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The increase in greenhouse gases (GHG) has been constant since the Industrial Revolution.
For this reason, different international organizations have devoted special attention to GHG
sinks such as terrestrial soils and ecosystems. However, the initially estimated balances did not
include the carbon stock associated with ocean waters, coastal soils and sediments, known
as blue carbon. Currently, blue carbon sinks are the subject of numerous studies due to the
limited information available, especially on the Atlantic coast of the Iberian Peninsula. We
studied the organic C stock present in soils and in Zostera marina biomass in the two main
meadows in the Ría de Ferrol (O Baño and Castelo de San Felipe). The carbon stock
associated with biomass was 0.37MgC ha−1, with 0.18MgC ha−1 corresponding to the
epigeal portion and 0.19MgC ha−1 to the hypogeal portion. Soil carbon stock was much
higher: 4.11MgC ha−1 at a depth of 5 cm and 82.14MgC ha−1 at a depth of 1m. Together
with carbon values in biomass, a stock of 82.5MgC ha−1 was obtained for the whole Ría de
Ferrol. Z. marina accounted for 8.25% of total C in the Ría de Ferrol. These values were higher
than those found in other regions. Isotope ratios (δ13C, δ15N) andC/N ratios indicated that the
organic C stock in the O Baño soil may receive important organic matter inputs of terrestrial
origin, while in San Felipe, it seems to have a marine origin.

Keywords: seagrass, biometric parameters, isotope ratios, carbon, nitrogen

HIGHLIGHTS

• Carbon stock in biomass was related to leaf length and shoot density of Z. marina.
• Carbon stock in soil was much higher than in biomass.
• Isotope and elemental ratios indicated the influence of allochthonous sources of soil carbon stock.

INTRODUCTION

Human-induced deforestation, whose beginnings date back from preindustrial times, along with fossil
fuel burning and changes in land use, are leading to an exponential increase in carbon dioxide (CO2) and
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other greenhouse effect gases (Mcleod et al., 2011; IPCC, 2021).
Thus, the preindustrial baseline atmospheric CO2 concentrations
have multiplied by 1.5, going from 280 to 416.58 ppmv, at an annual
increase rate of 2.31 ppmv (NOAA, 2021).

Ocean waters are the main carbon reservoir on the Earth’s
surface, and coastal ecosystems with vascular plants play a key
role as atmospheric CO2 sinks. Blue carbon is the proposed term to
designate carbon stored by coastal marine ecosystems, particularly
saltmarshes, mangroves, and seagrass meadows (Pendleton et al.,
2012; Röhr et al., 2018). These ecosystems occupy only 0.2% of the
ocean surface but store more than half the carbon present in
terrestrial systems (green C) and 33% of the total carbon stored
in oceans (Fourqurean et al., 2012). However, unlike green C, a
highly relevant aspect for the study of carbon stocks is the long
residence time of blue carbon. Green carbon can be retained for
decades, while blue carbon can be stored for millennia due to the
anaerobic conditions that are predominant in coastal sedimentary
environments, along with other factors (e.g., refractance of organic
compounds, toxicity associated with reduced Fe and S forms, etc.)
that inhibit decomposition of organic matter (Fourqurean et al.,
2012; Pendleton et al., 2012; Herr and Landis, 2016).

Seagrass meadows are formed by 60 phanerogam species
included in the order Alismatales (Kuo and Den Hartog, 2001).
They are among the most productive ecosystems worldwide,
accounting for 15% of the ocean’s net primary production
(Duarte and Chiscano, 1999). For this reason, they are
considered an essential CO2 sink for climate change mitigation
(Duarte et al., 2013). They currently occupy 30million hectares (ha),
but they are experiencing a sharp decline due to anthropogenic
action and to the consequences of global change (Duarte et al., 2013).
Estimates suggest that 29% of their area has already been lost and, if
loss continues to occur at the current rates, 40% will have been lost
100 years from today (Pendleton et al., 2012; Claes, et al., 2022).
Their disappearance entails the loss of an effective CO2 sink and the
simultaneous release of CO2 and/or methane (CH4) into the
atmosphere; the greenhouse effect of the latter gas is 23–25 times
higher than that of CO2 (Short and Neckles, 1999; Pendleton et al.,
2012; IPCC, 2021).

Despite the evidence supporting their importance in CO2 removal
and retention, isotopy and elemental composition both of their
biomass and soils are worth taking into account. The proportions
of stable isotopes δ15N and δ13C, as well as C/N ratios, are a result of
the origins of stored carbon (Prentice et al., 2020). The continental
area can act as a carbon source; this has been observed in Zostera
marina meadows in temperate areas (Prentice et al., 2020). Seagrass
meadows are considered to be hotspots for allochthonous carbon
sequestration, since isotopy has shown that only 50% of the carbon
stock associated with these ecosystems is produced by phanerogam
tissues. However, through the formation of meadows, phanerogams
are able to remove particles from the water column and transfer them
to the bottom (Kennedy et al., 2010).

Zostera marina is the most widely distributed species among
marine phanerogams; in Galicia, it forms vast meadows in
intertidal and shallow subtidal areas (Míguez, 2003; Cacabelos
et al., 2015; García-Redondo et al., 2019). The Galician coastline
features rias and inlets that provide optimal conditions for the
growth of Zostera marina (García-Redondo et al., 2019).

The main objectives of this research were to quantify the total
C stock (both associated with biomass and present in soils) in the
two main Zostera marina meadows in the Ría de Ferrol; to study
the variability in total C between the two main meadows in the
Ría de Ferrol: O Baño and San Felipe; and to analyze whether said
variability is related to plant biometry in meadows and/or to
nutrient origin. To this end, the most relevant biometric
parameters of Z. marina (i.e., epigeal and hypogeal biomass,
leaf length and width), soil composition and properties, organic C
content, and isotopic ratios (δ13C, δ15N) and organic C stock (Mg
C ha−1) in Z. marina biomass and in soil were determined.

MATERIAL AND METHODS

Study Area
The study area covers the Ría de Ferrol (NW Iberian Peninsula, A
Coruña). Its area is 21 km2, and its largest tributary is the Xubia
River (Figure 1). Zostera marina occupies a total area of 11.42 ha
in the Ría de Ferrol, divided among four meadows: O Baño
(9.11 ha), Castelo de San Felipe (1.48 ha), O Segaño (0.66 ha), and
San Felipe Núcleo (0.17 ha). The two main meadows have been
sampled for this study: O Baño (43° 27′ 26.5″ N, 8° 16′ 0.6″ W)
and Castelo de San Felipe (43° 27′ 51.1″ N, 8° 17′ 0.3″ W).

The O Baño meadow is located in the intertidal area within an
inlet that is relatively sheltered from marine currents; the
granulometry of its substrate is silt. The Z. marina meadow in
Castelo de San Felipe is located in the subtidal area, at a depth of 2m
at low tide. Exposure to marine currents is greater in Castelo de San
Felipe, and substrate is mostly sandy, with abundant gravel.

Sample Collection
Zostera marina Sampling
Sampling was performed in September 2021 following the
instructions in the Blue Carbon Manual (Howard et al., 2014) in
order to use standardized methods, thus allowing for result
comparison among studies. Ten sampling points were defined in
the O Baño meadow, distributed across the meadow following a
zigzag pattern. Samples were collected using metal squares with
dimensions 30 cm × 30 cm and a depth of 10 cm to collect the
epigeal and hypogeal portions, i.e., leaves and rhizomes, respectively.
Samples were frozen at 3°C. In the Castelo de San Felipemeadow, six
squares with the above described measurements were collected.

Soil Sampling
The same number of soil samples were collected in both meadows.
Eighteen soil samples were collected, 10 of which were taken from
within the meadows, next to each of the plots from which plant
samples were taken; these soil samples were collected using 8 cm
wide, 15 cm deep PVC cores. The remaining 8 samples were
collected using 5 cm deep PVC cores; 4 of them were collected
within the meadow, following the zig-zag method, while the
remaining 4 were collected in adjacent areas, at 4 sites around
the perimeter of the meadow and outside the meadow, to serve as
control samples. pH, electrical conductivity, and redox potential (Eh)
were measured in situ using a Hanna multiparameter probe.
Samples were then kept at −20°C until analysis in the laboratory.
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Sample Analysis
Flood Water Analysis
A Hanna multiparameter probe was used to measure pH,
electrical conductivity, redox potential (Eh), and salinity in
situ in flood water in the two main meadows.

Plant Analysis
Prior to analysis, Zostera marina samples were washed in distilled
water to remove all adhered materials. For each square, the number
of bundles was counted to determine density. Subsequently,
15 bundles were randomly selected within each plot and divided
into their hypogeal and epigeal portions. The hypogeal portion of
each bundle was measured, the number of leaves was counted, and
leaves were divided by maturity status from the outside towards the
inside of the bundle, where new leaves sprout from the central
portion, sheathed in one another. The followingmeasurements were
taken for each leaf within the bundle:

1. Category: 1: whole mature leaf, 2: large (>20 cm) immature
leaf, 3: small (<20 cm) immature leaf, 4: broken leaf.

2. Leaf length,
3. Length of the petiole or base of the leaf (present only in mature

leaves)
4. Leaf width (mid-leaf).

Moreover, biomass was measured as dry weight (at 105°C)
both for the epigeal and the hypogeal portion, as well as total
biomass. To determine organic C content and to perform isotope
and elemental analyses, they were divided in 5-bundle groups
(pooled sample), separating the epigeal and hypogeal sections, to
reach sufficient weight for the required analyses. Each pool was
ground using a Retsch MM400 electrical mill. From each ground
hypogeal portion sample, 0.5 g were used to measure carbonate
content using a BD brand, LOGL model digital calcimeter. A 6M
HCl dissolution was used to dissolve carbonates. Total carbon
content in plants was measured by combustion using a LECO
CN828 autoanalyzer. Organic C content in the hypogeal portion
was determined as the difference between total C content and
carbonate content, while for the epigeal portion, total C was
considered as organic C. Carbonates were absent from the epigeal
portion, contrasting with the presence of carbonates found in the
hypogeal portion.

The C stock associated with Zostera marina was calculated by
multiplying the three carbon reservoirs (epigeal, hypogeal, and
total) times the % of organic carbon and times the area of the plot
(900m2). In order to obtain comparable results, they were
expressed in Mg (Mg = metric ton) C ha−1. Total biomass and
total organic C were calculated by averaging the values from the
hypogeal and epigeal portions.

FIGURE 1 | Seagrass meadows in the Ría de Ferrol.
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Isotope ratios for δ13C (‰ vs. VPDB) and δ15N (‰ vs. Air)
were analyzed at the University of A Coruña’s Research Support
Services (Servicios de apoyo a la investigación, SAI) using a
FlashEA1112 autoanalyzer (Thermo Finnigan) coupled with a
Deltaplus isotope ratio mass spectrometer (ThermoFinnigan).
Nitrogen percentages were also analyzed at the SAI.

Soil Analysis
Out of the 18 soil samples collected at each site, 10 were selected for
the following depths: 0–2, 2–4, 4–6, 6–10, and 10–15 cm, and
subsequently dried. From each section, 10 g were weighed and
sieved to determine the proportion of gravel (>2mm), coarse
sand (2–0.20mm), fine sand (0.20–0.05 mm), and clay and silt
(<0.05mm). Carbonate content, total C content, organic C content,
and δ13C and δ15N isotope ratios, as well as elemental ratios, were
determined using the same method as for plants. The remaining
8 samples from each site, 4 from control areas and 4 frommeadows,
were used to analyze soil bulk density [SBD (g cm−3) = Mass of dry
soil (g)/volume (cm3)]. To this end, their height and width were
measured, and they were weighed after drying at 105°C. In the
4 control samples, the percentages of carbonates, total C, and organic
C present were also measured, along with isotopy and elemental
ratios.

To obtain C stock in soil (SCS; Eq. 2), soil C density was first
calculated (SCD; Eq. 1) (Howard et al., 2014).

SCD � SDB g cm−3( ) * %C.O./100( ) (1)
SCS MgCha−1( ) � SCD * depth 5 cm( )* 100 (2)

The mean %CO value for the first three sections of the 15 cm
deep cores and the apparent density value of 5 cm deep cores were
used to calculate the SCS value for the upper 5 cm.

To calculate total SCS in the Ría de Ferrol, SCS values from the
Z. marina meadows in the O Segaño and San Felipe Núcleo sites
were also included. The values for these two meadows were
estimated based on the data obtained for Castelo de San
Felipe, which is the closest meadow and shows similar
environmental parameters.

Statistical Analysis
A t-Student test was used for biometric parameters of Z. marina,
except for those that did not follow a normal distribution, for
which a Mann-Whitney test was used. In the case of soil,
granulometric data were analyzed using a t-Student test, while
C stock data were analyzed using a one-way Anova.

RESULTS

Flood Water Parameters
Flood water from both sites was characterized by similar
pH values between sites, as well as similar to seawater
(pH ~8.2; Table 1), and a high ion concentration resulting in
a high electrical conductivity (54–55 mS cm−1) and salinity
(Table 1), similar to seawater, which suggests a low influence
of continental freshwater. Redox potential (Eh) showed mean
values over 500 mV, which is typical of oxic environments.

Characterization of Soils of Z. marina
Meadows
Soils from the O Baño meadow were characterized by mean
pH values close to neutral (pH: 7.2 ± 0.1; Table 2), redox potential
values typical of suboxic sedimentary environments (Eh 247 ±
70 mV), and electrical conductivity values notably lower than
those of flood water (16 ± 4.3 mS cm−1). Granulometric
composition was dominated by the sandy fraction, with an
average proportion of 79.4%, which showed high contents of
biogenic carbonates (21.0 ± 0.2%; mostly shells), and organic C
content was 0.73 ± 0.24%.

Soils from the Zostera marinameadow of Castelo San Felipe
showed differences with respect to those from the O Baño
population. pH (7.9 ± 0.2) and redox potential (Eh: 439 ±
18 mV) were higher, defining an environment with oxic
conditions, consistently with their granulometric
composition with a greater proportion of sand and lower
organic C contents. Another substantial difference was the
lower concentration of salts in soils from Castelo San Felipe
than in those from O Baño.

Variability in Biometric Parameters of
Zostera marina
Significant differences were observed in terms of shoot density (O
Baño 351.1 ± 131 shoots m−2; Castelo San Felipe 139 ±
65.1 shoots m−2), leaf width (cm) (O Baño 0.51 ± 0.06 cm;
Castelo San Felipe 0.60 ± 0.15 cm), petiole length (cm) (O
Baño 9.13 ± 2.12; Castelo San Felipe 14.3 ± 4.77 cm), and leaf
category, with category 3 as the predominant one in O Baño and
category 4 in Castelo San Felipe. Conversely, no significant
differences were found either in the number of leaves (O Baño
5.05 ± 0.44 shoots; Castelo San Felipe 5.16 ± 0.50 shoots), in their
length (cm) (O Baño 22.2 ± 6.29; Castelo San Felipe 26.9 ± 8.9 cm;
Table 3), or in rhizome length (cm) (O Baño 8.27 ± 1.57; Castelo
San Felipe 7.35 ± 0.24 cm). Similarly, no differences were found
for epigeal biomass (O Baño 49.4 ± 27.0; Castelo San Felipe 48.1 ±
33.4 g m−2), hypogeal biomass (O Baño 60.2 ± 33.9; Castelo San
Felipe 41.5 ± 16.2 g m−2; Table 3), or total biomass (O Baño
109.6 ± 59.1; Castelo San Felipe 89.5 ± 46.3 g m−2; Table 3).

Carbon Stock in Plant Biomass and in Soils
The C stock associated with Z. marina biomass did not show
significant differences either for epigeal (O Baño 0.18 ± 0.12; San
Felipe 0.17 ± 0.13 Mg C ha−1), hypogeal (O Baño 0.21 ± 0.12;
Castelo San Felipe 0.12 ± 0.05 Mg C ha−1), or total carbon (O
Baño 0.39 ± 0.23; Castelo San Felipe 0.30 ± 0.17 Mg C ha−1)
(Figure 2).

TABLE 1 | Physicochemical properties of flood water.

Location Sample size pH Eh EC Salinity

mV mS cm−1

O Baño 3 8.3 ± 0.07 611 ± 54 55 ± 0.1 36.4
S. Felipe 10 8.2 ± 0.03 590 ± 22 54 ± 0.2 na

na, not analyzed.
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Carbon stock in soil (Figure 3) was significantly higher in the
O Baño Z. marina meadow (4.58 ± 1.46 Mg C ha−1) than in the
Castelo San Felipe one (2.27 ± 1.69 Mg C ha−1; t = 3.76; p-value =
0.005). Significant differences were also observed between O Baño

and the Castelo San Felipe control site (0.30 ± 0.1 Mg C ha−1; t =
5.26; p-value <0.001). However, no significant differences were
observed between the O Baño control site (2.51 ± 0.40 Mg C ha−1)
and the Castelo San Felipe meadow (t = 0.29; p-value = 0.78). No
significant differences were observed between the control sites
(t = 2.27; p-value = 0.06) or between control sites and their
corresponding meadows (O Baño t = 2.55; p-value = 0.07; Castelo
San Felipe t = 2.42; p-value = 0.07) (Figure 3).

Isotope Ratio (δ13C, δ15N) in Plants and in
Soils
No significant differences in terms of δ13C content were observed
in any of the sites, either for the epigeal (δ13C: O Baño −8.67 ±
0.51‰; Castelo San Felipe −8.87 ± 1.32‰) or the hypogeal
portion of plants (δ13C: O Baño −10.00 ± 0.82‰; Castelo San
Felipe −9.83 ± 0.95‰). Likewise, no significant differences in
terms of δ15N content were observed for the epigeal (δ5N: O Baño
5.83 ± 0.80‰; San Felipe 6.43 ± 0.49‰) or the hypogeal portion

TABLE 2 | Geochemical characterization and composition of the soils on which Zostera marina grows in the ría de Ferrol.

Site Sample size pH Eh EC Coarse sand Fine sand Silt + Clay Carbonates Organic C

(mV) (mS cm−1) --------------------------------------(%)------------------------------------------

O Baño 10 7.2 ± 0.1 247 ± 70 16 ± 4.3 13.9 ± 5.2 65.5 ± 5.5 20.1 ± 0.2 21.0 ± 0.2 0.73 ± 0.24
Castelo S. Felipe 6 7.9 ± 0.1 439 ± 18 4 ± 3.3 62.9 ± 3.8 29.8 ± 3.5 7.3 ± 1.7 0.68 ± 0.2 0.35 ± 0.32

TABLE 3 | Biometric characterization of Zostera marina in the two main meadows
of the ría de Ferrol. Different letters indicate significant differences between
meadows.

Parameter O Baño Castelo san Felipe

Density (Shoot m−2) 351.1 ± 131.3 a 138.9 ± 65.1 b
Number leaves 5.05 ± 0.44 a 5.16 ± 0.50 a
Leaves length (cm) 22.2 ± 6.29 a 26.9 ± 8.9 a
Leaves width (cm) 0.51 ± 0.06 a 0.60 ± 0.15 b
Petiole length (cm) 9.13 ± 2.12 a 14.3 ± 4.77 b
Rhizome length (cm) 8.27 ± 1.57 a 7.35 ± 1.24 a
Leaf biomass (g m−2) 49.4 ± 27.0 a 48.1 ± 33.4 a
Rhizome biomass (g m−2) 60.2 ± 33.9 a 41.5 ± 16.2 a
Total biomass (g m−2) 109.6 ± 59.1 a 89.5 ± 46.3 a

FIGURE 2 | Mean organic C ± SD (Mg C ha−1) in each location. (A) Organic C in leaves, (B) in rhizomes, and (C) total.
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of plants (δ5N: O Baño 5.57 ± 0.31‰; Castelo San Felipe
6.43 ± 0.50‰).

As for soils, δ13C did not show any significant differences
between meadows and their matched control sites (δ13C: O
Baño −22.25 ± 1.71‰ and O Baño control site −22.17 ± 0.47‰;
Castelo San Felipe −5.40 ± 5.41‰ and Castelo San Felipe control
site −6.60 ± 2.66‰). However, there were differences between both
meadows (δ13C: O Baño−22.25 ± 1.71‰; Castelo San Felipe−5.40 ±
5.41‰). A similar situation was found for δ15N: there were no
differences between soils from each meadow and their matched
control site, but differences were observed between the twomeadows
(δ15N:OBaño 5.32 ± 0.075‰ andOBaño control site 5.10 ± 0.27‰;
Castelo San Felipe 5.73 ± 0.39‰ and Castelo San Felipe control site
5.57 ± 0.15‰).

DISCUSSION

C Stock in Zostera marina Biomass
Considering the area occupied by each one of the four
meadows present in the Ría de Ferrol, blue carbon
associated with Z. marina in the Ría de Ferrol was

4.25 Mg C, with the highest values found in the O Baño
meadow, with 3.56 Mg C, followed by Castelo de San Felipe
(0.44 Mg C), O Segaño (0.20 Mg C), and San Felipe Núcleo
(0.05 Mg C). Carbon stocks in the O Segaño and San Felipe
Núcleo meadows were estimated from the values obtained for
the closest meadow: Castelo de San Felipe. The value obtained
for biomass-associated carbon, 0.37 Mg C ha−1, was lower than
the value observed in the Eastern Atlantic by Röhr et al., 2018
(1.29 Mg C ha−1; Table 4), who recorded C stock data for a
wide range of Z. marinameadows across its entire distribution
area. Mean density in the Ría de Ferrol was found to be much
lower than the expected values for Western Atlantic Zostera
marina meadows (774 ± 275 shoots m−2). These values were
closer to those established for the Mediterranean Sea, Western
Pacific, and the Korean coast (Kim et al., 2022; Table 4), the
areas with the lowest density values. Epigeal biomass is much
lower than any values described by said authors (Table 4).
However, hypogeal biomass values were similar to previously
detected, although they were at the lowest end of the range.

As for leaf category, petiole length, and rhizome length, no
detailed studies have been found. Our results allowed inferring
that Castelo San Felipe showed more mature leaves (petiole
length: 14.3 cm; category 4) than O Baño (petiole length:
9.13 cm; category 3). Moreover, our results showed a high
biometric variability between both meadows, consistently with
previous studies (Samper-Villarreal et al., 2016; García-Redondo
et al., 2019). Said variability is common in the studied species due to
its phenotypic plasticity, enhanced by spatial and seasonal variations
(Samper-Villarreal et al., 2016; Bertelli et al., 2021), which makes
data extrapolation difficult.

In our case, biometric variables have been observed to relate
to plant biomass and to its C stock. Leaf length, which did not
show any significant differences between the two meadows,
appears to be a good predictor for epigeal biomass, as well as
for epigeal and total carbon stock (Figure 4). Shoot density was
highly correlated with hypogeal and total carbon stock
(Figure 4). Therefore, correlations were obtained between
biometric variables and carbon content in plants, as
observed in other studies (Kennedy et al., 2010; Samper-
Villarreal et al., 2016).

FIGURE 3 | Mean organic C ± SD (Mg C ha−1) in each location.

TABLE 4 | Biometric parameters and organic C stock in soils from different geographic sites with Zostera marina in relation with meadows of the Ría de Ferrol.

Sites Density Leaf biomass Rhizome biomass Organic C leaf & rhizome Soil O.C stock References

Shoot m−2 g m−2 g m−2 Mg C ha−1 Mg C ha−1

Baltic sea 397 ± 63 118 ± 17 102 ± 19 0.79 23.1 Röhr et al. (2018)
Black sea 736 ± 459 120 ± 56 72 ± 32 0.63 29
Eastern Atlantic 774 ± 275 78 ± 10 264 ± 134 1.29 55.4
Western Atlantic 381 ± 202 183 ± 46 180 ± 41 1.00 54
Eastern Pacific 549 ± 316 232 ± 61 111 ± 47 1.07 69.4
Western Pacific 287 ± 80 194 ± 53 56 ± 16 0.86 93.7
Kattegat-Skagerrak 319 ± 35 129 ± 15 125 ± 26 0.8 194.5
Mediterranean Sea 223 ± 55 73 ± 14 144 ± 40 0.62 351.7

South Korean Coast 154 ± 22.0 303 ± 43.5 71.1 ± 8.1 — 49.1 Kim et al. (2022)
East Korean Coast 219 ± 30.2 371.8 ± 85.7 67.2 ± 12.4 — 58.5
West Korean Coast 265 ± 16.1 331.4 ± 21.1 45.15 ± 6.7 — 71.3
Ría Ferrol 245 ± 98.2 48.8 ± 30.2 50.9 ± 25.0 0.37 82.14
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Conversely, no correlation has been observed between biometric
parameters and soil C stock. Kennedy et al. (2010) observed that
carbon inputs from seagrass meadows into soils accounts for around
50% of total C. Nevertheless, other authors obtained lower estimates.
Samper-Villarreal et al. (2016) observed that the meadow’s carbon
contribution to the substrate depended on the environment’s physical
characteristics (e.g., water turbidity and depth), ranging from 11.4% to
44.5%, while Röhr et al. (2016) observed that inputs from Z. marina
explained 10.9% of variations in the substrate’s carbon stock.

Blue Carbon in Seagrass Meadow Soils
Carbon stock values in soils of Z. marinameadows were 41.7Mg C
in O Baño, 3.36Mg C in Castelo San Felipe, 1.45Mg C in Segaño,
and 0.39Mg C in San Felipe Núcleo, which adds up to a total
46.9Mg C for the whole ria, or 4.11Mg C ha−1 when expressed per
unit of area, taking into account the upper 5 cm of the soil layer.
Extrapolating to a soil depth of 100 cm and based on the assumption
of homogeneous carbon, thus allowing for result standardization
(Lavery et al., 2013; Howard et al., 2014; Röhr et al., 2018; Prentice,
et al., 2020; Kim et al., 2022), carbon stock was estimated at
82.14Mg C ha−1.

Soil carbon stock was higher than expected for Eastern Atlantic
meadows, as well as for meadows in the Western Atlantic and in
most areas of theworld (Table 4). The sumof carbon contained inZ.
marina biomass and the carbon stock in soil was 4.48Mg C ha−1 for
the upper 5 cm and 82.5Mg C ha−1 for the upper 100 cm, which
suggests that the plant portion accounted for 8.25% of total C, a value
within the ranges described by other authors (Kennedy et al., 2010;
Röhr et al., 2016; Samper-Villarreal et al., 2016).

Our results show great differences between carbon stock in soil
and in meadows, suggesting that organic carbon in the substrate can
have other origins besides the meadows themselves. The origin of
organic carbon in soil can be inferred based on different proxies,
such as isotope ratios (δ13C and δ15N) or the C/N ratio; based on
these ratios, the marine or continental origin of organic matter in
soils and sediments can be inferred (for additional details, see García
Moya, 2014; Lamb et al., 2006; Kennedy et al., 2010; Röhr et al., 2018;
and Samper-Villarreal et al., 2016; Figure 5). According to these
ratios, organic carbon in the O Baño meadow could receive
continental inputs of organic matter, while in Castelo San Felipe,
organic matter seems to have an oceanic origin.

FIGURE 4 | Individual relationships between (A) total and leaf carbon
content (Mg C ha−1) and leaf length (cm); (B) total biomass (g m−2) and leaf
length; and, (C) total and rhizome carbon content and shoot density (m−2).

FIGURE 5 | Typical δ13C and C/N ranges for organic matter inputs to
coastal environments, together with data obtained from leaves, rhizomes, and
soil in both meadows and in control sites. Data compiled from: Lamb et al.
(2006), García Moya (2014), and Fourqurean, et al. (1997).
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In the O Baño site, the low value obtained for δ13C (−22.25‰)
and the high C/N ratio (18.58) were similar to those observed for
C3 terrestrial plants, while in Castelo San Felipe, the higher values
for δ13C (−5.40‰) and the lower C/N ratio (8.49) seem to
suggest a marine source of organic matter (Kennedy et al.,
2010) (Figure 5). Previous studies have observed that, due to
the scarcity of nitrogen and to the fact that the light isotope does
not tend to remain, the values of δ15N tend to be higher in
sheltered meadows than in exposed ones (Fourqurean et al., 1997;
Kennedy et al., 2010; Samper-Villarreal et al., 2016). In our case,
the variability observed was minimal, and the correlation was not
found, given that values in O Baño (5.3‰) were lower than in
Castelo San Felipe (5.7‰).

Finally, it is worth noting that the difference in C/N ratios
between O Baño and Castelo San Felipe may also be influenced by
their location (Fourqurean et al., 1997). Since O Baño is located
towards the innermost area, terrestrial matter tends to be
deposited, and its low nitrogen contents (due to the presence
of lignin and cellulose) result in high C/N ratios (Fourqurean
et al., 1997). The low exposure levels lead to a bottom with a silt-
clay granulometry, which promotes a higher degree of
recalcitrance, in addition to favoring organic matter
stabilization and retention, which could lead to a greater
carbon stock. In Castelo San Felipe, the values obtained for
the C/N ratio could be influenced by horizontal export
processes due to exposure (Lamb et al., 2006; Röhr et al., 2016).

CONCLUSION

Blue carbon associated with Zostera marina biomass in the Ría
de Ferrol (0.37 Mg C ha−1) was much lower than soil carbon
stock (4.11 Mg C ha−1) and clearly lower than values observed in
meadows of this species. However, soil carbon stock in the Ría de
Ferrol for the upper 100 cm (82.1 Mg C ha−1) was higher than
the data described by other authors for most meadows
worldwide, likely as a consequence of inputs of organic
matter of terrestrial origin received at some sites, as isotope
ratios and C/N ratios seem to suggest. However, a more detailed
characterization of the composition of organic matter (e.g., by
NMR or pyrolysis) could help more accurately confirming its
origin.

A high spatial variability was observed between both sites in
terms of carbon stock in the substrate, which is related to the
characteristics of the environment in which the meadows grow
(e.g., degree of exposure to marine currents or content of silt).

Finally, the high correlation observed between certain
biometric parameters of the plants, such as leaf length, and
biomass carbon stock in meadows can constitute a good
predictor to estimate the blue carbon globally associated with
Z. marina meadows. Further studies in different geographical
areas and during different seasons could provide additional data
that are essential to develop models for a more accurate
estimation of global carbon content in seagrass meadows.
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