable to the influence of multiple
biological and environmental factors that can largely alter
rates of Corg deposition (Lavery et al. 2013). Moreover, reli-
able data on stocks of soil Corg are limited to sites within the
Mediterranean, Northern Atlantic, and eastern Indian Oceans.
Thus, global estimates may be heavily influenced by values
from these geographic regions (Fourqurean et al. 2012a). In
order to improve global estimates of Corg storage in seagrass
meadows, research is needed that expands the current data-
base to alternate, poorly documented locations with varying
geomorphological and biological characteristics.

Seagrasses display considerable variation in morphological
and structural attributes that can alter rates of organic matter
production and accumulation, particularly when integrated
across large spatial and temporal scales (Mateo et al. 2006).
In addition to varying rates of primary production, species-
specific distinctions in (1) above/belowground biomass, (2)
degree of refractory material, and (3) canopy structure and
morphology can all serve to influence rates of soil Corg se-
questration in seagrass meadows (Lavery et al. 2013). For
example, some of the highest estimates of Corg originate from
locations in the Mediterranean (Serrano et al. 2012), dominat-
ed by the relatively large-bodied species, Posidonia oceanica,
which produces substantial quantities of refractory below-
ground biomass (Romero et al. 1994) and a structurally com-
plex canopy, aiding in particle trapping and sediment stabili-
zation (Gacia and Duarte 2001; Mateo et al. 1997; Pedersen
et al. 2011). In addition to variation in Corg storage driven by
species differences, there exist broader environmental factors

that can further influence rates of sediment accumulation, such
as site depth, flow regimes, and exposure to storm activity
(Hedges and Keil 1995; Manca et al. 2012; van Katwijk et al.
2010).

In order to geographically expand upon a limited dataset,
this study examines the extent of Corg storage in the poorly
studied seagrass meadows of the Arabian Gulf. While there is
relatively little carbon stored within the terrestrial biosphere of
the Arabian Peninsula due to arid conditions, coastal environ-
ments may serve as critical and important carbon sinks within
this region. Although seagrass communities in the Arabian
Gulf are dominated by species of low stature and size (Price
and Coles 1992), even these small-bodied species have been
documented as significantly contributing to sediment stabili-
zation (Christianen et al. 2013) and carbon storage (Lavery
et al. 2013). Given that there are up to 10,000 km2 of
seagrasses in the Arabian Gulf (Erftemeijer and Shuail
2012), there is a large potential for these meadows to contain
substantial stores of Corg. Thus, this study seeks to (1) further
characterize the structure, abundance, and distribution of
seagrasses across the poorly studied region of the Abu
Dhabi coast, and (2) provide estimates of organic carbon
stored in both living seagrass biomass and the underlying
soils. Lastly, to place our findings within a larger context,
we compare these data to estimates from global datasets, thus
highlighting documented variation across meadows of vary-
ing structure (Lavery et al. 2013), and providing an increas-
ingly accurate description of seagrass carbon stocks from
underrepresented regions such as the Arabian Gulf.

Methods

Site Selection

The most extensive seagrass meadows in the Arabian Gulf are
found along the coast of Abu Dhabi in the United Arab
Emirates, which have been estimated to cover 5,500 km2

(Erftemeijer and Shuail 2012; Phillips 2003). Carbon storage
in seagrass meadows was measured at 18 sites, distributed
along the coastline of Abu Dhabi on the southern shore of the
Arabian Gulf, from Ras Muhayjij in the east to Ghurab NE in
the west (Fig. 1). The sites were chosen to be representative of
seagrass beds from a variety of energy regimes, from
protected, muddy environments to exposed, sandy ones. All
sites were sampled between 28 April and 7 May 2013. Water
temperature and salinity data, as well as geographic location
and water depth were recorded at all sites. Dive teams entered
the water to accomplish three tasks: assessment of seagrass
cover; collection of shallow, large-diameter cores for quanti-
fying seagrass biomass; and collection of deeper cores to
measure soil properties at the site.
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Seagrass cover and species composition was recorded at
each coring site along a 50-m transect extending from a
haphazardly dropped boat anchor. At 10 predetermined ran-
dom distances along the transect, a 0.25-m2 quadrat was
placed on the bottom. All conspicuous benthic taxa in each
quadrat were listed and given a cover score using a modified
Braun–Blanquet scale (Fourqurean et al. 2001). Braun–
Blanquet cover scores were later back-transformed to percent
cover. Additionally, one oblique photographwas taken of each
quadrat.

Seagrass biomass was collected with a 15-cm-diameter
core tube inserted 40 cm into the substrate. The cores were
pulled, and the contents washed through a coarse mesh bag to
separate the plant material from the soil. These biomass sam-
ples were dried to a constant weight in a 50 °C oven and
weighed.

Soil cores were collected at haphazardly selected locations
within each site (duplicate or triplicate) by driving a diver-
operated piston core into the soils until a depth of 1 m or
refusal was reached. Subsequent processing of these cores
followed the methods of Fourqurean et al. (2012b). These
cores were returned to the boat, where they were subsampled
at 3 to 9 cm intervals for the determination of dry bulk density
(DBD), loss on ignition (LOI), and organic carbon content
(Corg). These subsamples were 5.0 cm3 transverse subcores
collected with a corer fashioned from a cut-off 20-cm3 sy-
ringe, taken through sampling ports drilled into the larger
piston core tubes. During the field surveys, 40 soil cores were
collected from 18 distinct seagrass meadows.

Measurement of the C Content of the Living Seagrass
Biomass

Living seagrass tissues (including both aboveground and be-
lowground components) were separated from the soil matrix,

divided by species, and dried to a constant weight in a 50 °C
oven. We converted these dry weight values to carbon equiv-
alents assuming a carbon content of the seagrass biomass of
35 % of dry weight (Fourqurean et al. 2012a). We used the
area of the core tube to calculate living seagrass carbon per
unit area and expressed these values as megagram C per
hectare.

Measurement of Organic C Content of Soil Samples

Each 5.0 cm3 soil subsample was captured in a pre-weighted
polyethelene 20 mL scintillation vial in the field and returned
to the lab for processing. Samples were dried at 50 °C until
constant weight was reached. DBD was calculated as the dry
weight of the soil subsamples divided by the volume of the
subsample (5 cm3) and expressed as gram (dry weight) per
cubic centimeter.

The dry subsamples were then homogenized by grinding
them to a fine powder using a motorized mortar and pestle.
Duplicate (ca. 1 g) aliquots of each soil sample were transferred
to pre-weighed glass 20 cm3 scintillation vials. These were then
ashed in a furnace at 500 °C for 6 h until constant weight was
reached. For each subsample, LOI was calculated as:

LOI ¼ Initial dry weight� weight remaining after ashing

Initial dry weight
� 100%

We measured total carbon (TCsoil) content of duplicate
30 mg aliquots of the dry soil subsamples using an automated
elemental analyzer (Fisons NA1500). In order to measure the
Corg content of the soil samples, we used the instrumental
analyzer-dry oxidation procedures described by Fourqurean
et al. (2012a). Briefly, the inorganic carbon content of the ash
(ICash) remaining after the LOI measurements was determined
using the elemental analyzer; this ICash value was scaled back
to the original weight of the unashed sample using the LOI to

Fig. 1 Study area showing
locations of seagrass survey sites
along the Abu Dhabi coast
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calculate the inorganic carbon content of the original soil
(ICsoil). We then calculated Corg (expressed in units of % of
dry weight) as:

Corg ¼ TCsoil � ICsoil

While it has been reported that LOI may lead to an over
estimation ofCorg in carbonate-rich soils, prior analyses of soil
samples (whereby both LOI and Corg were directly deter-
mined) indicate a tight correlation between these metrics
(Fourqurean et al. 2012a, supplementary material). LOI was
not a good proxy forCorg at low LOI values (<0.52%).Within
our survey, mean LOI of Abu Dhabi soils was 3.75 %, with a
minimum and maximum of 1.57 and 10.7 %, respectively.

Calculation of Areal Corg Storage

For calculations, we grouped estimates of Corg and DBD
within a site into 10 cm depths increments, starting with the
surface 10 cm (i.e., all soil in the top 10 cm of the core),
followed by 10–20 cm, then 30–40 cm, and so forth until the
deepest part of the core was reached. The Corg content (CC) of
each 10 cm depth increment of each core was calculated from
the measured Corg and DBD from all subsections within a
depth range:

CCslice ¼ zslice �Mean DBDsliceð Þ �Mean Corgsliceð Þ=100

Where zslice is the thickness of the slice, Mean(DBDslice)
was the average of all DBD values from the stated depth
increment from all cores taken at a site, and Mean(Corgslice)
was the average of all Corg values from the stated depth range
at a site, multiplied by 100 to convert Corg units from percent
of dry weight to gram C per gram dry weight. We obtained an
estimate of the precision of our calculated CC per slice using
the standard estimate for propagation of errors in the product
of two numbers:

σCC ¼ CCslice �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σDBD

DBD

2 þ σCorg

Corg

2
r

Where σCC is the standard deviation of the CC per slice,
DBD is the Mean DBD per slice, Corg is the Mean Corg per
slice, σDBD is the standard deviation of the DBD values, and
σCorg is the standard deviation of the Corg values in each slice.

Corg density of the soils at a site was calculated as the sum
of the CCslice values for all of the slices in the core:

Carbon density ¼
X

i¼1

n

CCi

Where i represents each core slice and n represents the total
number of 10 cm slices from each site. Corg density was
converted to units of megagram C per hectare. Estimates of

the standard deviation of the Corg density (σCarbon density) for
each site were calculated using the standard method for prop-
agation of errors in a summation:

σCarbon density ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ0−102 þ σ10−202 þ σ20−302 þ…σ90−1002
p

Where, for example, σ0–10 is the σCC for the 0–10 cm slice.
We assumed that our cores penetrated through all of the soil at
a site to a depth of 1 m or until underlaying rock was encoun-
tered. We further assumed that the underlying rocks had no
organic C content. We report Corg density of the entire cores,
and also Corg storage in the top m, 50 cm, and 10 cm of soil.

Results

Water depths at the selected sites ranged from 2.7 to 14.0 m
(Table 1). Salinity of the overlying water column decreased
from ca. 46.6 in the west to ca. 42.5 in the east. There was no
spatially coherent pattern in water temperatures, which aver-
aged 26.6±0.3 °C (±1 SEM) and ranged from 25.0 to 28.3 °C.

Across the 18 selected sites, three species of seagrass were
encountered: Halodule uninervis ((Forsskäl) Ascherson),
Halophila ovalis (Brown), and Halophila stipulacea
((Forsskäl) Ascherson). Seagrass abundance, as assessed by
percent cover, ranged from a low of 7.5% at the Sila Peninsula
and Halat Idai sites to a high of 86.9 % at Abu al Abyad
(Table 2). Halodule uninervis was the most commonly en-
countered seagrass; it was present at all 18 survey sites.
Halophila ovalis was absent from 1 of the 18 sites, while its
congenerHalophila stipulaceawas only found at 11 of the 18
sites. Notably, Halophila stipulacea was absent from the
easternmost sample area. Despite its common distribution,
Halophila ovalis was never found in high abundance, rarely
exceeding 10 % cover. Only one monospecific seagrass bed
was recorded (Ghurab NN), where Halodule uninervis was
present in low abundance (8.5 %). Carbon stored in the living
biomass of Abu Dhabi seagrass beds was relatively modest,
ranging from 0.03 to 1.13 Mg C ha−1 with a mean of 0.4±0.1
(±1 SEM) (Table 2).

Our soil cores penetrated from a minimum of 8.5 cm to a
maximum of 100 cm (Table 1). The soils underlying the
seagrass beds of the Arabian Gulf in Abu Dhabi were mainly
silty sands with DBD that ranged from a minimum of 0.49 to
1.82 g cm−3, with a mean of 1.37±0.04 g cm−3, based on 471
subsamples collected from the 18 seagrass sampling sites.
Values of DBD were normally distributed, with a median
value of 1.39 (Fig. 2). In general, DBD increased with depth
in the top 15 cm of the cores. Below that depth, DBD showed
no overall pattern down-core. The inorganic fraction of the
soils was predominantly composed of calcium carbonates. IC
ranged from 6.95 to 11.57 % of dry weight, with a mean of
10.15±0.04 %. Assuming that all of this IC was in the form of
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Table 1 Location and physical characteristics of seagrass carbon storage survey sites. Soil depths are means of multiple measurements (n=1–3)

Site name Latitude (°N) Longitude (°E) Soil depth (cm) Water depth (m) Salinity (PSU) Temperature (°C)

Ras Muhayjij 24.25277 51.66758 49.0 7 nd nd

Dahwat an Nahklah 24.24782 51.69347 84.0 4.6 46.6 25.3

Sila peninsula 24.23258 51.79963 29.0 14 45.3 25.4

Umm Al Hatam 24.21152 51.87123 70.0 6.1 45.2 25.4

Jazirat 24.15132 52.0476 45.3 5 45.4 25.4

Halat Idai 24.19905 52.45295 16.2 8.9 45.1 25.4

Bu Tinah 3 24.54852 53.03997 53.8 5.2 43.4 27.4

Bu Tinah 2 24.57855 53.079 97.8 2.7 43.6 27.4

Bu Tinah SE 24.54534 53.11234 35.0 6.1 43.2 27.2

Marawah 24.27702 53.34829 44.2 6.4 44.9 26.8

Fasht al Basm 24.24085 53.47422 69.5 2.7 44.8 28.1

Abu al Abyab 24.20513 53.61585 88.5 4.6 46.3 28.3

Al Dabiya 1 24.30876 53.97083 8.5 4.6 43.8 27.8

Al Dabiya 2 24.30582 54.00273 34.0 4 43.8 28

Al Dabiya 3 24.31826 54.05725 98.8 7.9 44.6 28.1

Ghurab N 24.64473 54.495 8.5 6.1 42.5 26.2

Ghurab NN 24.64498 54.50703 34.5 6.1 42.3 25.9

Ghurab NE 24.65578 54.53673 32.3 6.1 42.7 25

Table 2 Seagrass bed percent composition and total carbon stored per hectare seagrass biomass (Mg C ha−1). Percent composition was calculated from
visual quadrats (n=10) at each site. Total seagrass biomass was calculated from a single large diameter core collected at each site

Site name Seagrass
canopy height

Halodule
uninervis

Halophila
ovalis

Halophila stipulacea Sum of
seagrass cover

Total seagrass
biomass

(cm) Cover (%) Cover (%) Cover (%) Cover (%) Mg C ha−1

Ras Muhayjij 5.9 2.5 2.5 62.5 67.5 0.37

Dahwat an Nahklah 7.4 8.4 4.7 4.7 17.7 0.09

Sila peninsula 5 2.5 2.5 2.5 7.5 0.05

Umm Al Hatam 8.5 47.5 2.5 2.5 52.5 0.35

Jazirat 8.7 18.9 2.5 9.9 31.3 0.72

Halat Idai 7.9 2.5 2.5 2.5 7.5 0.03

Bu Tinah 3 6.9 19.8 6.8 5.8 32.4 0.49

Bu Tinah 2 7.6 17.3 7.4 36.5 61.2 0.49

Bu Tinah SE 6.3 6.4 9.3 0 15.7 0.13

Marawah 8 11.3 2.5 2.5 16.3 0.12

Fasht al Basm 9 24.9 2.5 8.4 35.7 0.82

Abu al Abyab 17.9 60 6.7 20.2 86.9 0.73

Al Dabiya1 7.4 41.4 2.5 0 43.9 0.83

Al Dabiya2 8.4 65 2.5 0 67.5 1.13

Al Dabiya3 10.8 50 3.5 0 53.5 0.4

Ghurab N 5 22.4 2.5 0 24.9 0.17

Ghurab NN 6.8 8.1 0 0 8.1 0.21

Ghurab NE 8.2 17.3 4.9 0 22.2 0.43

Mean 8.1 23.7 3.8 8.8 36.2 0.4

SEM 0.7 4.8 0.6 3.8 5.6 0.1

Median 7.8 18.1 2.5 2.5 31.8 0.4

Min 5 2.5 0 0 7.5 0

Max 17.9 65 9.3 62.5 86.9 1.1

Estuaries and Coasts

Author's personal copy



CaCO3, which has an IC content of 12 %, the soils ranged
from 57.9 to 96.4 % calcium carbonate, with a mean of 84.6±
0.5 %. These values largely reflect the calcareous composition
of the sediment matrix within this region (Kenig et al. 1990).

Organic content (Corg) of the soil samples ranged from
below detection (less than 0.05 %) to a maximum of 2.44 %
(n=469). The mean Corg was 0.64±0.39 %, but values were
not normally distributed (Fig. 3). The data distribution was
truncated at zero and had relatively few high values; the
medianCorg was 0.58%.Down-core profiles inCorg displayed
variable trends. To facilitate comparisons, we classify cores
into relatively shallow (<40 cm) and relatively deep (>40 cm)
cores based upon documented differences in soil characteris-
tics (shifts in Corg decay rates) at this depth (Serrano et al.
2012). Deeper cores (>40 cm) revealed general declines in
Corg with increasing core depth (Fig. 4), however note excep-
tions at the UmmAl Hatam, Bu Tinah SE, andMarawah sites.
Meanwhile, shallower cores (<40 cm) displayed increasingly
variable trends, with some sites showing declines in Corg with
depth (Al Dabiya 2, Ghurab NN), while others show no
overall trend (Halat Idai, Al Dabiya 1, Ghurab N) (profiles
not shown).

Total Corg stored in the soils of Abu Dhabi seagrasses
ranged from a minimum of 1.9 Mg C ha−1 at Al Dabiya 1 to
a maximum of 109.0 Mg C ha−1 at Umm al Hatam (Table 3,
Fig. 5). Mean C stores across the 18 sites sampled was 49.1±
7.0 Mg C ha−1. There was no significant relationship between
the abundance of seagrasses, assessed either as percent cover
or living plant biomass, and soil carbon stores (Fig. 6).

Discussion

Seagrasses are widely distributed along the Abu Dhabi coast
(Erftemeijer and Shuail 2012; Phillips 2003), and the soils that
underlay those seagrasses contained appreciable stores of
Corg. When compared to literature estimates of Corg storage
in seagrass beds worldwide (Fourqurean et al. 2012a), theCorg

stores at our survey sites were low on an areal basis, but
because of the extensive seagrass distribution and the low
storage of Corg in the desert land areas, seagrass meadows
are a relatively large Corg store in this region. It has been
estimated that there are 5,500 km2 of seagrass habitat across
the waters of Abu Dhabi, and up to 10,000 km2 of seagrasses
across the entire Arabian Gulf (Erftemeijer and Shuail 2012).
Multiplying these areas by the mean Corg found in living
seagrass biomass (0.4 Mg C ha−1) yields a total estimate of
220±108 Gg C (±95 % CI) of living Corg in Abu Dhabi
seagrasses, and 400±196 Gg C (±95 % CI) across the entire
Arabian Gulf. These values are small compared to the amount
of Corg stored in the top meter of soils below these seagrasses,
which we estimate to be 27.0±7.5 Tg C (±95 % CI) in Abu
Dhabi waters and 49.1±13.7 Tg C (±95 % CI) across the
entire Arabian Gulf. The total Corg stored in Abu Dhabi’s
seagrass beds is roughly 70 % of the total annual CO2 emis-
sions as reported by AlFarra and Abu-Hijleh (2012).

We found extensive seagrass meadows in our surveys, with
most supporting more than one seagrass species. Both
Halophila ovalis and Halodule uninervis had the widest spa-
tial distribution, whereas Halophila stipulacea was limited to
the central and western sites. The seagrasses of Abu Dhabi
displayed low living biomass relative to other locations. Mean
Corg stores in seagrass biomass were 0.4±0.1 Mg C ha−1, as
compared to the global average of 2.51±0.49 Mg C ha−1

(Fourqurean et al. 2012a). Such distinctions are driven by
the relatively small size and low stature of seagrasses within
the Arabian Gulf. Comparatively, seagrass meadows that are
comprised of large-bodied, longer lived species such as
P. oceanica from the Mediterranean tend to have living Corg

stores that are an order of magnitude higher, attributable to
both higher above and belowground biomass. Across our
selected sites, total seagrass biomass was strongly correlated
to the areal percent coverage of Halodule uninervis, suggest-
ing that the presence of this larger species drives spatial
variation in living Corg stores in this region.
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Fig. 2 Frequency histogram of dry bulk density (DBD g cm−3) in Abu
Dhabi soils (n=477). The dashed line represents the median value of
DBD from the global dataset of Fourqurean et al. (2012a)
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Fig. 3 Frequency histogram of organic carbon content (Corg, % dry
weight) in Abu Dhabi soils (n=477). The dashed line represents the
median value of Corg from the global dataset of Fourqurean et al. (2012a)
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Compared to literature values for global seagrass beds
(Fourqurean et al. 2012a), DBD values in these samples were
relatively high (Fig. 2), especially given the carbonate miner-
alogy of the Abu Dhabi soils (Kenig et al. 1990). The average
Abu Dhabi DBDwas 1.37±0.04 g cm−3, compared to a global
average of 1.03±0.02 g cm−3 (Fourqurean et al. 2012a).

Interestingly, the DBD values we observed were more similar
to values from those observed in seagrass beds dominated by
siliceous sediments of terrestrial origin (Fourqurean et al.
2012a), despite the fact that the Abu Dhabi soils were 57.9
to 96.4 % by weight calcium carbonate. Relatively low Corg

values from our soils also increased DBD since organic matter
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has a much lower particle density than mineral grains.
Compared to values of Corg composition from seagrass beds
around the world (Fourqurean et al. 2012a), Abu Dhabi
seagrass soils had relatively low Corg (Fig. 3). The global
average Corg from seagrass beds ranges between 0 and

48.2 %, with a mean of 2.0±0.1 % (Fourqurean et al.
2012a). The average soil Corg measured in Abu Dhabi
seagrasses was 0.64±0.39 %, comparable to values from
temperate seagrass meadows in siliceous mineral environ-
ments dominated by the seagrass Zostera marina (Krause-
Jensen et al. 2011; Townsend and Fonseca 1998).

Because of the low Corg content of the soils, total soil Corg

stores were relatively low at our sites as compared to the

Table 3 Summary of soil Corg stocks (Mg C ha−1). Estimates from the upper 10 cm, 50 cm, and 1 m of soil are displayed to facilitate comparisons with
other studies that predominantly report values from shallower cores (Fourqurean et al. 2012a)

Site name Mean core depth cm Cores per site Subsamples per core Soil C stock top m Soil C stock top 50 cm Soil C stock top 10 cm

Mg C ha−1 Mg C ha−1 Mg C ha−1

mean sd mean sd mean sd

Ras Muhayjij 49.0 2 8, 18 61.1 17.9 38.8 17.7 10.4 14.1

Dahwat an Nahklah 84.0 2 15, 19 65.4 16.8 39.8 10.5 10.2 3.4

Sila peninsula 29.0 2 6, 13 18.8 5.8 18.8 5.8 6 3.8

Umm Al Hatam 70.0 2 12, 16 109 16.5 63.9 15.3 12.8 3.3

Jazirat 45.3 3 12, 13, 15 50.2 15.6 39.5 15.6 10.9 7.1

Halat Idai 16.2 3 5, 6, 6 13.2 8.4 13.2 8.4 6.8 6.9

Bu Tinah 3 53.8 2 13, 15 46.7 13.9 41.1 13.9 9.2 10.7

Bu Tinah 2 97.8 2 22, 22 91.7 13.8 50.8 12 11.7 6

Bu Tinah SE 35.0 2 10, 14 52.2 8.3 52.2 8.3 10.9 4.9

Marawah 44.2 3 8, 13, 14 74.2 13.8 60.2 11.6 13.2 8.3

Fasht al Basm 69.5 2 16, 18 61.4 18.6 49.9 17.3 13.1 7

Abu al Abyab 88.5 2 20, 20 58 12.3 34.2 8.3 8.1 3

Al Dabiya1 8.5 2 2, 3 8.1 3 8.1 3 8.1 3

Al Dabiya2 34.0 2 9, 12 29 7.6 29 7.6 9.8 3.5

Al Dabiya3 98.8 2 20, 24 78.9 19.6 28.3 8.2 6.1 3.8

Ghurab N 8.5 1 3 1.9 1.7 1.9 1.7 1.9 1.7

Ghurab NN 34.5 2 8, 9 22.4 11 22.4 11 8.3 5.2

Ghurab NE 32.3 2 7, 8 41.2 13.9 41.2 13.9 10.6 11.4

Mean 49.1 12.1 35.2 10.6 9.3 5.9

SEM 7 1.2 4.1 1.1 0.7 0.8

Median 51.2 13.8 39.2 10.8 10 5.1

Min 1.9 1.7 1.9 1.7 1.9 1.7

Max 109 19.6 63.9 17.7 13.2 14.1
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0 20 40 60 80 100 120

F
re

q
u

en
cy

0

1

2

3

4

5

6
Global median = 
139.7

Fig. 5 Frequency histogram of carbon storage in top meter of soil
(Mg C ha−1) in Abu Dhabi soils (n=18). The dashed line represents the
median value of carbon storage in topmeter of soil from the global dataset
of Fourqurean et al. (2012a)
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global average. As integrated over the top meter of soil, Corg

stores in Abu Dhabi averaged 49.1Mg C ha−1, whereas global
estimates average 194.2 Mg C ha−1. Some of the highest
regional estimates in seagrass soil Corg stocks are from the
Mediterranean (372.4 Mg C ha−1) and South Australia
(268.3 Mg C ha−1). The low soil carbon storage in our study
resulted from a combination of both limited soil thickness at
our sites, and relatively low Corg concentrations in the soil.
Sites such as Ghurab N, Al Dabiya 1, and Halat Idai all
contained core depths <20 cm, largely restricting soil Corg

stocks at those locations. Interestingly, the Al Dabiya region
within the eastern portion of our survey contained sites with
some of the shallowest and thickest soil deposits.
Furthermore, the site in this region with the lowest total
seagrass biomass displayed the deepest core depth and highest
soil Corg stock, suggesting that carbon storage within seagrass
beds may be strongly influenced by site depositional and
geomorphological characteristics that are independent of
seagrass cover.

Down-core soil profiles generally followed expected
trends, with decreases in Corg content at increasing depth.
However, there were several exceptions. These patterns likely
result from typical processes of organic carbon
remineralization, whereby initial losses are mainly derived
from the labile carbon pool, leaving behind increasingly re-
fractory material (Burdige 2007; Serrano et al. 2012). Similar
trends in soil Corg have been documented from deep cores
(>1 m) in Florida Bay (Fourqurean et al. 2012b) and the
Mediterranean (Serrano et al. 2012). Such trends from deeper
cores are further characteristic of soils that experience rela-
tively little turnover. Thus, our sites with shallower cores may
not display these trends due to potentially higher rates of
sediment mixing.

There was no significant relationship between seagrass
abundance (assessed as either percent cover or living biomass)
and soil carbon stores. This may result from the broad subtidal
area within the coastal zone that supports ephemeral seagrass
patches that move across the surface soils as they expand one
edge of the meadow and erode away at the other. Thus,
temporal variation in seagrass coverage at any given location
may limit a strong correlation between present seagrass abun-
dance and soil Corg stores. The waters of the Arabian Gulf are
subject to rather large variations in salinity and temperature
(Erftemeijer and Shuail 2012; Price and Coles 1992), and
these conditions contribute to the presence of opportunistic,
short-lived species that recover quickly and rapidly recolonize
open substrate. Furthermore, it is important to stress the influ-
ence of abiotic, geomorphological site characteristics in deter-
mining soilCorg stores, as temperature, water depth, exposure,
and wave energy can all serve to alter the depositional envi-
ronment (Lavery et al. 2013; Pedersen et al. 2011). The
ephemeral nature of these seagrass meadows, combined with
other geomorphological site characteristics that influence the

deposition of organic matter, may largely contribute to the
discrepancy between soil carbon stocks and seagrass biomass.

Despite the relatively low stores of living and soil Corg,
seagrass meadows of Abu Dhabi play a significant role in
carbon storage within this region. Estimated over the top
meter, mean soil carbon stocks were 49.1 Mg C ha−1, compa-
rable to literature estimates from seagrass meadows of the
North Atlantic (48.7 Mg C ha−1) and Indopacific (23.6 Mg
C ha−1) (Fourqurean et al. 2012a). While this value is small
compared to other terrestrial systems (i.e., temperate forests
with an estimated 300 Mg C ha−1), we submit that seagrass
meadows (along with other coastal vegetation) represent some
of the largest Corg stocks within this arid region.

Recent work by Lavery et al. (2013) demonstrate that even
seagrass meadows comprised species with relatively low stat-
ure and biomass can contribute to carbon storage. While also
potentially attributable to depositional environment, they doc-
ument similar levels of soil Corg stocks between seagrass
meadows comprised of either large-bodied Posidonia
australis or small-bodied Halophila ovalis. Thus, despite
limited canopy structure and belowground biomass, smaller
seagrasses may still facilitate carbon storage via reductions in
sediment erodability (Christianen et al. 2013) and increases in
suspended particle trapping (Fonseca and Cahalan 1992; Paul
et al. 2012).

Our results contribute to the existing global database on
seagrass meadow Corg storage, and suggest that even
meadows comprised of ephemeral seagrass species can play
an important role in carbon sequestration and Blue Carbon
initiatives.We argue that research targeting poorly represented
coastal habitats will likely highlight the need to conserve and
restore these environments as viable strategies for the mitiga-
tion of anthropogenic carbon emissions. Many marine envi-
ronments within the Arabian Gulf face threats from coastal
development and land-use alterations (Erftemeijer and Shuail
2012; Sheppard et al. 2010). Industrial development, land
reclamation, desalination, and oil exploration all serve to
affect the health and integrity of coastal seagrass meadows,
posing significant challenges to current and future rates of
carbon burial (Pendleton et al. 2012).

Acknowledgments This research was funded by the Blue Carbon
Demonstration Project of the Abu Dhabi Global Environmental Data
Initiative (AGEDI). We wish to thank and acknowledge H.E. Razan
Khalifa Al Mubarak, Secretary General of Environment Agency—Abu
Dhabi (EAD) and Dr. Fred Launay, Senior Advisor to the Secretary
General and AGEDI Acting Director. Planning support, local knowledge,
and field participationwere provided by the EAD’s Terrestrial andMarine
Biodiversity Sector Marine Division, in particular Edwin Grandcourt,
Himansu Das, Ibrahim Bulga, Ahmed Alanzi, Maitha Al Hameli, Hada
AlMahairbi andMohammedAl Ali, and AGEDI’s Ms. Jane Glavan,Ms.
Huda Petra Shamayleh, and Ms. Larissa Owen. We acknowledge contri-
butions of GRID-Arendal’s Christian Neumann and Emma Corbett, and
Steven Lutz and members of Blue Carbon science team, Patrick
Megonigal, Boone Kauffman, and Lisa Schile. This is contribution

Estuaries and Coasts

Author's personal copy



number 659 from the Southeast Environmental Research Center at
Florida International University.

References

Agawin, N.S.R., and G.M. Duarte. 2002. Evidence of direct particle
trapping by a tropical seagrass meadow. Estuaries 25: 1205–1209.

AlFarra, H.J., and B. Abu-Hijleh. 2012. The potential role of nuclear
energy in mitigating CO2 emissions in the United Arab Emirates.
Energy Policy 42: 272–285.

Burdige, D.J. 2007. Preservation of organic matter in marine sediments:
controls, mechanisms, and an imbalance in sediment organic carbon
budgets? Chemical Reviews 107: 467–485.

Christianen, M.J.A., J. van Belzen, P.M.J. Herman, M.M. van Katwijk,
L.P.M. Lamers, P.J.M. van Leent, and T.J. Bouma. 2013. Low
canopy seagrass beds still provide important coastal protection
services. Plos One 8(5): 1–8.

Duarte, C.M., J.J.Middelburg, andN. Caraco. 2005.Major role ofmarine
vegetation on the oceanic carbon cycle. Biogeosciences 2: 1–8.

Erftemeijer, P.L.A., and D.A. Shuail. 2012. Seagrass habitats in the
Arabian Gulf: distribution, tolerance thresholds and threats.
Aquatic Ecosystem Health & Management 15: 73–83.

Fonseca, M.S., and J.A. Cahalan. 1992. A preliminary evaluation of wave
attenuation by 4 species of seagrass. Estuarine, Coastal and Shelf
Science 35: 565–576.

Fourqurean, J.W., C.M. Duarte, H. Kennedy, N.Marba,M. Holmer, M.A.
Mateo, E.T. Apostolaki, G.A. Kendrick, D. Krause-Jensen, K.J.
McGlathery, and O. Serrano. 2012a. Seagrass ecosystems as a
globally significant carbon stock. Nature Geoscience 5: 505–509.

Fourqurean, J.W., G.A. Kendrick, L.S. Collins, R.M. Chambers, and
M.A. Vanderklift. 2012b. Carbon, nitrogen and phosphorus storage
in subtropical seagrass meadows: examples from Florida Bay and
Shark Bay. Marine and Freshwater Research 63: 967–983.

Fourqurean, J.W., A. Willsie, C.D. Rose, and L.M. Rutten. 2001. Spatial
and temporal pattern in seagrass community composition and pro-
ductivity in south Florida. Marine Biology 138: 341–354.

Gacia, E., and C.M. Duarte. 2001. Sediment retention by aMediterranean
Posidonia oceanica meadow: the balance between deposition and
resuspension. Estuarine, Coastal and Shelf Science 52: 505–514.

Hedges, J.I., and R.G. Keil. 1995. Sedimentary organic matter preserva-
tion—an assessment and speculative synthesis. Marine Chemistry
49: 81–115.

Hendriks, I.E., T. Sintes, T.J. Bouma, and C.M. Duarte. 2008.
Experimental assessment and modeling evaluation of the effects of
the seagrass Posidonia oceanica on flow and particle trapping.
Marine Ecology Progress Series 356: 163–173.

Kenig, F., A.Y. Huc, B.H. Purser, and J.L. Oudin. 1990. Sedimentation,
distribution and diagenesis of organic matter in a recent carbonate
environment, Abu Dhabi, UAE. Organic Geochemistry 16: 735–
747.

Kennedy, H., J. Beggins, C.M. Duarte, J.W. Fourqurean, M. Holmer, N.
Marba, and J.J. Middelburg. 2010. Seagrass sediments as a global
carbon sink: isotopic constraints.Global Biogeochemical Cycles 24.

Krause-Jensen, D., J. Carstensen, S.L. Nielsen, T. Dalsgaard, P.B.
Christensen, H. Fossing, and M.B. Rasmussen. 2011. Sea bottom

characteristics affect depth limits of eelgrass Zostera marina.
Marine Ecology Progress Series 425: 91–102.

Lavery, P.S., M.-Á.Mateo, O. Serrano, andM. Rozaimi. 2013. Variability
in the carbon storage of seagrass habitats and its implications for
global estimates of blue carbon ecosystem service. Plos One 8:
e73748.

Manca, E., I. Caceres, J.M. Alsina, V. Stratigaki, I. Townend, and C.L.
Amos. 2012. Wave energy and wave-induced flow reduction by
full-scale model Posidonia oceanica seagrass. Continental Shelf
Research 50–51: 100–116.

Mateo, M.A., J. Cebrian, K.H. Dunton, and T. Mutchler. 2006. Carbon
flux in seagrass ecosystems. In Seagrasses: biology, ecology and
conservation, ed. A. Larkum, R. Orth, and C. Duarte, 159–192.
Dordrecht: Springer-Verlag.

Mateo, M.A., J. Romero, M. Perez, M.M. Littler, and D.S. Littler. 1997.
Dynamics ofmillenary organic deposits resulting from the growth of
the Mediterranean seagrass Posidonia oceanica. Estuarine, Coastal
and Shelf Science 44: 103–110.

McLeod, E., G.L. Chmura, S. Bouillon, R. Salm, M. Bjork, C.M. Duarte,
C.E. Lovelock, W.H. Schlesinger, and B.R. Silliman. 2011. A blue-
print for blue carbon: toward an improved understanding of the role
of vegetated coastal habitats in sequestering CO2. Frontiers in
Ecology and the Environment 9: 552–560.

Paul, M., T.J. Bouma, and C.L. Amos. 2012. Wave attenuation by
submerged vegetation: combining the effect of organism traits and
tidal current.Marine Ecology Progress Series 444: 31–41.

Pedersen, M.O., O. Serrano, M.A. Mateo, and M. Holmer. 2011.
Temperature effects on decomposition of a Posidonia oceanica
mat. Aquatic Microbial Ecology 65: 169–182.

Pendleton, L., D.C. Donato, B.C. Murray, S. Crooks, W.A. Jenkins, S.
Sifleet, C. Craft, J.W. Fourqurean, J.B. Kauffman, N. Marba, P.
Megonigal, E. Pidgeon, D. Herr, D. Gordon, and A. Baldera. 2012.
Estimating global “Blue Carbon” emissions from conversion and
degradation of vegetated coastal ecosystems. Plos One 7(9): 1–7.

Phillips, R.C. 2003. The seagrasses of the Arabian Gulf and Arabian
region. Berkeley: University of California Press.

Price, A.R.G., and S.L. Coles. 1992. Aspects of seagrass ecology along
the western Arabian Gulf coast. Hydrobiologia 234: 129–141.

Romero, J., M. Perez, M.A. Mateo, and E. Sala. 1994. The belowground
organs of the Mediterranean seagrass Posidonia oceanica as a
biogeochemical sink. Aquatic Botany 47: 13–19.

Serrano, O.,M.A.Mateo, P. Renom, andR. Julia. 2012. Characterization of
soils beneath a Posidonia oceanica meadow. Geoderma 185: 26–36.

Sheppard, C., M. Al-Husiani, F. Al-Jamali, F. Al-Yamani, R. Baldwin, J.
Bishop, F. Benzoni, E. Dutrieux, N.K. Dulvy, S.R.V. Durvasula, D.A.
Jones, R. Loughland, D. Medio, M. Nithyanandan, G.M. Pilling, I.
Polikarpov, A.R.G. Price, S. Purkis, B. Riegl, M. Saburova, K.
Samimi-Namin, O. Taylor, S. Wilson, and K. Zainal. 2010. The
Gulf: a young sea in decline. Marine Pollution Bulletin 60: 13–38.

Smith, S.V. 1981. Marine macrophytes as a global carbon sink. Science
211: 838–840.

Townsend, E.C., and M.S. Fonseca. 1998. Bioturbation as a potential
mechanism influencing spatial heterogeneity of North Carolina
seagrass beds. Marine Ecology Progress Series 169: 123–132.

van Katwijk, M.M., A.R. Bos, D.C.R. Hermus, and W. Suykerbuyk.
2010. Sediment modification by seagrass beds: muddification and
sandification induced by plant cover and environmental conditions.
Estuarine, Coastal and Shelf Science 89: 175–181.

Estuaries and Coasts

Author's personal copy


	Carbon Storage in Seagrass Beds of Abu Dhabi, United Arab Emirates
	Abstract
	Introduction
	Methods
	Site Selection
	Measurement of the C Content of the Living Seagrass Biomass
	Measurement of Organic C Content of Soil Samples
	Calculation of Areal Corg Storage

	Results
	Discussion
	References


