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ABSTRACT

Coastal vegetated ecosystems such as saltmarshes
and seagrasses are important sinks of organic car-
bon (OC) and total nitrogen (TN), with large global
and local variability, driven by the confluence of
many physical and ecological factors. Here we
show that sedimentary OC and TN stocks of inter-
tidal saltmarsh (Sporobolus maritimus) and seagrass
(Zostera noltei) habitats increased between two- and
fourfold along a decreasing flow velocity gradient
in Ria Formosa lagoon (south Portugal). A similar
twofold increase was also observed for OC and TN
burial rates of S. maritimus and of almost one order
of magnitude for Z. noltei. Stable isotope mixing
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models identify allochthonous particulate organic
matter as the main source to the sedimentary pools
in both habitats (39-68%). This is the second esti-
mate of OC stocks and the first of OC burial rates in
Z. noltei, a small, fast-growing species that is widely
distributed in Europe (41,000 ha) and which area is
presently expanding (8600 ha in 2000s). Its wide
range of OC stocks (29-99 Mg ha™') and burial
rates (15-122 g m® y~') observed in Ria Formosa
highlight the importance of investigating the dri-
vers of such variability to develop global blue car-
bon models. The TN stocks (7-11 Mg ha™') and
burial rates (2-4 g m~? y~ ') of Z. noltei were gen-
erally higher than seagrasses elsewhere. The OC
and TN stocks (29-101 and 3-11 Mg ha™', respec-
tively) and burial rates (19-39 and 3-5 gm 2y ')
in S. maritimus saltmarshes are generally lower than
those located in estuaries subjected to larger accu-
mulation of terrestrial organic matter.

Key words: Blue carbon; Nitrogen; Seagrass;
Saltmarsh; Sediment stocks; Burial rates; Flow
current velocity.
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HIGHLIGHTS

e First assessment of OC and TN burial rates and
TN stocks of the seagrass Z. noltei.

e High variability of OC and TN stocks and burial
rates of saltmarsh and seagrasses.

e Carbon/nitrogen storage and sequestration de-
crease with flow current velocity.

INTRODUCTION

Coastal blue carbon sequestration, that is, the or-
ganic carbon accumulated and stored in coastal
vegetated ecosystems such as saltmarshes, man-
groves and seagrasses, is a significant process at a
global scale (Nellemann and others 2009). These
ecosystems are receiving increasing attention for
their disproportional ability to remove atmospheric
CO, and store it as organic carbon in their sedi-
ments on a long-term basis (hundred to million
years). This carbon represents 50% of the total
carbon of marine sediments, while occupying only
about 2% of the ocean surface (Duarte and others
2005). Still, their contribution to the global carbon
budget remains largely overlooked (Duarte 2017;
Macreadie and others 2019). Indeed, the recent
IPCC report (IPCC 2019) referred to these ecosys-
tems for the first time, highlighting the need to
improve the quantification of their carbon storage
to reduce current uncertainties around measure-
ment, reporting and verification. Equally impor-
tant, blue carbon ecosystems are relevant in other
major global biogeochemical cycles, for example,
the nitrogen cycle (Jordan and others 2011; Eris-
man and others 2013).

Most of the organic carbon (OC) and total
nitrogen (TN) stocks in coastal vegetated habitats
are in the sediment, with a smaller fraction being
held in standing biomass (Duarte and others 2013;
Bulmer and others 2016; Serrano and others 2019).
These sedimentary stocks originate from the burial
of both autochthonous and allochthonous organic
matter (Hendriks and others 2008; Kennedy and
others 2010). The size of OC and TN stocks is driven
by a balance between the rate at which these ele-
ments are buried and the rate at which they are re-
mineralized, which is controlled by a wide range of
biotic and abiotic parameters (Mateo and others
1997; Burdige 2007; Koho and others 2013; Ma-
creadie and others 2014). Hydrodynamic energy,
for example, is negatively related to grain size, with
fine sediments being associated with low hydro-
dynamics and thus low-energy sediment deposi-

tional areas (Christiansen and others 2000;
Mazarrasa and others 2017; Santos and others
2019). In turn, mud content is highly predictive of
organic carbon content in sediments as smaller size
particles are associated with higher OC contents
(Bergamaschi and others 1997; Dahl and others
2016; Rohr and others 2016; Mazarrasa and others
2017) and lower remineralization rates (Burdige
2007; Kennedy and others 2010; Schmidt and
others 2011; Koho and others 2013). The hydro-
dynamic regime (for example, hydroperiod and
current velocities) acting on seagrasses and salt-
marshes can also affect the ratio of allochthonous
vs. autochthonous organic matter contribution in
the sediment, by altering the organic matter import
and export rates to the habitat (Hyndes and others
2014).

Information on carbon stocks and burial rates in
coastal vegetated ecosystems has grown rapidly
over the past few years (Duarte 2017; Macreadie
and others 2017; Serrano and others 2018), but
global estimates still suffer from bias towards cer-
tain species and locations. Organic carbon stocks in
seagrass meadows can vary up to 18-fold among
species (Lavery and others 2013). In saltmarshes,
large variations in OC stocks occur also among
species and among hydrodynamic regimes
(Ouyang and Lee 2014). Despite the increasing
number of studies on blue carbon stocks, the con-
tribution of some seagrass species, in particular
small fast-growing species, is still underrepresented
(Mazarrasa and others 2018). For example, there is
only one estimate of the blue carbon stocks for the
species addressed here, Zostera noltei, which covers a
wide, expanding area in Europe (41,072 ha with a
net gain of 8589 ha during the 2000s; de los Santos
and others 2019). In addition, there has been more
focus on the blue carbon stocks of seagrass mead-
ows than of saltmarshes, which are commonly co-
occurring habitats (Ouyang and Lee 2014).

Mesotidal coastal lagoons, where seagrass
meadows and saltmarshes commonly co-exist, are
some of the most vulnerable ecosystems on Earth
as they are exposed to many human impacts de-
rived from resource exploitation, coastal works and
global changes such as sea level rise (Murray and
others 2019; Deegan and others 2012). The Ria
Formosa lagoon, in South Portugal, is an example
of such ecosystems. It was declared a Natural Park
in 1987 to secure its ecological values, but it is still
under the effects of a high human pressure. This
has resulted in the decline of seagrass coverage due
to the establishment of clam farms, clam digging,
propeller scarring and anchoring (Cunha and oth-
ers 2013).
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The present work aims to quantify the sedi-
mentary organic carbon (OC) and total nitrogen
(TN) stocks, burial rates and the source of such
stocks in intertidal coastal vegetated habitats of the
Ria Formosa lagoon. The study was conducted
along a flow velocity gradient as established in
Santos and others (2019) in the vegetated low
intertidal, where the saltmarsh species Sporobolus
maritimus (Curtis) P.M. Peterson & Saarela (for-
merly Spartina maritima (M. A. Curtis) Fern.) and
the seagrass Zostera noltei Hornemann co-occur. The
OC and TN stocks and burial rates in Ria Formosa
lagoon were compared to values reported else-
where to evaluate their relative importance and
how underrepresented species such as Z. noltei may
influence global estimates of carbon sequestration.

MATERIALS AND METHODS
Study Area and Sampling

Ria Formosa is a coastal lagoon system located
along the southern Portuguese coast, extending
across 56 km (Figure 1). It is separated from the
ocean by two peninsulas and five barrier islands
and connected to it through six inlets. The lagoon is
subjected to a mesotidal semi-diurnal regime, with
amplitudes ranging from 1.3 to 3.5 m on neap and
spring tides, respectively, with the intertidal area
largely colonized by the seagrass Z. noltei and the
saltmarsh S. maritimus. The system receives little
freshwater inputs from rivers (Malta and others
2017), and water circulation is mostly driven by
tides (Jacob and others 2013). The sediment varies
from coarse sand along the channels near the inlets
to muddy sand and mud towards to the hinterland
areas. Ria Formosa is subject to both natural sedi-
mentary processes and anthropogenic modifica-
tions, including high nitrogen loads from
wastewater treatment plants and groundwater in-
puts (Malta and others 2017), dredging of the
navigation channels (Ferreira and others 2016) and
physical impacts related to clam digging (Cabaco
and others 2005). The artificial opening in 1929
and later stabilization of the main inlet (Faro-Ol-
hao, Figure 1) had a particular impact in the mor-
phology and tide circulation in the system.

Four intertidal sampling stations were selected
along a flow velocity gradient (Figure 1), from
stations S1 to S4 (Santos and others 2019). The
median flow velocity at each station was 0.34, 0.33,
0.24 and 0.21 m s~', from stations S1 to S4 (as
modelled by Carrasco and others 2018). Station S1
was located at the main navigation channel near
the main inlet, whereas stations S2-S4 were lo-

cated along a tributary channel, in sheltered loca-
tions (Figure 1).

Sediment cores were collected in January and
February 2017 in each station, within the lower
intertidal seagrass Z. noltei (ZN) and above it, within
the contiguous saltmarsh S. maritimus (SM). Cores
are named hereafter as the habitat (ZN or SM) and
the station number (for example, ZN1, for Z. noltei
in station S1). Sediment cores were extracted by
manually hammering PVC pipes (160 cm length,
4.8 cm internal diameter) into the sediment, with a
penetration depth ranging from 120 to 160 cm.
Sediment compaction during coring was measured
as the difference in surface sediment elevation in-
side and outside the core (Glew and others 2001)
and ranged from 15 to 44%. All results presented
hereafter refer to equivalent decompressed depths.
The cores were sealed at both ends, transported to
the laboratory in vertical position, and immediately
halved longitudinally and sliced every 2 cm. Slices
were subdivided for various analytical procedures
and frozen at — 20 °C until processing.

Geochemical Analyses

Geochemical analyses were conducted every other
2 c¢m along the upper 50 cm. Below 50 cm, samples
were collected when changes in sediment texture
and colours were observed, at the start and at the
end of each layer. An additional slice was collected
in the middle of layers that were thicker than
30 cm. Sediment samples were extracted from each
slice with volumetric tubes (ranging from 1 to 7.5
cm’), lyophilized (24 h), weighted (dry weight,
dw, £ 0.0001 g) to determine dry bulk density
(DBD, g dw cm™®) and ground to fine powder
(Fritsh planetary ball mill, using agate material). A
subsample of ca. 0.5 g dw was used for elemental
and isotopic determination at UH Hilo Analytical
Laboratory (Hawaii, USA). Organic carbon content
(OC, % dw) and ¢'>C (9, relative to Vienna Pee
Dee Belemnite; & 0.2 %,) were determined after
removal of inorganic carbon by direct addition of
1M HCIL. The OC content of sediment was referred
to the initial mass before acidification. Total nitro-
gen content (TN, % dw) and 6'°N (%, relative to
Air; + 0.2%,) were determined on non-acidified
samples. A second subsample was subjected to loss
on ignition analysis (450 °C, 4 h) to determine
organic matter content (OM, % dw). A third sub-
sample was used to determine mud sediment con-
tent (< 63 um, % dw) by wet sieving after removal
of dissolved salts with distilled water (24 h) and
organic matter digestion with hydrogen peroxide in
increasing concentrations, up to 30%. The sedi-
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Figure 1. Location of the sampling stations (from the most exposed station, S1, to most sheltered one, S4) in Ria Formosa
lagoon (South Portugal). Current flow velocities decrease along the dashed arrow.

ment stocks of OC and TN (Mg ha™') were esti-
mated to a standardized depth of 1 m by multi-
plying OC or TN contents (% dw) by DBD (g cm™’),
and depth integrating the OC and TN contents
using the trapezoidal rule (https://www.intmath.c
om/integration/5-trapezoidal-rule.php), that is,
summing the areas of all trapezes of the graphs of
OC or TN values along sediment depth.

Sediment Accumulation and Burial Rates

The sediment cores were analysed for 210Pb at
Edith Cowan University to estimate the sedimen-
tation rates during the last decades/century fol-
lowing Sanchez-Cabeza and others (1998).
Aliquots of each sample along the upper layers of
the sediment cores were acid-digested after addi-
tion of 209Po as an internal tracer, and the con-
centrations of 210Pb were determined by alpha
spectrometry through the measurement of 210Po,
assuming secular equilibrium between 210Pb and

210Po. Supported *'°Pb was calculated from its
constant concentrations at depth and *?°Ra (de-
termined by gamma spectrometry) in selected
samples along each core. The concentrations of
excess 2'°Pb, used for the age models, were esti-
mated as the difference between total *'°Pb and
supported *'°Pb. Both the Constant Rate of Supply
(CRS, Appleby and Oldfield 1978) and the Con-
stant Flux: Constant Sedimentation (CF:CS;
Krishnaswamy and others 1971) models were ap-
plied when possible, following the recommenda-
tions detailed in Arias-Ortiz and others (2018).
When both models could be applied, the mass and
sediment accumulation rates (MAR, g cm ™ y !
and SAR, cm y~ ') were estimated as the average of
both models (Supplementary material, Table S1).
Although the ?'°Pb dating technique allowed us
to determine the OC and TN accumulation rates in
five cores (SM3, SM4, ZN1, ZN3, and ZN4; Sup-
plementary material, Figure S1), the concentration
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profiles of excess 210ph in cores SM1, SM2 and ZN2
could not be used to obtain an age model due to
mixing of sediments along them. This is common in
coastal vegetated ecosystems of heterogeneous
sediments with varying inputs of organic material,
which are disturbed by natural and anthropogenic
processes resulting in sediment mixing and changes
in sedimentation or erosion rates (Arias-Ortiz and
others 2018). As an alternative for these cores
(SM1, SM2 and ZN2), an historical reconstruction
was performed based on a common sudden change
from superficial horizons characterized by thinner
sediment and darker colour to deeper horizons
with coarser sediment and light colour. The intru-
sions of coarser sediments in those stations were
assumed to have occurred during the period from
1929 to 1955 relative to the artificial opening and
subsequent stabilization of the Faro-Olhdo inlet
(Pacheco and others 2011). Sediment accumula-
tion rates for these were estimated dividing the
depth of the superficial horizon by 62 years, the
time interval since the works of the inlet opening
ended and the sediment sampling. The OC and TN
burial rates (g m~2 y ') were calculated as the
product of the average sediment accumulation
rates (SAR, m y ') and the average OC or TN
densities (g m ) along the core.

We used the sand intrusion event observed in
ZN1 at 31 cm depth to wvalidate the 210Pb
chronology. This sandy layer was assumed to
originate from the artificial opening, which oc-
curred from 1929 and 1955. The age of this layer
estimated by 210Pb chronology lies between 1929
and 1942, which corresponds to the period of the
artificial inlet opening.

Organic Matter Sources

The contributions of the main source of organic
matter (OM) to the sedimentary organic matter
pool were determined using Stable Isotope Mixing
Models (SIMMR version 0.3, Parnell 2019). Models
were ran with 2 tracers, 6'°C (%, vs VPDB) and
0'°N (%, vs Air) of the sediment samples and of the
potential OM sources. All sediment layers were
included in the analysis, except those with very low
mud and OM contents due to exogeneous sand
intrusions because they do not represent the nat-
ural vegetated habitat. Changes of isotopic values
along sediment depth were minor.

Markov Chain Monte Carlo simulations (chain
length of 100,000, burn-in size of 50,000, thinning
amount of 50 and 3 chains) were carried out to

reveal the significant contributors. The potential
OM sources in the area were considered to be
Sporobolus maritimus (SMt), Zostera noltei (ZNt),
microphytobenthos (Mic), macroalgae (Mac) and
particulate organic matter in the water column
(POM). The autochthonous contributions were
those derived from within the meadow (the dom-
inant macrophyte and microphytobenthos),
whereas the allochthonous contributions were
POM, macroalgae and the other macrophytes (SMt
in ZN sediments, ZNt in SM sediments). We are
aware that increasing the number of sources be-
yond n + 1, where n is the number of tracers, in-
creases the uncertainty of results (Parnell and
others 2010). However, the model was run with
various number of sources and the main results
were not affected. Samples of potential sources
were collected in situ and pooled with previously
recorded data (Machas and others 2003; Santos, R.
unpublished data). The '°C (mean + SD) for the
potential sources was: — 15.3 £ 1.3 9/, for Mac
(n=12); — 14.3 for Mic (n=1); — 20.8 = 0.9 %,
for POM (n=21); —13.2+ 0.6 9, for SMt
(n=18); and — 10.3 £ 0.8 9, for ZNt (n = 48).
0'°N signatures were (same sample size): 8.8 + 1.1
%o for Mac; 5.4 for Mic; 3.9 £ 2.2 9, for POM;
6.8 £ 1.7 9, for SMt; and 6.1 £ 1.9 9, for ZNt.

Statistical Analyses

Data are shown as mean £ SD unless otherwise
stated. Assumptions of  normality and
homoscedasticity were checked by inspection of
residual plots. The relationships between OM and
mud contents and OC or TN contents were ob-
tained by OLS regression after testing the signifi-
cance of habitat in those relationships using a 2-
way ANCOVA, with OM (continuous) and habitat
(2 levels: ZN and SM), and their interaction as fixed
factors. Differences between sediment properties
(OM and mud contents) among sampling stations
and between habitats were tested using weighted
type III two-way ANOVA, using habitat (2 levels:
ZN and SM) and station (4 levels: S1 to S4) and
their interaction as fixed factors. The weight of
each sample corresponded to the layers along the
core. Tukey pairwise comparisons were used to test
for differences in mean OM and mud contents
among the factor levels. A critical o level of signif-
icance of 0.05 was used. Data and statistical anal-
yses were performed in R programming language,
version 3.5.1 (R Core Team 2018).
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REsuLTs
Sediment Profiles and Stocks

The OC, TN and mud contents of profiles in each
site were similar within each vegetated habitat of
Ria Formosa lagoon (Figure 2). The OC content of
sediment profiles was one order of magnitude
higher than TN, ranging between 0.05 and 4.25%,
whereas TN ranged from 0 to 0.44% (Figure 2). In
general, OC, TN and mud contents at S. maritimus
and Z. noltei habitats were higher in the sediment

surface and declined with depth, although no par-
ticular trends could be observed. For cores SM1 and
SM2, OC, TN and mud contents showed sharp
decreases from the surface to ca. 20 cm depth
(Figure 2), where sandy layers with low OC and TN
contents were present down to 85 cm in SM1 and
to 62 cm in SM2. Below these sandy layers, OC, TN
and mud contents pronouncedly increased in SM2,
and to a lesser extent in SM1. This suggests that an
event of accumulation of sandy sediments occurred
in the main navigation channel, probably related to
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Figure 2. Sediment depth profiles of organic carbon (OC, % dw), mud (% dw) and total nitrogen (TN, % dw) contents in
saltmarsh Sporobolus maritimus (blue, continuous line) and seagrass Zostera noltei (green, dashed line) habitats along the

current flow gradient, from sampling stations S1 to S4.
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the artificial opening of the Faro-Olhdo inlet in
1929, which had a smaller impact in SM2, that lies
in the entrance of a secondary channel. ZN1 and
ZN2 sites show the same trend, albeit less pro-
nounced (Figure 2). OC, TN and mud contents of
cores SM3 and SM4 generally decreased with sed-
iment depth, whereas in ZN3 and ZN4 values re-
mained constant down to ca 60 cm depth, after
which OC and TN decreased in ZN4 and increased
in ZN3, reaching a maximum of 4.25% OC and
0.44% TN at 139 cm.

The linear relationships of OM content with both
OC and TN were similar between habitats (Sup-
plementary material, Table S2). Across habitats and
stations, OM content was highly and positively
related to OC and TN (Supplementary material,
Figure S2). Sedimentary OM and mud contents
increased significantly along the flow velocity gra-
dient from stations S1 to S4 (F;5, 128 = 9.6,
p < 0001, Figure BA, and F(3, 128) = 252,
p < 0.001, Figure 3B, respectively), but did not
differ between habitats (Fj 125 = 0.1, p > 0.05

and Fj 128 = 1.587, p > 0.05, respectively). OC
stocks in the upper meter in S. maritimus varied
threefold, ranging from 29 Mg OC ha™! in S1 to
101 Mg OC ha~! in S4 (Figure 3C). In Z. noltei, OC
stocks varied by a factor of 2, increasing from
47 Mg OC ha ! in SI to 99 Mg OC ha ! in S4
(Figure 3C). The same trend was observed in TN
stocks, which ranged from minima of 3 Mg TN ha™!
and 7 Mg TN ha™' in S1, for S. maritimus and Z. noltei,
respectively, to maxima of around 11 Mg TN ha™ ' in
S3 for S. maritimus and in S4 for Z. noltei (Figure 3D).

Sediment Accumulation and OC and TN
Burial Rates

The pattern of variation in SAR at S. maritimus and
Z. noltei habitats along the flow current gradient is
not as clear as OC and TN stocks (Table 1). SAR at
the saltmarsh was about twofold higher at S3 and
S4 (3.08 and 3.62 mm y ') than at S1 and S2 (1.51
and 1.59 mm y_l; Table 1), whereas for Z. noltei,
SAR was more variable among stations, ranging
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Figure 3. Variation in (A) organic matter (OM) content (% dw), (B) mud content (% dw), (C) organic carbon (OC) stock
(Mg ha™") and (D) total nitrogen (TN) stock (Mg ha™"'), in the sediment of Sporobolus maritimus and Zostera noltei along the
current flow gradient, from sampling stations S1 to S4. The thick centre line represents the median, hinges indicate the
25th and 75th quantiles, whiskers indicate the 5th and 95th quantiles, and outliers are plotted as dots. Letters over the
boxplots indicate statistical differences among stations (two-way ANOVA, Tukey pairwise comparisons, p < 0.05) for Z.

noltei (lower case) and S. maritimus (upper case).
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Table 1.

Sediment Accumulation Rates (SAR), Organic Carbon (OC) and Total Nitrogen (TN) Burial Rates

Estimated for the Past 50 Years in Saltmarsh Sporobolus maritimus (SM) and Seagrass Zostera noltei (ZN)
Sediment Cores at Four Stations Located Along a Flow Velocity Gradient (From Most Exposed Station S1 to

Most Sheltered Station S4) in the Ria Formosa Lagoon

2

TN burial rate (g m >y~ ") SAR estimation method

Core SAR (mm y ') OC burial rate (g m 2y %)
SM1 1.51 24.02

SM2 1.59 19.35

SM3 3.62 + 0.21 39.36 + 2.29

SM4 3.08 &+ 0.27 33.95 + 2.96

ZN1 3.69 + 0.26 23.06 £+ 1.65

ZN2 1.64 15.20

ZN3 15.76 = 0.75 121.97 £+ 5.82

ZN4 4.35 4+ 0.45 39.25 £ 4.14

2.07 Historical reconstruction
2.14 Historical reconstruction
4.64 £ 0.27 210pp
421 +0.37 210pp,
3.16 & 0.22 210pp
2.02 Historical reconstruction
14.42 4+ 0.69 210pp,
4.49 + 0.47 210p

The age dating method used to estimate the SAR is also presented. Values represent mean £ SD for estimations from models CRS and CF:CS.

from 1.64 at ZN2 to 15.76 mm y ' at sheltered
station ZN3 (Table 1). Estimated OC and TN burial
rates ranged from 19.35 to 39.36 gm ™ y~' and
2.07 to 4.64 gm > y !, respectively, for S. mar-
itimus and from 15.20 to 121.97 gm 2 y ' and
2.02 to 14.42 g m 2 y !, respectively, for Z. noltei

(Table 1).

Sources of organic matter

The ranges of variability of 6'°C and 6'°N of the
sediment samples were similar for S. maritimus and
Z. noltei and fell within the polygon delimited by
the isotopic signatures of the potential OM sources
(Figure 4). The mixing model results indicated that
water column, allochthonous POM, was the main
source of sedimentary OM in all stations and both
habitats, contributing on average between 39 and
68% to the OM sedimentary pool (Figure 5). The
autochthonous contributions to sedimentary OM
are quite similar between the saltmarsh and the
seagrass habitats, varying from 28 to 36% and from
19 to 40%, respectively (Figure 5).

DiscussioN
OC and TN Stocks and Burial Rates

Our results show that OC and TN sediment stocks
of the upper meter of vegetated intertidal habitats
of Ria Formosa, the seagrass Z. noltei and the salt-
marsh S. maritimus, increased two- to threefold
from high to low flow current sites, with no dif-
ferences between habitats. These estimates include
the sandy layers related to the artificial opening of
the Faro-Olh&o inlet that, albeit being characteristic
of this system, do not represent the storage of car-

bon by vegetated habitats. If the sand layers are
excluded from OC and TN estimates of stocks, the
negative trend of OC and TN stocks from low to
high current flow sites is still apparent (Figure 6),
albeit less pronounced, and the stock of SM2 stands
out as an outlier. Before the artificial opening of the
nearby inlet, this was probably a more privileged
site of OC and TN sequestration where hydrody-
namics was certainly much lower and where the
sudden accumulation of sand may have lowered
organic matter decomposition. In fact, this is very
evident at station SM2, where the OC and TN
contents are similar above and below the sand
intrusion (Figure 2).

Similarly, the OC and TN burial rates increased
from sheltered to exposed sites by twofold in S.
maritimus and by almost an order of magnitude in
Z. noltei. A similar variation pattern along the same
stations was observed for the upper 5 cm OC and
TN sedimentary stocks of Z. noltei, which increased
3- and 2.4-fold, respectively, but not for S. mar-
itimus (Santos and others 2019). The negative
relationship of flow current with stocks was not as
pronounced in superficial layers, were disturbances
such as bioturbation and clam harvesting enhance
the oxidation of organic matter. The use of the
system by clam and bait harvesters has increased
during the last decades following the general pop-
ulation and touristic demand growth, increasing
the disturbance of surface sediments and probably
decreasing their carbon storage. This highlights the
disadvantages of using short sediment cores (for
example, 25 cm) to estimate sedimentary OC and
TN stocks for the upper 1 m of sediment (for
example, as in Fourqurean and others 2012; Lavery
and others 2013; Rohr and others 2018).
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Figure 4. Bi-plot of isotopic signatures (6'>C and §'°N) of the sediment samples across stations (from the most exposed
station, S1, to most sheltered one, S4) and organic matter sources (mean £ SD) at the Sporobolus maritimus (A) and Zostera
noltei (B) habitats. Sources are: particulate organic matter (POM, # = 19), macroalgae (Mac, n = 12), microphytobenthos
(Mic, n = 1), tissues of S. maritimus (SMt, n = 18), tissues of Z. noltei (ZNt, n = 18).

The negative relationship between high flow
velocities and carbon storage and sequestration in
seagrass meadows is supported by previous reports
of such a relationship with hydrodynamic energy,
assessed in different ways, including wave height
and coastal exposure (Hasegawa and others 2008;
Kindeberg and others 2018; Jankowska and others
2016; Samper-Villarreal and others 2016; Serrano
and others 2016a, b; Mazarrasa and others 2017;
Dahl and others 2018). Spatial gradients of OC and
TN stocks in seagrass sediments within coastal
systems such as tidal lagoons and estuaries where
current flow is highly variable must then be con-
sidered in blue carbon estimates (Ricart and others
2020). Similar patterns were described for salt-
marsh sediments, which contain more fine particles
and higher organic matter contents in more shel-
tered areas (Kelleway and others 2016; Macreadie

and others 2017). The differences in mud contents
along hydrodynamic gradients, which are resus-
pended above specific thresholds of flow (Friend
and others 2003), can also influence the potential
for carbon sequestration within the sediments of
vegetated habitats, as small particles compact more,
decreasing oxygenation and thus the mineraliza-
tion rates of organic matter (Ricart and others
2015; Serrano and others 2016a, b).

In spite of the vast literature highlighting the
negative relationship between hydrodynamic re-
gime and storage of organic carbon within sea-
grasses and saltmarshes, the mechanistic
understanding of the interactions among the sys-
tem components that explain the observations is
less well known. In shallow coastal ecosystems,
plant canopies create a strong drag, attenuating
waves and reducing the water flow current (Moki
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and others 2020), thus enhancing fine sediment
deposition including organic matter (Gacia and
others 1999; Bouma and others 2005). This process
can lead to reduced particle suspension and in-
creased sediment bed stability (Terrados and Duarte
2000), but there are also reports of enhanced tur-
bulence (Shan and others 2020; Yager and Sch-
meeckle 2013; Yang and Nepf 2018), increasing
fine sediment resuspension and transport (Cheng
and Emadzadeh 2017). The understanding of these

opposing processes is critical for understanding the
carbon deposition in seagrasses and saltmarshes. As
well, the prediction of the hydrodynamic drag
experienced by seagrass and saltmarsh plants,
which can present a wide range of morphologies
and structural and mechanical traits (Tempest and
others 2015; de los Santos and others 2016), has
hindered the development of models of wave and
flow attenuation (Zhang and Nepf 2021), and thus
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the modelling of carbon sequestration by coastal
ecosystems.

Contributions to Sedimentary Organic
Matter

Autochthonous organic matter, which includes the
main macrophytes and microphytobenthos, con-
tributes with 20-40% of the sedimentary OC and
TN stocks of both vegetated habitats in Ria Formosa
lagoon, supporting the results previously obtained
for superficial sediments (Santos and others 2019).
The autochthonous contribution within Z. noltei of
Ria Formosa is similar to the most common values
reported for other seagrasses (for example, Ken-
nedy and others 2010; Miyajima and others 2015;
Rohr and others 2018). Data on saltmarshes are
scarcer than on seagrasses, suggesting that auto-
chthonous contributions increase with elevation
and range from 30 to 60% (Zhou and others 2006;
Gebrehiwet and others 2008; Craven and others
2017).

The specific contribution of Z. noltei to their own
sedimentary OC stock, from 8 to 10%, is lower
than what has been reported for other species, from
20 to 80% (Kennedy and others 2010; Jankowska
and others 2016; Serrano and others 2016a, b). The
low contribution observed in Ria Formosa probably
results from the leaf traits of Z. noltei, as other small
seagrasses, with low biomass density and up to
60% of aerenchyma tissue (Silva and Santos 2004),
which results in high buoyancy and facilitated tidal
transport to adjacent habitats. Sporobolus maritimus
tissues contributed slightly more to their own sed-
iment, between 9 and 14%. The high allochtho-
nous contribution in seagrasses, mostly from POM,
reinforces the importance of submerged vegetation
at decreasing the water turbidity by trapping sus-
pended particles, an ecological process that under-
lines one of their main ecosystem services, water
filtration (Bouma and others 2005; Hendriks and
others 2008).

OC and TN Stocks and Burial Rates
in a Global Context

The sedimentary OC stocks in the upper meter of Z.
noltei in Ria Formosa lagoon ranged from 29 to
99 Mg OC ha~', much lower than the global
average of OC stocks in seagrasses (140 £ 370 Mg
OC ha™'; Fourqurean and others 2012). However,
the global estimate is highly skewed towards the
large Mediterranean seagrass species, Posidonia
oceanica (Lavery and others 2013), for which stocks
may attain up to 740 Mg OC ha~' in the first meter

of sediment (Serrano and others 2014). In a recent
study in Australia, the mean stock of blue carbon in
seagrass sediments was estimated as 112 + 88 Mg
OC ha™' (Serrano and others 2019). The values we
obtained for Ria Formosa are lower than those of
the congeneric species, Z. marina, that range from
72 to 140 Mg OC ha™' (Miyajima and others 2015;
Rohr and others 2018; Green and others 2018).

As for the OC burial rates within Z. noltei sedi-
ments, they ranged from 15 g OC m* y ' at the
high flow current site to 122 ¢ OC m? y~ ' at the
low flow current site. This is a wide range of values,
in the same order of the range reported for Posido-
nia spp. (2-140 g OC m? y~'; Serrano and others
2014) and of the average sequestration rates in
seagrasses in Australia (36 £30g OC m® y ';
Serrano and others 2019). There are no other
available estimates for Z. noltei, but burial rates in Z.
marina are similar, ranging from 3 g OC m? y !
(Miyajima and others 2015) to 93 g OC m* y~
(Prentice and others 2020). A global estimate for
seagrass burial rates of 138 & 38 g OC m? y~ ' was
published by Mcleod and others (2011), a value
that is certainly overestimated (Lavery and others
2013) and that has been recently revised to be
between 20 and 30g OC m” y ' (Arias-Ortiz
2019).

The OC stocks estimated in S. maritimus at Ria
Formosa lagoon were similar to Z. noltei, ranging
from 29 to 101 Mg OC ha™!, lower than the stock
range reported in the literature, 237-949 Mg OC
ha~! (Pendleton and others 2012). The burial rates
estimated in the lagoon, from 19 t0 39 gOCm 2y},
indicate limited OC sequestration by saltmarshes,
as they are lower than the values reported in a
recent, thorough review (Ouyang and Lee 2014).
The global geographic estimates range from an
average of 172 + 18 g OC m 2y~ ! in NW Atlantic
to 315+ 63 g OC m ? y ! in N Europe. Average
values for Southern Europe of 306 + 86 g OC m ™2
y ! are also much higher than those found at Ria
Formosa lagoon. One explanation for this is that
most of the studied saltmarshes are in estuaries,
where terrestrial inputs of organic matter are
important, as opposed to those in Ria Formosa
where there are no major rivers and the C dis-
charges from streams are negligible (Malta and
others 2017). In fact, while the §'>C of sedimentary
organic matter in the vegetated habitats of Ria
Formosa ranges from — 194 to — 15.1 9,
(mean — 17.2 9%,), in estuarine saltmarshes, it
ranges from — 24.5 to — 14 9%, (mean — 19.9 9,).
The most depleted '>C values in estuarine salt-
marshes are indicative of terrestrial carbon inputs.

1

1
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As opposed to OC stocks, estimates of TN stocks
and burial rates in vegetated coastal habitats are
very scarce. To the best of our knowledge, this is
the first assessment of TN stocks and burial rates for
the seagrass species Z. noltei, which ranged from 7
to 11 Mgha™! and from 2 to l4gm 2 y ',
respectively. These TN stocks are higher than those
reported elsewhere, as those of Z. marina along the
Danish coast (Kindeberg and others 2018), from
0.2to 4 Mg ha™', and those of the Red Sea and the
Arabian Gulf seagrasses, 0.6 and 3 Mg ha™!,
respectively (Saderne and others 2020). Similarly,
burial rates of TN in Z. noltei meadows in Ria For-
mosa are also higher than elsewhere, for example,
for seagrasses of the Red Sea and the Arabian Gulf,
0.5 and 2.2 g TN m ? y~ !, respectively (Saderne
and others 2020), of Shark Bay, Australia, 2.9 g TN
m 2 y~! (Saderne and others 2020), of estuarine
systems of New South Wales, Australia, 1.3t08.2 g
TN m~ 2 y~ ! (Eyre and others 2016), and of Vir-
ginia, USA, 3.5¢ TN m 2 y ' (Aoki and others
2019).

The TN stocks of S. maritimus in the Ria Formosa
ranged from 3 to 11 Mg TN ha~'. These stocks are
similar to those reported in a restored S. maritimus
marsh in Huelva estuary (Spain), 4.2 Mg ha™!
(Curado and others 2013). The TN burial rates of S.
maritimus in the Ria Formosa, from 3 to 5 g TN m 2
y~!, are higher than the saltmarshes of Saudi
Arabia, 0.7-0.18 g TN m ?yr ' (Saderne and
others 2020) and similar to those of the Bay of
Cadiz, Spain, 3-4.4 ¢ TN m ? y~' (Jiménez-Arias
and others 2020), and of Cape Fear River in North
Carolina (USA), 5¢ TN m * y~! (Noll and others
2019). On the other hand, TN burial rates in Ria
Formosa are much lower that the rates reported in
the Ria de Aveiro, Mondego and Tagus estuaries,
Portugal, ranging from 23.3 to 61.3 ¢ TN m >y~ !
(Sousa and others 2008, 2017). As previously noted
for OC burial, these systems show very high TN
burial rates because they are located in estuaries of
large rivers, where there are large inputs and
accumulation of terrestrial organic matter and
nutrients.

In conclusion, the variability of OC and TN stocks
and burial rates within vegetated habitats of Ria
Formosa lagoon is large, mainly due to important
gradients in the flow current velocities from main
inlets and main navigation channels, with high
current flow velocities, to secondary and tertiary
channels, with low current flow velocities (Santos
and others 2019). High variability of stocks and
burial rates has also been reported at a global scale,
for example, OC stocks in seagrasses may vary up to
46-fold, much more than the previous 18-fold re-

ported in Lavery and others (2013). This highlights
the importance of both investigating the drivers of
that spatial variability and developing spatially ex-
plicit models to estimate global patterns in blue
carbon and nitrogen sequestration and storage. Our
long-term approach study, as in the previous short-
term approach (Santos and others 2019), shows
that current flow velocity is a major driver. Yet, the
influence of other factors, such as the inputs of
organic matter loads that may vary with the type of
systems, for example, open coast, coastal lagoons or
estuaries, or the sediment conditions for organic
matter mineralization, needs to be investigated.

The data reported here add to the growing
number of estimates of organic carbon stocks of
blue carbon ecosystems, particularly of underrep-
resented species such as the seagrass Z. noltei and
the saltmarsh S. maritimus, to reduce current
uncertainties of the global quantification of blue
carbon. We provided here the second estimate of
OC carbon stocks and the first estimate of OC burial
rates of Z. noltei, a small, fast growing species, that is
widely distributed in Europe and which area is
presently recovering in many locations (de los
Santos and others 2019). Z. noltei TN stocks and
burial rates in Ria Formosa were generally higher
than those reported in other seagrass habitats.
Uncertainties also hinder saltmarsh global esti-
mates of carbon stocks and burials owing to limited
data availability (Ouyang and Lee 2014; Arias-Ortiz
and others 2018). We showed here that the OC and
TN stocks and burial rates of S. maritimus in Ria
Formosa were much lower than those reported
elsewhere in estuaries, as there are no significant
river flows into the lagoon, which deliver high
loads of sediments and organic matter to estuaries.

It is highly relevant to narrow current uncer-
tainties in the estimates of blue carbon contribu-
tions by seagrasses and saltmarshes to the ocean
carbon budget so that these can be incorporated
into future representations of the global carbon
budgets by the IPCC (Duarte 2017). In particular
for seagrasses, global estimates are skewed for lar-
ger species (Lavery and others 2013) and data on
small, fast-growing species with wide geographical
distributions, such as those presented here for Z.
noltei, are needed.
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