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Marine seagrass angiosperms play an important role in carbon sequestration, removing

carbon dioxide from the atmosphere and binding it as organic matter. Carbon is stored in

the plants themselves, but also in the sediments both in inorganic and organic forms. The

inorganic component is represented by carbonates produced by calcareous organisms

living as epiphytes on seagrass leaves and rhizomes. In this paper, we find that the rate of

seagrass epiphyte production (leaves and rhizomes) averages 400 g m−2 yr−1, as result

of seagrass sampling at seven localities along the Mediterranean coasts, and related

laboratory analysis. Seagrasses have appeared in the Late Cretaceous becoming a place

of remarkable carbonate production and C sequestration during the whole Cenozoic era.

Here, we explore the potential contribution of seagrass as C sink on the atmospheric CO2

decrease by measuring changes in seagrass extent, which is directly associated with

variations in the global coastal length associatedwith plate tectonics.We claim that global

seagrass distribution significantly affected the atmospheric composition, particularly at

the Eocene-Oligocene boundary, when the CO2 concentration fell to 400 ppm, i.e., the

approximate value of current atmospheric CO2.
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INTRODUCTION

Seagrasses are marine angiosperms that form extensive submarine meadows in the photic zone
along temperate to tropical coastlines worldwide (Short and Wyllie-Echeverria, 1996; Short et al.,
2007). They first (Posidonia cretacea) appeared during the Late Cretaceous (Brasier, 1975; den
Hartog and Polderman, 1975; Eva, 1980; Ivany et al., 1990) in the Tethys Ocean. Since the early
Eocene this ecosystem became well established and spread throughout the Tethys (Brasier, 1975;
Ćosović et al., 2004; Zamagni et al., 2008; Tomás et al., 2016; Tomassetti et al., 2016), the Western
Atlantic-Caribbean (Vélez-Juarbe, 2014) and in the Indo-Pacific realm when they colonized the
euphotic zone of coastal environments as well as carbonate platforms.

Until the 2000s only few works focus on geological record of seagrass (Brasier, 1975; Eva,
1980; Wanless, 1981; Ivany et al., 1990). This is likely a consequence of the scarcity of fossil
remains of seagrasses, due to the low potential of preservation of these plants (Brasier, 1975;
Reich et al., 2015 and references therein). On the contrary, in these last years many works
have focused on the identification of paleo-seagrasses through the recognition of indirect
sedimentological and biological indicators, by comparison with modern seagrass habitats (e.g.,

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
http://www.frontiersin.org/Environmental_Science/editorialboard
https://doi.org/10.3389/fenvs.2016.00072
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2016.00072&domain=pdf&date_stamp=2016-11-11
http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:marco.brandano@uniroma1.it
https://doi.org/10.3389/fenvs.2016.00072
http://journal.frontiersin.org/article/10.3389/fenvs.2016.00072/abstract
http://loop.frontiersin.org/people/268632/overview
http://loop.frontiersin.org/people/386699/overview
http://loop.frontiersin.org/people/247243/overview
http://loop.frontiersin.org/people/343887/overview
http://loop.frontiersin.org/people/233850/overview


Brandano et al. Seagrass in Cenozoic CO2 Variations

Mateu-Vicens et al., 2008, 2012; Reich et al., 2015; Darroch et al.,
2016). These works well evidence the extensive colonization by
seagrass in the photic zone of coastal environment and carbonate
platforms at global scale (Reich et al., 2015 and reference therein).

Seagrasses have two clearly distinguishable levels, rhizomes
and blades. Rhizomes run in sediments beneath the seabed,
and have regularly spaced nodes, each bearing roots below and
an erect stem or shoot with the blades above. Each level has
characteristic associated communities living attached to the plant
(Langer, 1988; Mateu-Vicens et al., 2008). A diverse array of
biota dwells in seagrass meadows as epiphytic (foraminifers,
bryozoans, serpulids and encrusting coralline algae) or infaunal
forms (echinoids, mollusks) (Figures 1A,B). Many of these
organisms secrete calcareous skeletons (Perry and Beavington-
Penney, 2005; Brandano et al., 2009; Mateu-Vicens et al., 2010,
2012), consequently seagrasses hosted a significant carbonate
production.

The distribution of seagrass species is the result of combined
plant sexual reproduction and clonal growth (Figure 1C)
influenced by dispersal and environmental limitations (Spalding
et al., 2003). All seagrass species are capable of asexual
reproduction, giving rise to modular units known as ramets,
through horizontal growth of the rhizome genetically identical
to the parent plant, the genet. The reproductive strategy, which
involves clonal growth and production of long-lived, locally
dispersed seeds may provide an evolutionary advantage to plants
growing in environments subject to temporally unpredictable
major disturbances (Rasheed, 2004).

Lastly, seagrasses play an important role in carbon
sequestration as they remove carbon dioxide from the
atmosphere and bind it as organic matter (Fourqurean
et al., 2012). The carbon (C) sequestered in vegetated coastal
ecosystems, specifically mangrove forests, seagrass beds and
salt marshes, has been termed “blue carbon” (Nellemann et al.,
2009). Blue carbon is sequestered over the short term (decennial)
in biomass and over longer (millennial) time-scales in sediments
(Duarte et al., 2005; Lo Iacono et al., 2008). Carbon is stored
above the seabed on plant tissues, underneath the seabed on roots
and rhizomes, and in sediments in both organic and inorganic
forms, the latter represented by carbonates. Much attention has
focused on the quantification of organic C sequestration, and
the latest estimates indicate that seagrasses can store 4.2–8.4
Pg C (Fourqurean et al., 2012), and total global C burial by
seagrasses may reach 112 Tg C yr−1 (McLeod et al., 2011).
However, we point out here that less attention has been paid
to C stored by carbonates (inorganic C) produced by epiphytic
calcareous organisms that, live on seagrass leaves and rhizomes.
This inorganic C, unlike organic C, is locked away..

METHODS

Estimates of Seagrass Carbonate
Production
Posidonia oceanica shoots were collected by scuba divers at 5, 11,
and 15mwd (mean water depth) from seagrass meadows in seven
locations on the Tyrrhenian coast (Maratea, Ponza, S. Marinella,

FIGURE 1 | (A) Biota dwelling vertical rhizome (Miniacina miniacea) and (B)

leaves as epiphytic forms; (C) clonal growth reproductive strategy involves the

development of modular units, knowns as ramets, through horizontal growth

of the rhizome, genetically identical to the parent plant, the genet; (D) Location

map of sampling sites for measurement of seagrass carbonate production.
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Isola del Giglio, Osalla, Alghero, Crovani see Figure 1D) during
spring and autumn 2012 after evaluation of meadow shoot
density near the sampling points. The sampling period was
chosen taking into account the seagrass growth dependence
on seasons (Short et al., 2006). The main morphometric
measurements (length, width, and leaf area, leaf length, Leaf Area
Index) were performed on 200 leaves from seagrass bundles. The
annual production of epiphytic carbonate in the meadows was
evaluated independently for the leaves (blades) and its common
basal parts (bundle of leaf-sheaths), as well as on the whole leaf
bundles. Calcium carbonate content was assessed by geochemical
calcimetric analysis on ash from plant parts, previously dried at
105◦C for 24 h and weighed, burned in an oven at 550◦C for 4
h (LOI550 method; (Dean, 1974)), and determination of calcium
carbonate content by calcimetric analysis on ash. The epiphytic
foliar content of calcium carbonate was converted into epiphytic
foliar annual average following Canals and Ballesteros (1997),
that is multiplying by 1.88. This process was also extended to
the carbonate contribution from basal parts, and then to whole
bundles. On whole parts (leaves and basal parts), the annual
production of epiphytic carbonate per surface meadow unit of
P. oceanica was estimated to be about 400 g m−2 yr−1.

Plate Reconstructions and Coastline
Lengths
Absolute plate reconstructions with respect to the Pacific Hotspot
Reference frame during the Cenozoic were performed by
combining global plate models and finite rotations provided by
Seton et al. (2012). The reconstructed positions of continents
(Figure S1) were obtained with GPlates software (http://www.
gplates.org), and closely coincide with magnetic Chrons, crucial
geological events (e.g., the Messinian salinity crisis) and global
variation trends of atmospheric CO2, as reported by Beerling
and Royer (2011). The coastline polygons from Seton et al.
(2012) were used to compute global coastline lengths at each
selected stage. Coastal data were digitalized and simplified
due the complexity of several uneven areas (such as Polinesia
and Indonesia), underestimating the actual total lengths of
the coastlines. Polygon borders presumed to be in contact
with seas and oceans were selected and considered as a single
boundary according to the reconstruction by Seton et al. (2012).
Total coastline lengths and areas of seagrass emplacement were
computed at each selected age.

Global CO2 Estimates
In this work, the Cenozoic CO2 variations according to Beerling
and Royer (2011) are used with one proxy (phytoplankton) to
obtain a better comprehension of changes in atmospheric CO2

concentrations. Our purpose is to quantify the contribution from
both inorganic and organic carbon sequestration due to seagrass
extent variations during the Cenozoic, and compare them with
the reference changes of Beerling and Royer (2011) to evaluate
the role of seagrass in CO2 atmospheric composition. At this aim
we consider that,

Vco2

Vatm
= C (1)

where VCO2 is the partial volume of the CO2 in the atmosphere,
Vatm is the total volume of the atmosphere, and C = 400
ppmv is the current value of the global concentration of carbon
dioxide in the atmosphere, expressed in parts per million by
volume.

Under the same conditions of temperature T and pressure P,
we can write:

PVco2

PVatm
=

nco2RT

natmRT′
(2)

where nCO2 and natm are the CO2 and the atmosphere number of
moles respectively, and R is the universal gas constant, so that we
have:

Vco2

Vatm
=

Mco2

mco2

matm

Matm
, (3)

where MCO2 is the mass in grams of the carbon dioxide in the
atmosphere, Matm = 5.1480 × 1021 g is the total mean mass of
the atmosphere (Trenberth and Smith, 2005), mCO2 = 44.00 g
mole−1 and matm = 28.97 g mole−1 are the CO2 molecular
weight and the meanmolecular weight of the atmosphere (NASA
Earth Fact Sheet, http://nssdc.gsfc.nasa.gov/planetary/factsheet/
earthfact.html), respectively

Using equation (3), we are able to compute the variation of the
ratio VCO2 /Vatm during the Cenozoic, and evaluate the inorganic
and organic carbon sequestration in terms of carbon dioxide
massMCO2 (in grams) in the atmosphere.

The quantity MCO2 depends on the seagrass areal extent,
being estimated for the Present using the lower global area
of A1 = 300,000 km2 (Charpy-Roubaud and Sournia, 1990),
and an upper global area A2 = 600,000 km2 (Duarte et al.,
2005). The area depends by the extension of seagrass from the
coast, that in turn is under control of the light requirement
for photosynthesis Short et al. (2007). The upslope limit of
seagrasses is imposed by their necessity of constant immersion
in seawater and low hydrodynamic conditions because high
energy superficial wave inhibits its growth and development.
As seagrass may colonize rocky and sandy substrates in the
photic zone (Green and Short, 2003; Mateu-Vicens et al., 2012)
the areal extent of seagrass meadows depends by steep gradient
of marine seafloor. These requirements suggest that it is not
necessary a flat and wide seafloor surface for seagrass meadows
colonization, and also steep rocky substrate may host productive
seagrasses (Green and Short, 2003). Modern examples of such
substrate are represented by the northeastern coast of Philippines
or northeastern coast of Haiti in the Caribbean (Green and
Short, 2003). On the contrary are well known examples of large
continental platforms not colonized by seagrass such as the
southwestern Africa or southeastern South America continental
platforms.

During the Cenozoic, we expect that seagrass area
varied according to plate tectonics. Mantle—reference plate
reconstructions with respect to the Pacific hotspot framework
during the Cenozoic were performed by combining global plate
models and finite rotations provided by Seton et al. (2012). The
reconstructed positions of continents (Figure S1) were obtained
with GPlates software (http://www.gplates.org), chosen here to
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coincide as closely as possible with magnetic chrons, crucial
geological events (e.g., the Messinian salinity crisis) and global
variation trends of atmospheric CO2, as reported by Beerling and
Royer (2011). The coastline polygons of Seton et al. (2012) are
used to compute global coastline lengths L at each selected stage
in a range of latitude [−65◦N, 65◦N] in which seagrasses are
presumed to have existed based on paleontological record-IPSIs-,
Reich et al. (2015) (see Figure 1, Table S1). Offshore distance d is
assumed constant during the Cenozoic, and is varied to obtain
lower and upper global estimates of the seagrass areal extent for
the present-day, so that:

Ai = L0di (4)

where i= 1, 2, and L0 is the current total coastline length obtained
with coastal polygonmodel by Seton et al. (2012), at age t= 0Ma,
resulting in d1 = 0.889625 km and d2 = 1.779249 km. Cenozoic
coast lengths and seagrass areal extent variations are reported in
Table S1.

To compute current inorganic carbon sequestration,
laboratory experiments carried out in this study suggest that
present-day seagrass coverage produces CaCO3 carbonate with
the rate a = 400 g m−2 yr−1, which results in the 44% of CO2

stored in seagrass carbonates, corresponding to the coefficient b
= 176 g m−2 yr−1. The mass in grams of CO2 over a year, due to
inorganic carbon sequestration, produced by seagrass coverage
Ai, with i= 1, 2 is obtained for the Present-day, as it follows:

M
CaCO3
CO2

(i) = bL0di (5)

Combining Equation (5) with Equation (3), we obtain the
carbon dioxide removal (CDR) due to inorganic (CaCO3) carbon
sequestration, during the Cenozoic. At each selected age, results
are reported in Table S2 and Table S3, for lower and upper
seagrass areal extent A1 and A2, respectively.

To calculate the present-day value of organic carbon
sequestration, the estimate procedure of Duarte et al. (2010),
Kennedy et al. (2010) and Waycott et al. (2009) were followed.
Those authors estimated an organic C sink of c1 = 160 g C m−2

yr−1 and c2 = 186 g C m−2 yr−1 related to the A1 (300,000
km2) and A2 (600,000 km2) seagrass areal extent, respectively.
The mass in grams of C over a year, due to the organic carbon
sequestration, produced by seagrass coverage Ai, with i = 1, 2 is
obtained for the present-day, as it follows:

M
Org
c (i) = ciL0di (6)

Then, from Rasheed (2004), we know that:

MCO2 = Mc
mco2

mc
(7)

where mCO2 = 44.00 g mole−1 and mC = 12.00 g mole−1 are the
CO2 and C molar mass, respectively.

Combining Equation (7), Equation (6), and Equation (3) we
obtain the carbon dioxide removal (CDR) due to organic carbon
sequestration during the Cenozoic. At each selected age, results

are reported in Tables S2, S3, for lower and upper seagrass areal
extent A1 and A2, respectively.

Finally, to have an estimate of the global amount of C
sink due to both inorganic and organic contributions, we
define the cumulative carbon dioxide removal (CDR), as it
follows:

Mcum.
CO2

(i) = M
CaCO3
CO2

(i) + M
Org.
CO2

(i), (8)

where i = 1, 2. Combining equation (8) with equation (3) we
obtain the carbon dioxide removal (CDR) due to cumulative
effect of carbon sequestration (i.e., inorganic and organic), during
the Cenozoic. At each selected age, results are reported in
Tables S2, S3, for lower and upper seagrass areal extent A1

and A2, respectively. A third model for the upper seagrass
areal extent A3 = 100,0000 km2 with d3 = 2.965415 km can
be used to calculate the present-day values of inorganic and
organic carbon sequestration taking into account the seagrass
loss of 29% worldwide (Waycott et al., 2009), also including
the inorganic C sink estimate of b = 176 g m−2 yr−1, and the
organic C sink estimate of c2 = 186 g C m−2 yr−1 respectively.
Again, combining Equation (5), Equation (6), Equation (7) with
Equation (3), and using Equation (8) we obtain results as in
Table S4.

Storage of C by seagrasses may be calculated over 1000-year
periods as seagrasses work and live for 1000 of years (Arnaud-
Haond et al., 2012). This carbon dioxide removal over 1000 yr
(KCDR) is reported in Tables S2–S4, for the inorganic, organic
and cumulative contributions of lower and upper seagrass areal
extent A1, A2, and A3.

Cenozoic coastal variations, associated with inorganic, organic
and cumulative contribution for C sink for Area A1 and A3 are
reported in Figures S2, S3, respectively.

Linear regressions on CO2 Cenozoic variations CO2 and
KCDR models (i.e., A1, A2, and A3), are reported in Table S5 and
Figure S4, and represent the rate of variations, showing a decrease
of CO2 with respect an increase of carbon dioxide removal over
1000 yr.

Partial time interval linear regressions are reported in Table
S5 and Figure S5, showing that rates of variations suggest a
correspondence at 45% between CO2 decrease and cumulative
KCDR increase during the Cenozoic whereas, if we consider the
41–7Ma interval, correspondence increases to 66% (Table S5, and
Figure S5).

RESULTS AND DISCUSSION

The Mediterranean shelf has classically hosted seagrass sites
used to investigate both calcareous production and carbon burial
capacity (Canals and Ballesteros, 1997; Duarte et al., 2013). In this
paper, carbonate content and (epiphytic) production have been
quantified both from seagrass leaves (blades) and from bundles
of persistent basal leaf-sheaths resembling “shaving brushes”
(Larkum et al., 2006), where the most important seagrass is
Posidonia oceanica in terms of calcareous epiphyte production
(Figure 1A). The seagrass biomass exerts a predominant control
on the relative abundance of calcareous epiphytes. The most
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abundant of these are geniculate (articulated) and non-geniculate
(encrusting) coralline algae that, together, comprise up to 50% of
epiphytic carbonate. Other significant epiphytes are bryozoans
and benthic foraminifers, which contribute approximately in
equal amounts (∼25% each) to the carbonate production.
Calcareous epiphyte abundance peaks at water depths of
∼10 meters. The rate of epiphyte production (leaves and
rhizomes) averages 400 gm−2 yr−1. Today, seagrass meadows are
widespread in many tropical and temperate, shallow marine, and
estuarine environments. Data from leaf carbonate production
are available from both tropical and temperate environments
(Nelsen and Ginsburg, 1986; Bosence, 1989; James et al., 2012),
showing that the total epiphytic production for seagrass is within
the range of the Tyrrhenian seagrass. Throughout the world,
seagrasses are estimated to cover 0.6 × 106 km2, equivalent to
10% of the coastal ocean surface, an area comparable to that
covered by coral reefs and mangroves (Charpy-Roubaud and
Sournia, 1990; Hemminga andDuarte, 2000). Consequently, with
an average carbonate production of 400 g m−2 yr−1, the CO2

stored in seagrass carbonates may be estimated at up to 105 Tg
yr−1 (10.5× 107 t).

Seagrasses have been integral components of shallow
marine ecosystems since their appearance in the Late
Cretaceous (den Hartog, 1970; Brasier, 1975; Ivany et al.,
1990). Because the calcareous skeletons of many seagrass
dwellers contribute significantly to the sediment of photic
shallow water environments, seagrass meadows have become
host of substantial carbonate production and C (organic and
inorganic) sequestration since the Cenozoic era.

Reconstructions of atmospheric CO2 concentrations for the
Cenozoic have improved greatly in the last few decades (e.g.,
Beerling and Royer, 2011), although many uncertainties still
exist, with CO2 estimates varying greatly within the same time
interval used as a proxy (Royer et al., 2012). However, the review
of CO2 concentration estimates by Beerling and Royer (2011)
documented a consistent pattern of CO2 change. According
to the above authors’ compilation in the early Paleogene
atmospheric CO2 was about 400 ppm, followed by a first peak to
nearly 1900 ppm at 50 Ma and two others above 1200 ppm until
the Eocene-Oligocene boundary when a decreasing trend began,
with values around 400 ppm throughout the Oligocene. During
the Miocene a few data points exceed 400 ppm, but most fall in
the range 200–350 ppm. The bulk of the data from the Pliocene
are in the range 250–400 ppm, followed by a general decrease
during the Pleistocene.

The causes of the reduction in atmospheric CO2 levels at the
Eocene-Oligocene boundary are still debated (Willenbring and
von Blanckenburg, 2010). According to Allen and Armstrong
(2008), the decrease in atmospheric CO2 was the result of
complementary mechanisms, such as waning pre-collision arc
magmatism, increased weathering of silicate, storage of organic
carbon in Paratethyan basins, and oceanographic changes
producing upwelling.

Changes in the atmospheric CO2 concentrations, however,
may have had severe consequences for marine ecosystems.
Elevated atmospheric CO2 phases in the Earth’s history had

induced important crisis and extinctions of marine calcifiers
(Weissert and Erba, 2004; Erba et al., 2010; Črne et al., 2011;
Hönisch et al., 2012). However, with the exception of PETM
(Paleocene Eocene Thermal Maximum) event, the Cenozoic
interval was not affected by important changes of CaCO3

saturation (Hönisch et al., 2012).
The role of modern seagrasses as global C sinks was

demonstrated and quantified once the total area of Earth covered
by seagrass meadows was estimated. Seagrasses grow over a large
range of latitudes, from the tropics to close to Arctic regions
(N70◦, Norway) in coastal waters, with a seafloor illuminated
by 1.0–29% of surface irradiance, in water depths of up to −60
m, average −25m (Green and Short, 2003). On the other hand,
the global extent of seagrasses is directly linked to global coastal
length. As a consequence, changes in the latter over time may
influence global seagrass coverage and its contribution to C
storage.

The potential contribution of seagrasses in reducing
atmospheric CO2 during the Cenozoic can be evaluated
by measuring changes in seagrass extent, which is directly
associated with variations in global coastal length due to plate
tectonics. Estimates of coastal length changes are provided here
by means of plate tectonic reconstructions. During the Cenozoic
the position and shape of the continents were modified by the
movement of lithospheric plates with respect to the underlying
mantle (Figure 2).

Using the rotation vector, plate polygon and coastline
data proposed by Seton et al. (2012), we computed global
plate reconstructions at several key-time points (Figure S1)

FIGURE 2 | Present-day (0 Ma) and reconstructed (65 Ma) positions of

continents using models provided by Seton et al. (2012) (red polygons).

Black lines represent digitalized, and simplified data, estimated in a range of

latitude [−65◦N, 65◦N] in which seagrasses are presumed to have existed,

and utilized to compute global coastal lengths at several key-time points.
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overlapping possible magnetic Chrons, crucial geological events
(e.g., the Messinian salinity crisis) and trends of variations in
atmospheric CO2, as reported by Beerling and Royer (2011).
Then, with the reconstructed positions of continents, we
estimated the total length of the global coastlines in a range of
latitude [−65◦N, 65◦N] in which seagrasses are presumed to have
existed over the entire investigated period of time (see Methods
paragraph).

From 65 to 41 Ma we observe a general increase in
the coastline length (Figure 3), mostly due to the southward
movement of North America and Eurasia over the latitude
hypothesized for seagrass growth, at 65◦N. The appreciable
decrease in coastlines at 34 Ma can be attributed to the evolution
of the India-Eurasia continental collision: a relevant increase in
coastline lengths between 34 and 28 Ma is observed, probably
due to the opening of the Gulf of Aden and the beginning
of continental rifting in the Red Sea between the Africa and
Arabia plates. Lastly, a steady decrease in length is noted after
14 Ma, mainly due to the continental collision of the Arabia and
Eurasia plates, with the exception of a singular increase at 5 Ma,
ascribed to the closure of North America and South America. The
curves of CaCO3 carbonate production and organic contribution
to carbon dioxide removal (CDR) and their cumulative curve
(i.e., CaCO3 plus organic C) during the Cenozoic are shown in
Figure 3 and compared with variations in coastline length (31.0
× 104 to 36.7 × 104 km). Here, we present 3 models (A1−3) that
take into account the dependence of CO2 sequestration on the
seagrass areal extent, being evaluated for the Present-day with a
lower global estimate of A1 = 300,000 km2 (29), an upper global
estimate of A2 = 600,000 km2 (19) and an overestimation of A3

= 1,000,000 km2. We report the result of calculation for the A2

model, for A1 and A2 see Figures 3, 4.
The contribution of CaCO3 to CO2 sequestration in the A2

was found to vary from 12.45 × 10−3 to 14.72 × 10−3 ppm
yr−1. Higher values were observed for the organic component,
which ranged from 48.26× 10−3 to 57.52× 10−3 ppm yr−1. The
cumulative contribution of the two components was in the range
60.71× 10−3 to 71.79× 10−3 ppm yr−1.

Storage of C by seagrasses may be calculated over 1000-
year periods, because seagrasses work and live for 1000 of
years (Arnaud-Haond et al., 2012). This cumulative carbon
dioxide removal over 1000 years (KCDR) (80.43–95.11 ppm)
throughout the Cenozoic is shown in Figure 4 and compared
with the value of atmospheric CO2 reported by Beerling and
Royer (2011), including values for the key time used to calculate
plate reconstructions and coastline lengths. Figure 3A shows the
general match between increased C sequestration and increased
coastal length. Linear regressions on both curves, i.e., cumulative
KCDR and atmospheric CO2, show a general increase in seagrass
contributions with respect to a global decrease in atmospheric
CO2 during the Cenozoic (Figure S4).

Nowadays, the role of the oceans as carbon sinks is widely
documented (Duarte et al., 2005;McLeod et al., 2011; Fourqurean
et al., 2012; Karl et al., 2012). Phytoplankton photosynthesis is
one of the mechanism leading to C sequestration through the
deposition and burial of the particulate organic material at the
ocean floor formed by phytoplankton (Raven and Falkowski,

FIGURE 3 | (A) Cenozoic cumulative carbon dioxide removal (CDR) for model

A2 (red line, open squares, compared with variations of coastline length (black

line open triangles). (B) Cenozoic inorganic (CaCO3) carbon dioxide removal

(CDR) for model A2. (C) Cenozoic organic carbon dioxide removal (CDR) for

model A2. Dashed pattern represents the Eocene-Oligocene time interval.

Data are reported in Table S3.

1999). However, the carbon burial capacity of coastal vegetated
habitats (seagrass, mangroves and salt marshes) is 180 times
greater than the average burial rate in the open ocean (Duarte
et al., 2005), reaching 233 Tg C yr−1 (McLeod et al., 2011), values
comparable with the C burial in lakes and peatlands that is about
300 Tg C yr−1 (Dean and Gorham, 1998). Consequently, it is
out of question that blue carbon sinks play a key role in the
oceanic carbon cycle (Duarte et al., 2005; McLeod et al., 2011;
Fourqurean et al., 2012). On the contrary, it is more difficult to
prove the role of blue carbon and, more in general, of the ocean
as C sink in the fossil record. The obtained data for seagrass are in
agreement with the present day role of ocean as natural sink. The
obtained values of carbon dioxide sequestration are in the order
of atmospheric CO2 fluctuations during glacial cycles (Kohfeld
et al., 2005).

By looking at the specific time-points and analyzing each
rate of the two curves compared (i.e., cumulative KCDR
increase and CO2 decrease, Figure S5) with linear regressions
for each time interval, the correspondence decreases to 45%,
probably due to the lack of accuracy of CO2 data from 65
to 41–34 Ma. In addition, after the Late Miocene (5 Ma),
the lack of correspondence may be due to the development
of the Arctic ice cap, marked by decreasing temperature
and consequent decreasing atmospheric CO2. The resulting
increase of CO2 solubility in ocean seawater, together with the
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FIGURE 4 | Cenozoic cumulative (i.e., inorganic—CaCO3 – and organic) carbon dioxide removal carbon dioxide removal over 1000 yr (KCDR) (red line,

open squares) for model A2 = 600,000 km2, compared with the values of atmospheric CO2 reported by Beerling and Royer (2011) (solid black line,

gray confidence band), including CO2 selected values at the key times used to calculate plate reconstructions and coastline lengths (dashed black

line, open circles). Note the general match between CO2 decrease and KCDR increase due to seagrass extent as a consequence of increase of coastal length.

Dashed pattern represents the Eocene-Oligocene time interval.

Mediterranean Messinian crisis, probably reduced the seagrass
extent.

It should also be noted that the Red Sea syn-rift Miocene
evaporatic event and the Mediterranean Messinian salinity crisis
were included in our computation of coastlines, although a
decreased seagrass productivity is expected in these areas during
those specific periods. This means that 4000 km2 of seagrass
production in the Red Sea should be neglected in our record,
almost from 28 to 5 Ma. In addition, at 5 Ma, we have an
over-estimated length of coastlines producing seagrasses in the
Mediterranean, so that non-accurate comparisons can be made
for the 7–5 and 5–1 time intervals. Focusing on those key-
time intervals, for which CO2 data are well constrained (e.g.,
from 41 to 7 Ma) the global correspondence rises up to 66%
except for the time ranges 23–20 and 20–14 Ma. The most
evident shift occurs with the Eocene-Oligocene CO2 decline
(Figure 4). Both curves, i.e., increasing cumulative KCDR and
decreasing CO2 (Figure 4 and Figure S5), plot on higher rates of
the considered time intervals, estimated with linear regressions
to be 5.32 ppm Ma−1 and −87.00 ppm Ma−1, respectively
(Figure S5). In conclusion, we provide an initial estimate of
the contribution of seagrass meadows as C sink since their
occurrence at the end of the Cretaceous. We admit that this
result might be underestimated due to the simplified models
used for coastal length computations, and it would need of
more specific regional tectonic investigations and ecological
constraints associated with eustatic processes in order to improve
the accuracy of seagrass involvement to CO2 decline. However,
we are confident that this study represents a valid quantitative
and global estimate of C sequestration by seagrass in the

geological record since Cretaceous time, to date missing in
literature.
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