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Superficial sedimentary stocks and 
sources of carbon and nitrogen in 
coastal vegetated assemblages 
along a flow gradient
Rui Santos  1, Natalia Duque-Núñez1, Carmen B. de los Santos1, Márcio Martins1, 
A. Rita Carrasco2 & Cristina Veiga-Pires  2

Coastal vegetated ecosystems are major organic carbon (OC) and total nitrogen (TN) sinks, but the 
mechanisms that regulate their spatial variability need to be better understood. Here we assessed how 
superficial sedimentary OC and TN within intertidal vegetated assemblages (saltmarsh and seagrass) 
vary along a flow gradient, which is a major driver of sediment grain size, and thus of organic matter 
(OM) content. A significant relationship between flow current velocity and OC and TN stocks in the 
seagrass was found, but not in the saltmarsh. OC and TN stocks of the saltmarsh were larger than the 
seagrass, even though that habitat experiences shorter hydroperiods. Mixing models revealed that 
OM sources also varied along the flow gradient within the seagrass, but not in the saltmarsh, showing 
increasing contributions of microphytobenthos (17–32%) and decreasing contributions of POM 
(45–35%). As well, OM sources varied vertically as microphytobenthos contribution was highest at the 
higher intertidal saltmarsh (48%), but not POM (39%). Macroalgae, seagrass and saltmarsh showed low 
contributions. Local trade-offs between flow current velocities, hydroperiod and structural complexity 
of vegetation must be considered, at both horizontal and vertical (elevation) spatial dimensions, for 
better estimates of blue carbon and nitrogen in coastal ecosystems.

Blue carbon designates the carbon stored and sequestered in marine ecosystems, particularly vegetated coastal 
systems including seagrasses and saltmarshes1. These ecosystems are of global importance for sequestering atmos-
pheric carbon dioxide2,3, yet the global decline of seagrasses4 and saltmarshes5 is not only reducing this important 
natural carbon sink but may cause the release of the captured carbon dioxide back to the atmosphere6–11. For 
these reasons, the protection and restoration of coastal vegetated ecosystems have been recognized as key global 
strategies in climate change mitigation12. The blue carbon field has grown rapidly in the last years with the aim 
of getting better estimations of carbon stocks in coastal vegetated ecosystems and their role in the ocean carbon 
budget13,14. However, the understanding of the mechanisms regulating the spatial variability of the organic carbon 
stocks in costal vegetated ecosystems remains limited15.

Organic carbon stocks among seagrass ecosystems vary 18-fold among species16. This large variation alerted 
scientists about the necessity of incorporating species variability into regional and global estimates of seagrass 
carbon stocks17. Surprisingly, despite the exponentially increasing number of studies on seagrass blue carbon 
stocks, there are still species virtually unrepresented, especially small and fast-growing species. Saltmarshes also 
store large amounts of carbon, which vary widely with the species, tidal range and intertidal elevation18. The 
hydroperiod and flow dynamics are main drivers of the carbon accumulation along the intertidal range in salt-
marshes, even though there is no clear-cut pattern from low to high marsh19. Despite commonly co-occurring 
with seagrasses in temperate regions, the blue carbon stocks of saltmarshes are not being studied at the same pace 
as of seagrass meadows18. Equally interesting is investigating the links among the organic carbon stocks of differ-
ent communities within coastal vegetated assemblages, since organic matter may be transferred among them or 
exported to unvegetated adjacent areas20–22.
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The identification of key environmental drivers of the sedimentary carbon stocks that account for the observed 
variability is another priority area of research in the blue carbon field23. Many recent studies across a wide range 
of seagrass bioregions and species have reported that the carbon stocks in near-surface sediments are determined 
by environmental and biological variables16,17,24–28. In particular, sediment properties such as high proportion of 
fine grain size, high porosity and low density are strongly related to high carbon content17,24. Part of the variability 
in these sediment properties may be attributed to the effects of flow current velocity, which is a main driver of 
sediment grain size, sorting and transport29. The efficiency of seagrasses and saltmarshes to filter small particles 
out of the water column30 and to prevent their re-suspension31, depend on the hydrodynamics or flow regimes32,33. 
Flow regimes may not only influence the depositional environment of allochthonous organic matter, but also the 
sources of fresh organic matter, which can be investigated using geochemical properties of the sediment such as 
stable isotope ratios. Despite the good reasons to consider flow current velocity as a key driver of sedimentary 
carbon storage by coastal vegetated ecosystems, as highlighted in a recent conceptual model to explain carbon 
storage in seagrasses15, this relationship has been poorly addressed.

Even though coastal vegetated ecosystems are relevant carbon sinks at global scale contributing to climate 
change mitigation, these ecosystems may be also relevant in other major global biogeochemical cycles. For exam-
ple, coastal vegetated ecosystems such as saltmarshes and seagrass meadows play a key role in removing excess 
anthropogenic nitrogen loads in coastal areas34, preventing serious and well documented negative environmental 
impact35. Much less information on the sedimentary nitrogen stocks in coastal vegetated areas is available com-
pared to carbon stocks, even though a few recent studies report stocks of both elements36–38. Assessing the role of 
coastal vegetated areas in nitrogen removal by burial is also important in the perspective of the valuation of the 
ecosystem services, since the market price for nitrogen removal is generally higher than for carbon39.

The aim of this work is to assess the sediment surface stocks of organic carbon (OC) and total nitrogen 
(TN) within the intertidal vegetation of Ria Formosa, a warm-temperate, mesotidal coastal lagoon of southern 
Portugal. Because relevant gradients of flow current velocity occur within the intricate channel system of the 
lagoon, we investigated how the sediment grain size, OC and TN, and associated sediment properties, vary along 
a flow gradient in a tidal channel where extensive meadows of the high intertidal saltmarsh Spartina maritima 
and intertidal seagrass Zostera noltei co-occur. Furthermore, we assessed the relative contribution of autochtho-
nous and allochthonous sources to the organic matter pool of each habitat, and if that contribution varied along 
the flow gradient. The flow gradient herein reported refers to the depth-average current velocities along sample 
sites, predicted by the application of a numerical model recently developed for Ria Formosa lagoon40.

Results
Flow gradient and sediment properties. Predicted depth-averaged current velocities showed a general 
decrease in the velocity magnitude along the sampling stations (Fig. 1). The relative frequency of lower flow 
current velocities below or equal to 0.2 m s−1 increased from S1 to S4 sampling stations, whereas the relative fre-
quency of higher flow current velocities from 0.2 to 0.6 s−1 decreased from S1 to S4. This indicates that conditions 
for the settlement of fine grain sizes increase from S1 to S4 as opposed to resuspension conditions. The mean 
grain size of sediments also decreased along the channel, from S1 to S4 in both S. maritima and Z. noltei habitats 
(Fig. 2), although this trend was more pronounced for the seagrass. Z. noltei, which showed on average higher 
mean grain size (67.3 ± 42.1 µm, n = 16) than S. maritima (44.7 ± 27.8 µm, n = 16) (Fig. 2A, Table 1). The clay 
content in the sediments showed the same pattern of variation of mean grain size. The percentage of clay mineral 
(after organic matter removal) varied from 11% in S1 to 22% in S4 in S. maritima and from 4% to 22% in Z. noltei. 
The Pearson’s correlation between the clay content and the percentage of organic matter was higher in Z. noltei 
(r = 0.78) than in S. maritima (r = 0.59).

Figure 1. Location of the sampling stations in the Ria Formosa lagoon (South Portugal), and relative 
frequencies (%) of low (≤0.2 m s−1) and high (0.2–0.6 m s−1) velocity ranges along the sampling stations.
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A strong spatial variation of the sedimentary organic matter (OM), organic carbon (OC) and total nitrogen 
(TN) contents along the flow gradient was present in the seagrass, with 5-, 8- and 6-fold increases, respectively, 
but not in the saltmarsh (Fig. 2B–D, Table 1). The sediment contents of OM, OC and TN were, on average, 
higher in the saltmarsh (9.87 ± 1.57% OM, 2.25 ± 0.49% OC and 0.34 ± 0.07% TN) than in the seagrass habitat 
(5.93 ± 3.22% OM, 1.24 ± 0.85% OC and 0.17 ± 0.10% TN).

Superficial sedimentary OC stock in the seagrass increased 3-fold from S1 (0.022 ± 0.001 g OC cm-2) to S4 
(0.069 ± 0.008 g OC cm-2), with an average of 0.046 ± 0.019 g OC cm-2 (Fig. 2E). In the saltmarsh, no differences 

Figure 2. Habitat-specific sediment properties: mean grain size (A), percentage of organic matter (B), 
percentage of organic carbon (C) percentage of total nitrogen (D), organic carbon stock (E) and total nitrogen 
stock (F), along the flow gradient, from stations S1 to S4. Bars show means and standard deviation (n = 4). 
Superscript lettering on bars of each habitat represent post-hoc Tukey pairwise grouping indicating differences 
among stations within each habitat type, while the symbol ‘ represents differences between habitats for that 
station.
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were found in the OC stock along the flow gradient, being on average 0.073 g OC cm-2 (Fig. 2E). The sedimentary 
TN stock showed the same spatial variation as OC, with an averaged value of 0.011 ± 0.0014 g OC cm-2 in S. 
maritima sediments and 0.0067 ± 0.0021 g OC cm-2 in Z. noltei (Fig. 2F). The OC and TN stocks varied linearly 
along the flow gradient in the seagrass (OC: R2 = 0.83, p < 0.001); TN: R2 = 0.72, p < 0.001) but not in the salt-
marsh (Fig. 3).

Organic matter sources along the flow gradient. The δ15N and δ13C signatures of the sedimentary 
organic matter in S. maritima were similar among stations (Fig. 4A), indicating a lack of spatial variation in 
its organic matter sources. Contrastingly, the δ15N and δ13C signatures of Z. noltei sedimentary organic matter 
varied significantly (Fig. 4B), being the signatures in the most exposed station (S1) significantly lower than the 
signatures in the two most sheltered stations, S3 and S4. Separate mixing models were run for each station for 
both species, but the model results of S. maritima were pooled a posteriori due to the lack of spatial variability of 
sediment OM signatures, following published recommendations41. The range of stable isotope signatures of the 
sediment organic matter were within the ranges of the sources’ signatures, allowing to calculate the theoretical 
contribution of the sources to the sedimentary OM pool with the mixing model.

The mixing model results revealed that within Z. noltei, POM and microphytobenthos were the main sed-
imentary OM sources, with the POM contribution decreasing along the flow gradient (45–35%) as opposed 
to the microphytobenthos, which contribution increased along the flow gradient (17–32%, Fig. 5). POM and 
microphytobenthos were also the main contributors to the sedimentary organic matter of S. maritima (48% and 
39%, respectively). Z. noltei, S. maritima and green macroalgae showed very low contributions (12% on average).

Discussion
We report here, for the first time, a significant relationship between flow current velocity and OC and TN superfi-
cial sedimentary stocks in seagrasses, contrary to the saltmarsh where no relationship was found. The short-term 
stocks of organic carbon (OC) and total nitrogen (TN) in superficial lower intertidal sediments of the seagrass 
Zostera noltei increased ca. 3- and 2.4-fold, respectively, as flow velocity decreased. The predicted flow current 
velocities herein presented (Fig. 1) represent the unidirectional flow conveyance along the channel rather than 

Source of variation d.f. MS F p

Organic carbon (% dw)

Station 3 2.472 18.69 <0.001

Habitat 1 8.260 62.48 <0.001

Station × Habitat 3 1.227 9.28 <0.001

Residuals 24 0.132

Total nitrogen (% dw)

Station 3 0.052 57.98 <0.001

Habitat 1 0.211 233.82 <0.001

Station × Habitat 3 0.016 17.86 <0.001

Residuals 24 0.001

Organic matter (% dw)

Station 3 42.18 53.85 <0.001

Habitat 1 123.72 157.97 <0.001

Station × Habitat 3 15.75 19.89 <0.001

Residuals 24 0.78

Grain size (mm)

Station 3 10309 55.11 <0.001

Habitat 1 4070 21.76 <0.001

Station × Habitat 3 914 4.88 <0.01

Residuals 24 187

Organic carbon stock (g cm−2)

Station 3 0.0010 10.69 <0.001

Habitat 1 0.0060 63.02 <0.001

Station × Habitat 3 0.0007 7.02 <0.01

Residuals 24 0.0001

Total nitrogen stock (g cm−2)

Station 3 2.2 10−5 32.19 <0.001

Habitat 1 1.5 10−5 216.97 <0.001

Station × Habitat 3 4.9 10−5 7.09 <0.01

Residuals 24 6.8 10−5

Table 1. Summary of two-way ANOVA models for sediment properties using habitat (2 levels: seagrass Zostera 
noltei and saltmarsh Spartina maritima) and stations (4 levels: from S1 to S4, i.e. from high to low flow current 
velocity) as fixed factors.
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the specific flow currents within the canopies of vegetation assemblages. Within canopies, the 3-dimensional 
physical structure and spatial heterogeneity lead to complex flow systems making difficult to characterize water 
flow. For unidirectional flow, the canopy drag may reduce the within-canopy velocity relative to that in adjacent 
open water by 70 to 90%42.

Seagrass meadows have been widely reported as globally important carbon stocks3, but only recently there 
have been an increasing number of studies investigating the habitat characteristics and mechanisms that influ-
ence their carbon sequestration (reviewed in43). Not all seagrass species and habitat characteristics have the 
same potential for carbon burial. Sediment traits such as dry density, porosity and silt/mud were identified 
as highly correlated with OC stocks, but only in small and fast-growing species such as Zostera, Halodule and 
Halophila17,24,43,44.

To the best of our knowledge, no attempts were reported relating seagrass OC stocks directly with flow cur-
rent velocities, which ultimately determines the sediment deposition/resuspension rates and grain size, as well 
as the organic matter content31. Most studies show that sediments of seagrass habitats with predominantly lower 
energetic hydrodynamic conditions have higher OC content than of habitats with higher energetic hydrody-
namic conditions. For example, the sheltered sites with low wave energy of the Mediterranean seagrass Posidonia 
oceanica, presented also higher carbon burial rates, but the fetch distance alone could not explain the differences 
among the meadows examined45. As well, the sediment OC content within northeastern Australian seagrasses 
was consistently higher in sites with lower wave height and higher turbidity28. Besides flow current velocities, the 
seagrass structural complexity and depth were also identified as important drivers for carbon stocks.

In contrast to low intertidal Z. noltei, the stocks of the higher intertidal S. maritima did not vary significantly 
along the flow gradient. However, the short-term OC and TN sequestration of S. maritima were 1.5- and 1.6-fold 

Figure 3. Relationships between Spartina maritima and Zostera noltei superficial sedimentary stocks of 
organic carbon (OC) and total nitrogen (TN), and the frequency of low flow velocities (≤0.2 m s−1) along 
sampling stations. Regression lines: OC - Z. noltei = – 0.1433 + 0.0033*x, R2 = 0.83, p < 0.001; TN Z. noltei = – 
0.013240 + 0.00034*x, R2 = 0.72, p < 0.001. Linear regressions were not significant for S. maritima.
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larger than within the seagrass, respectively, even though that habitat is located in a higher zone with reference to 
mean seal level and thus experiences shorter hydroperiods. Our observations also suggest that low flow current 
velocity is a main driver of high OC and TN stocks within the saltmarsh, because the tidal flow reaching the salt-
marsh at the upper intertidal at the end of flood tides is highly reduced46 thus improving the settlement of fine 
grain sizes with high OC. In fact, the grain size within S. maritima was on average lower (and clay content higher) 
than within Z. noltei (Fig. 2), reflecting lower flow current velocity and therefore a larger potential to store organic 
matter. Flow velocities within saltmarshes are generally very low (e.g. < 1 cm s−1 47) and there may be little or no 
net erosion, any losses being restored by the regular tidal inundation48. Saltmarsh flows of the order of 1 cm s−1 
and higher flows within the seagrasses are consistent with the unidirectional flows of less than 20 cm s−1 along 
the channel, which were predicted here with the numerical model, reduced by 70–90% due to the canopy effect 
as reported in42.

The fact that S. maritima presented higher OC and TN stocks than Z. noltei in Ria Formosa lagoon, in spite of 
experiencing shorter hydroperiods, may be related not only with the local lower flow current velocities but also 
with differences in the canopy properties, which control how vegetation interacts with local hydrodynamical 
energy and consequently how particle trapping and reduced sediment resuspension is promoted30,49. Plant biome-
chanics (i.e. shoot flexibility) and meadow structure (i.e. shoot density) are two factors determining the extent of 
that interaction50. Stiff canopies such as those of Spartina species have a larger capacity to trap sediment than the 
flexible canopies of Z. noltei. Furthermore, the critical erosion shear stress for sediment re-suspension is higher 
in S. maritima than in Z. noltei surface sediments of Ria Formosa lagoon, due to higher contents of clay, Chl a, 
cyanobacteria, filamentous algae and colloidal carbohydrates32.

The observed increase of OC and TN with intertidal elevation is not a clear-cut, overall pattern18. The sed-
iment accretion rates may be higher at lower intertidal zones18,19 whereas OC content may be higher at higher 
zones51,52. The reason for this discrepancy lies on the local trade-offs between hydroperiod, which decreases with 
elevation leading to lower sedimentation rates, and flow dynamics that decrease with elevation46 promoting the 
sedimentation of fine grain sizes with higher OC content.

The organic matter sources within the seagrass meadows, but not within the saltmarsh, varied along the flow 
gradient with increasing contributions of autochthonous microphytobenthos (17–32%) and decreasing contri-
butions of allochthonous POM (45–35%). As well, sources varied along the intertidal vertical distribution as 
microphytobenthos contribution was highest at the higher intertidal saltmarsh (48%), but not POM (39%). This 
also suggests that flow current velocity is a major driver. The increased contribution of microphytobenthos to Z. 
noltei sediments with decreasing flow velocities and the higher contribution of microphytobenthos to the higher 
intertidal S. marina sediments, where flow velocities are lower, are probably related to lower re-suspension, a 
pattern that has been well described in tidal flats53. Important contributions of microphytobenthos and POM to 
sedimentary OC were also described elsewhere for seagrass meadows54,55. The decrease in the POM contribution 
along the channel and at higher intertidal levels is probably reflecting the trapping capacity of Z. noltei canopy28,56. 
Sediment trapping is an important ecological service of coastal vegetation as the decrease of suspended matter 
of the water column consequently increases the light penetration into the system, improving photosynthetic 
production.

The low contributions of S. maritima and Z. noltei as autochthonous sources of sedimentary organic matter 
results from the high contribution of seston POM, from the low belowground biomass production and from the 
export of leaves. The detached leaves of both species are carried elsewhere within the lagoon accumulating within 
the system57 or are exported to the adjacent coastal ocean through the inlets. Most of the floating leaves that are 
exported through the inlets are of Z. nolteii (non-published data). The leaves of this species are quite light, with 

Figure 4. Isotopic signatures δ15N and δ13C of the sedimentary organic matter pool (mixtures) in Spartina 
maritima (A) and Zostera noltei (B) habitats from high to low current velocities, and signatures of organic 
matter sources in each habitat (mean ± standard deviation): POM - particulate organic matter, SM - S. 
maritima, ZN - Z. noltei, Mac – green macroalgae and Mic – microphytobenthos.
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a leaf mass area of 34.4 ± 7.4 g dw m−2, much below seagrass mean values (55.8 ± 25.7 g dw m−2)58, probably due 
to the high proportion of the aerenchyma they hold (about 60%59). These characteristics confer the leaves a high 
buoyancy, making them float away with the tidal flow. In meadows of seagrass species with heavy leaves, such as 
Posidonia oceanica (leaf mass area of 54.7 ± 8.4 g dw m−2 60), the seagrass contribution to the sequestered OC was 
the most important source (43–94%26). The low contribution of autochthonous seagrass to the OC of seagrass 
sediment reported here (11–13%) is in contrast to the global estimate of about 50%55. This is probably reflecting 
the underrepresentation of small and fast-growing species such as Z. noltei on global estimates of blue carbon 
stocks and sources.

The average sedimentary OC content within the studied meadows of S. maritima and Z. noltei of Ria Formosa 
were 2.25 ± 0.49% and 1.24 ± 0.84%, respectively. The saltmarsh OC is low compared to the value of 5.40% 
reported in13, which does not discriminate the species composition, and it is still lower if compared to S. alterni-
flora in Florida and S. anglica in Denmark, which were both around 12%38,61. On the other hand, the Z. noltei OC 
content matches the average of 1.21 ± 1.19%, estimated from reports for Zostera species elsewhere17,24,62–64. The 

Figure 5. Theoretical contributions of organic matter sources (particulate organic matter, POM; Spartina 
maritima, SM; Zostera noltei, ZN; green macroalgae, Mac; microphytobenthos, Mic) estimated by the stable 
isotopes mixing model (SIMMR R package) in habitats of S. maritima (A) and Z. noltei (B). Contributions were 
combined in the analysis of S. maritima because no differences were found among the isotopic signatures of 
sedimentary organic matter along the sampling stations. The box-plot center line represents the median, hinges 
indicate the 25th and 75th quantiles, whiskers indicate 5th and 95th quantiles, and outliers are plotted as black dots.
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seagrass stocks reported here increase the global variability of seagrass carbon stocks3, which have been com-
monly biased for large and persisting species such as Posidonia spp16. As for surface sedimentary TN, the Z. noltei 
seagrass meadows of Ria Formosa presented one order of magnitude higher values (0.17 ± 0.10%) than those 
reported for its congeneric Z. marina in northern Spain (0.015 to 0.03%36), a site exposed to higher currents, 
where sediment is very sandy. The TN content in S. maritima sediments (0.34 ± 0.08%) was within the range of 
literature data (e.g. 0.04 to 0.79%38). Nitrogen sequestration is an important ecosystem service provided by coastal 
vegetated assemblages in Ria Formosa lagoon, particularly because this system receives high N inputs from waste 
water treatment works and groundwater65.

In conclusion, our findings show that flow current velocity is a key factor to consider in global estimates of 
short-term sedimentary carbon and nitrogen stocks of seagrasses, particularly in coastal systems with high tidal 
amplitudes and a complex system of channels, were important gradients of flow current velocities are established. 
Important differences were also found between higher intertidal saltmarsh and lower intertidal seagrasses, which 
highlight that local trade-offs between tidal currents, hydroperiod and structural complexity of vegetation must 
be considered, at both horizontal and vertical (elevation) spatial dimensions, for better estimates of blue carbon 
and nitrogen, and to better prioritize sites for conservation and restoration.

Methods
Site description. The Ria Formosa lagoon is a mesotidal system located in southern Portugal. The lagoon 
extends over 55 km along the coast, consists of two peninsulas and five islands, and it is connected to the ocean 
through six tidal inlets. Tides are semi-diurnal, with amplitudes ranging from 3.5 m on spring tides to 1.3 m on 
neap tides. The intertidal areas are mainly covered by the saltmarsh species Spartina maritima and the seagrass 
Zostera noltei, the latter occupying an estimated area of 1304 ha, which represent 45% of the total intertidal area66. 
Water circulation inside the lagoon is mostly driven by tides67. Due to the small freshwater inputs and the domi-
nance of the tidal forcing on its circulation, the Ria Formosa is vertically well-mixed, with no evidence of haline 
or thermal stratification.

Four intertidal stations (S1 to S4, Fig. 1) were selected along a gradient of flow current velocity, from the main 
navigation channel closer to the main lagoon inlet to the inner part of a secondary channel. The flow gradient was 
predicted by applying a numerical model approach (see next section). Each station included two co-occurring 
habitats, Z. noltei (Zn) in the lower intertidal and S. maritima (Sm) in the upper intertidal.

Hydrodynamic model. Depth-averaged current velocities were predicted for the sampling sites by apply-
ing a 2D modelling approach developed by Carrasco et al.40. The numerical model used is the Delft3D Flexible 
Mesh, a process-based unstructured grid finite volume model developed by Deltares. The mesh was developed by 
merging a curvilinear grid at the offshore, inlets and channels areas (with different resolutions) with triangular 
cells at the tidal flats and salt marsh areas of the lagoon, whereby triangulation is based on the Delaunay approach. 
The model domain of the mesh has a length in the alongshore direction that exceeds 30 km (western cell of the 
Ria Formosa lagoon), and it extends from Armona Inlet up to the western limit of Ancão Peninsula and reaches 
approximately 2 km offshore40.

The local bathymetry and topography were obtained from LIDAR data collected in 2011, which have a max-
imum resolution of 10 m, and from additional bathymetric surveys conducted over few shallow tidal channels. 
The model is forced with an offshore water level boundary and two lateral water level gradient boundary condi-
tions (Neumann boundaries) with the main local tidal constituents. The model offshore boundary is close to the 
lagoon, and the tidal wave energy is absorbed by the lagoon system40. The amplitudes and phases of the constitu-
ents are derived from the TPXO global tidal model68.

The model was run for 60 days, following a spin-up time of 30 days, with a time step of 60 seconds. The model 
outputs consist of time-dependent water levels and depth-averaged velocities. Model calibration was carried out 
tuning the most appropriate bed roughness conditions and comparing the observed and predicted water levels 
(and tidal constituents) along the western sector of the Ria Formosa lagoon. For details on model calibration and 
validation see40. Depth-averaged currents were extracted from the calibrated model and used to characterize the 
velocity gradient in each sampling station (Fig. 1).

Sediment sampling and analyses. The sediment sampling was conducted in November 2014 during 
spring low tide. Four replicated samples of superficial sediment (top 5 cm) of each habitat (Zn and Sm) at each 
station, were taken within the vegetation patches to avoid edge effects, using as corers plastic syringes with the 
bottom cut (diameter 2.5 cm, height 5 cm). For each replicate, eight sediment cores were pooled into plastic 
bags to reduce variability, then were transported to the laboratory in cool dark conditions and frozen (−20 °C) 
upon arrival for further processing. The wet volume of each sediment replicate was measured and then weighed 
before and after lyophilisation to determine dry bulk density (g dw cm−3). Further sediment analysis was made 
in sub-samples of each replicate, taken after homogenization. All samples, including the ones analysed for carbon 
and nitrogen content, were homogenized first by grounding manually in an agate mortar and then into Fritsh 
planetary Ball mill for 10 min.

Sediment grain size was determined after removing manually pieces of roots and leaves, removing salts by 
washing and removing organic matter with hydrogen peroxide attacks. Washing was done in a 250 ml glass cup 
with distilled water. The solution was then left for decantation during 24 hours after which most of supernatant 
was carefully withdrawn, and hydrogen peroxide added for organic matter attack. The fine particle size distribu-
tion (from 0 to 350 μm) was determined in the organic matter free fraction using a diffraction laser particle-size 
analyser (Mastersize 2000, Malvern Instruments Ltd.) after sediment resuspension in a dispersion agent (sodium 
polyphosphate). After being 1-mm sieved and homogenised in an agate ball mill, a subsample of the dry sediment 
was used to determine the percentage of organic matter (OM, % dw) by loss on ignition method (samples burnt 
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at 450 °C for 4 h). Another subsample was used for elemental and isotopic analysis at the UH Hilo Analytical 
Laboratory (Hawaii, USA). Precision of isotopic analysis was 0.2‰. The organic carbon content (OC, % dw) and 
δ13C (vs Vienna Pee Dee Belemnite, ‰) of the organic fraction, were determined in the sediment samples after 
removal of the inorganic carbon fraction by acidification (1 M HCl), while total nitrogen (TN, % dw) and δ15N 
(vs air, ‰) were determined in untreated samples. Superficial sedimentary stocks of organic carbon and total 
nitrogen were calculated based on the initial dry bulk density, sampling depth (5 cm) and the % OC and % TN, 
respectively, and are reported as g m−2 in the top 5-cm of the sediment layer.

Organic matter sources and stable isotopes mixing models. Five potential organic matter (OM) 
sources for the sedimentary OM pool were considered: Spartina maritima (SM), Zostera noltei (ZN), particulate 
organic matter suspended in the water column (POM), green macroalgae (Mac) and microphytobenthos (Mic). 
The epiphytes of Z. noltei leaves were not considered because their abundance is very low and their isotopic sig-
nature is within the variability of the signature of Z. noltei.

The relative contribution of the potential sources to the pool of surface sediment organic matter was investi-
gated using Stable Isotope Bayesian mixing models (“simmr” R package version 0.369). The models were run using 
the δ13C (from the organic fraction) and δ15N (from the total fraction) signatures of the sediment and the same 
signature of the 5 potential organic matter sources (SM, ZN and POM). The mean and standard deviations of 
isotopic signatures for those sources were obtained from values measured in samples collected in the Ria Formosa 
lagoon70 (and from R. Santos unpublished data): δ13C was –20.8 ± 0.9‰, n = 21 for POM, δ13C = –10.3 ± 0.8‰, 
n = 48 for ZN, δ13C = –13.2 ± 0.6‰, n = 18 for SM, δ13C = –15.3 ± 1.3‰, n = 12 for Mac and δ13C = –14.3‰, 
n = 1 for Mic; δ15N was 3.39 ± 2.61‰, n = 21 for POM, δ15N = 6.12 ± 1.86‰, n = 48 for ZN, δ15N = 6.82 ± 1.67‰, 
n = 18 for SM, δ15N = 8.8 ± 1.1‰, n = 12 for Mac and δ15N = 5.4‰ for Mic, n = 1. Only one sample was available 
for microphytobenthos. Spatial variability was included in the seagrass model but not in the saltmarsh model 
because in the seagrass the isotopic signatures of the sediment varied along the flow gradient (S1 to S4) whereas in 
the saltmarsh they did not. The isotopic signature of the sources was assumed to be constant among stations S1 to 
S4 and habitats, and concentration dependence was not incorporated into the models. Results of the mixing mod-
els are given as theoretical contribution (%) of each source to the sedimentary organic matter pool (mixtures).

Statistical analysis. Data are presented as mean and standard deviation. Differences in sediment properties 
(mean grain size, organic matter, organic carbon, total nitrogen) among stations and habitats were examined 
using a 2-way analysis of variance (ANOVA) after checking model assumptions for normality and homoscedas-
ticity (by visual inspections of the residual plots). Tukey’s pairwise comparisons were used to identify homoge-
nous groups among stations and habitats when differences were found among them. Linear regression analysis 
was used to obtain relationships of sedimentary organic carbon and total nitrogen stocks with flow current veloc-
ity. A critical α level of 0.05 was used for all hypotheses tested. Data and statistical analyses were conducted in R 
programming software (R version 3.4.3).

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

References
 1. Nellemann, C. et al (Eds). Blue Carbon. A Rapid Response Assessment. United Nations Environment Programme. (GRID-Arendal, 

2009).
 2. Mcleod, E. et al. A blueprint for blue carbon: toward an improved understanding of the role of vegetated coastal habitats in 

sequestering CO 2. Front. Ecol. Environ. 9, 552–560 (2011).
 3. Fourqurean, J. W. et al. Seagrass ecosystems as a globally significant carbon stock. Nat. Geosci. 5, 505–509 (2012).
 4. Waycott, M. et al. Accelerating loss of seagrasses across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. 106, 

12377–12381 (2009).
 5. Crooks, S., Herr, D. & Tamelander, J. Mitigatingclimate change through restoration and management of coastal wetlands and near-

shore marine ecosystems: challenges and opportunities. Environ. Dep. Papers 121, World Bank, Washington, DC (2011).
 6. Duarte, C. M. et al. Seagrass community metabolism: Assessing the carbon sink capacity of seagrass meadows. Global Biogeochem. 

Cycles 24, GB4032 (2010).
 7. Pendleton, L. et al. Estimating Global ‘Blue Carbon’ Emissions from Conversion and Degradation of Vegetated Coastal Ecosystems. 

PLoS One 7, e43542 (2012).
 8. Macreadie, P. I., Hughes, A. R. & Kimbro, D. L. Loss of ‘Blue Carbon’ from Coastal Salt Marshes Following Habitat Disturbance. 

PLoS One 8, e69244 (2013).
 9. Coverdale, T. C. et al. Indirect human impacts reverse centuries of carbon sequestration and s alt marsh accretion. PLoS One 9, 

e93296 (2014).
 10. Macreadie, P. I. et al. Losses and recovery of organic carbon from a seagrass ecosystem following disturbance. Proc. R. Soc. B Biol. 

Sci. 282, 20151537 (2015).
 11. Marbà, N. et al. Impact of seagrass loss and subsequent revegetation on carbon sequestration and stocks. J. Ecol. 103, 296–302 

(2015).
 12. Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, I. & Marbà, N. The role of coastal plant communities for climate change 

mitigation and adaptation. Nat. Clim. Chang. 3, 961–968 (2013).
 13. Duarte, C. M., Middelburg, J. J. & Caraco, N. Major role of marine vegetation on the oceanic carbon cycle. Biogeosciences 2, 1–8 

(2005).
 14. Duarte, C. M. Reviews and syntheses: Hidden forests, the role of vegetated coastal habitats in the ocean carbon budget. Biogeosciences 

14, 301–310 (2017).
 15. Belshe, E. F., Mateo, M. A., Gillis, L., Zimmer, M. & Teichberg, M. Muddy waters: unintentional consequences of blue carbon 

research obscure our understanding of organic carbon dynamics in seagrass ecosystems. Front. Mar. Sci. 4, 1–9 (2017).
 16. Lavery, P. S., Mateo, M.-Á., Serrano, O. & Rozaimi, M. Variability in the Carbon Storage of Seagrass Habitats and Its Implications for 

Global Estimates of Blue Carbon Ecosystem Service. PLoS One 8, e73748 (2013).



www.nature.com/scientificreports/

1 0SCIEntIFIC RepoRts |           (2019) 9:610  | DOI:10.1038/s41598-018-37031-6

 17. Röhr, M. E., Boström, C., Canal-Vergés, P. & Holmer, M. Blue carbon stocks in Baltic Sea eelgrass (Zostera marina) meadows. 
Biogeosciences 13, 6139–6153 (2016).

 18. Ouyang, X. & Lee, S. Y. Updated estimates of carbon accumulation rates in coastal marsh sediments. Biogeosciences 11, 5057–5071 
(2014).

 19. Chmura, G. L. & Hung, G. A. Controls on salt marsh accretion: A test in salt marshes of Eastern Canada. Estuaries 27, 70–81 (2004).
 20. Krause-Jensen, D. & Duarte, C. M. Substantial role of macroalgae in marine carbon sequestration. Nat. Geosci. 9, 737–742 (2016).
 21. Chen, G. et al. Mangroves as a major source of soil carbon storage in adjacent seagrass meadows. Sci. Rep. 7, 42406 (2017).
 22. Duarte, C. M. & Krause-Jensen, D. Export from seagrass meadows contributes to marine carbon sequestration. Front. Mar. Sci. 4, 

1–7 (2017).
 23. Belshe, E. F., Hoeijmakers, D., Herran, N., Mtolera, M. & Teichberg, M. Seagrass community-level controls over organic carbon 

storage are constrained by geophysical attributes within meadows of Zanzibar, Tanzania. Biogeosciences 15, 4609–4626 (2018).
 24. Dahl, M. et al. Sediment Properties as Important Predictors of Carbon Storage in Zostera marina Meadows: A Comparison of Four 

European Areas. PLoS One 11, e0167493 (2016).
 25. Serrano, O., Lavery, P. S., Rozaimi, M. & Mateo, M. Á. Influence of water depth on the carbon sequestration capacity of seagrasses. 

Global Biogeochem. Cycles 28, 950–961 (2014).
 26. Serrano, O. et al. Key biogeochemical factors affecting soil carbon storage in Posidonia meadows. Biogeosciences 13, 4581–4594 

(2016).
 27. Miyajima, T. et al. Geographic variability in organic carbon stock and accumulation rate in sediments of East and Southeast Asian 

seagrass meadows. Global Biogeochem. Cycles 29, 397–415 (2015).
 28. Samper-Villarreal, J., Lovelock, C. E., Saunders, M. I., Roelfsema, C. & Mumby, P. J. Organic carbon in seagrass sediments is 

influenced by seagrass canopy complexity, turbidity, wave height, and water depth. Limnol. Oceanogr. 61, 938–952 (2016).
 29. Glenn, S. Visher. Grain Size Distributions and Depositional Processes. SEPM J. Sediment. Res. 39, 1074 (1969).
 30. Hendriks, I., Sintes, T., Bouma, T. & Duarte, C. Experimental assessment and modeling evaluation of the effects of the seagrass 

Posidonia oceanica on flow and particle trapping. Mar. Ecol. Prog. Ser. 356, 163–173 (2008).
 31. Madsen, J. D., Chambers, P. A., James, W. F., Koch, E. W. & Westlake, D. F. The interaction between water movement, sediment 

dynamics and submersed macrophytes. Hydrobiologia 444, 71–84 (2001).
 32. Friend, P. L., Ciavola, P., Cappucci, S. & Santos, R. Bio-dependent bed parameters as a proxy tool for sediment stability in mixed 

habitat intertidal areas. Cont. Shelf Res. 23, 1899–1917 (2003).
 33. de Boer, W. F. Seagrass–sediment interactions, positive feedbacks and critical thresholds for occurrence: a review. Hydrobiologia 591, 

5–24 (2007).
 34. Jordan, S. J., Stoffer, J. & Nestlerode, J. A. Wetlands as sinks for reactive nitrogen at continental and global scales: A meta-analysis. 

Ecosystems 14, 144–155 (2011).
 35. Erisman, J. W. et al. Consequences of human modification of the global nitrogen cycle. Philos. Trans. R. Soc. B Biol. Sci. 368, 

20130116–20130116 (2013).
 36. Barañano, C., Fernández, E. & Méndez, G. Clam harvesting decreases the sedimentary carbon stock of a Zostera marina meadow. 

Aquat. Bot. 146, 48–57 (2018).
 37. Bulmer, R. H., Schwendenmann, L. & Lundquist, C. J. Carbon and Nitrogen Stocks and Below-Ground Allometry in Temperate 

Mangroves. 3 (2016).
 38. Arriola, J. M. & Cable, J. E. Variations in carbon burial and sediment accretion along a tidal creek in a Florida salt marsh. Limnol. 

Oceanogr. 62, S15–S28 (2017).
 39. Boerema, A., Geerts, L., Oosterlee, L., Temmerman, S. & Meire, P. Ecosystem service delivery in restoration projects: the effect of 

ecological succession on the benefits of tidal marsh restoration. Ecol. Soc. 21, art10 (2016).
 40. Carrasco, A. R., Plomaritis, T., Reyns, J., Ferreira, O. & Roelvink, D. Tide circulation patterns in a coastal lagoon under sea-level rise. 

Ocean Dynamics 68, 1121–1139 (2018).
 41. Phillips, D. L. et al. Best practices for use of stable isotope mixing models in food-web studies. Canadian Journal of Zoology 92, 

823–835 (2014).
 42. Nepf, H. Flow over and Through Biota in Treatise on Estuarine and Coastal Science (eds Wolanski, E. and McLusky, D.) 267–288 

(Academic Press, 2011).
 43. Mazarrasa, I. et al. Habitat characteristics provide insights of carbon storage in seagrass meadows. Mar. Pollut. Bull. 0–1 (2018).
 44. Jankowska, E., Michel, L. N., Zaborska, A. & Włodarska-Kowalczuk, M. Sediment carbon sink in low-density temperate eelgrass 

meadows (Baltic Sea). J. Geophys. Res. Biogeosciences 121, 2918–2934 (2016).
 45. Mazarrasa, I. et al. Effect of environmental factors (wave exposure and depth) and anthropogenic pressure in the C sink capacity of 

Posidonia oceanica meadows. Limnol. Oceanogr. 62, 1436–1450 (2017).
 46. Vandenbruwaene, W., Schwarz, C., Bouma, T. J., Meire, P. & Temmerman, S. Landscape-scale flow patterns over a vegetated tidal 

marsh and an unvegetated tidal flat: Implications for the landform properties of the intertidal floodplain. Geomorphology 231, 40–52 
(2015).

 47. Christiansen, T., Wiberg, P. L. & Milligan, T. G. Flow and Sediment Transport on a Tidal Salt Marsh Surface. Estuar. Coast. Shelf Sci. 
50, 315–331 (2000).

 48. Townend, I., Fletcher, C., Knappen, M. & Rossington, K. A review of salt marsh dynamics. Water Environ. J. 25, 477–488 (2011).
 49. Bouma, T. J. et al. Flow hydrodynamics on a mudflat and in salt marsh vegetation: identifying general relationships for habitat 

characterisations. Hydrobiologia 540, 259–274 (2005).
 50. Peralta, G., van Duren, L., Morris, E. & Bouma, T. Consequences of shoot density and stiffness for ecosystem engineering by benthic 

macrophytes in flow dominated areas: a hydrodynamic flume study. Mar. Ecol. Prog. Ser. 368, 103–115 (2008).
 51. Connor, R. F., Chmura, G. L. & Beecher, C. B. Carbon accumulation in Bay of Fundy salt marshes: Implications for restoration of 

reclaimed marshes. Global Biogeochem. Cy. 15, 943–954 (2001).
 52. Zou, J. L., Wu, Y., Kang, Q. S. & Zhang, J. Spatial variations of carbon, nitrogen, phosphorous and sulfur in the salt marsh sediments 

of the Yangtze Estuary in China. Estuar. Coast. Shelf S. 71, 47–59 (2007).
 53. Park, J. et al. Microphytobenthos of Korean tidal flats: A review and analysis on floral distribution and tidal dynamics. Ocean & 

Coastal Management 102, 471–482 (2014).
 54. Oreska, M. P., Wilkinson, G. M., McGlathery, K. J., Bost, M. & McKee, B. A. Non-seagrass carbon contributions to seagrass sediment 

blue carbon. Limnol. Oceanogr. 63, 3–18 (2018).
 55. Kennedy, H. et al. Seagrass sediments as a global carbon sink: Isotopic constraints. Global Biogeochem. Cycles 24, GB4026 (2010).
 56. Tanaya, T. et al. Contributions of the direct supply of belowground seagrass detritus and trapping of suspended organic matter to the 

sedimentary organic carbon stock in seagrass meadows. Biogeosciences 15, 4033–4045 (2018).
 57. Santos, R. et al. Ecosystem metabolism and carbon fluxes of a tidal-dominated coastal lagoon. Estuaries 27, 977–985 (2004).
 58. de los Santos, C. B. et al. A comprehensive analysis of mechanical and morphological traits in temperate and tropical seagrass 

species. Marine Ecology Progress Series 551, 84–91 (2016).
 59. Silva, J. & Santos, R. Can chlorophyll fluorescence be used to estimate photosynthetic production in the seagrass Zostera noltii? 

Journal of Experimental Marine Biology and Ecology 307, 207–216 (2004).
 60. de los Santos, C. B. et al. Ontogenic variation and effect of collection procedure on leaf biomechanical properties of Mediterranean 

seagrass Posidonia oceanica (L.) Delile. Mar. Ecol. 37, 750–759 (2016).



www.nature.com/scientificreports/

1 1SCIEntIFIC RepoRts |           (2019) 9:610  | DOI:10.1038/s41598-018-37031-6

 61. Morris, J. T. & Jensen, A. The carbon balance of grazed and non-grazed Spartina anglica saltmarshes at Skallingen, Denmark. Journal 
of Ecology 86, 229–242 (1998).

 62. Greiner, J. T., McGlathery, K. J., Gunnell, J. & McKee, B. A. Seagrass Restoration Enhances ‘Blue Carbon’ Sequestration in Coastal 
Waters. PLoS One 8, 1–8 (2013).

 63. Macreadie, P. I., Baird, M. E., Trevathan-Tackett, S. M., Larkum, A. W. D. & Ralph, P. J. Quantifying and modelling the carbon 
sequestration capacity of seagrass meadows - A critical assessment. Mar. Pollut. Bull. 83, 430–439 (2014).

 64. Ricart, A. M. et al. Variability of sedimentary organic carbon in patchy seagrass landscapes. Mar. Pollut. Bull. 100, 476–482 (2015).
 65. Malta, E.-jan et al. Effects of external nutrient sources and extreme weather events on the nutrient budget of a southern European 

coastal lagoon. Estuaries and Coasts 40, 419–436 (2016).
 66. Guimarães, M. H. M. E., Cunha, A. H., Nzinga, R. L. & Marques, J. F. The distribution of seagrass (Zostera noltii) in the Ria Formosa 

lagoon system and the implications of clam farming on its conservation. J. Nat. Conserv. 20, 30–40 (2012).
 67. Salles, P., Voulgaris, G. & Aubrey, D. G. Contribution of nonlinear mechanisms in the persistence of multiple tidal inlet systems. 

Estuar. Coast. Shelf Sci. 65, 475–491 (2005).
 68. Egbert, D., Bennetta, F. & Foremann, G. G. M. TOPEX/POSEIDON tides estimated using a global inverse model. J. Geophys. Res. 99, 

24821–24852 (1994).
 69. Parnell, A. simmr: A Stable Isotope Mixing Model, https://cran.r-project.org/web/packages/simmr/simmr.pdf (2016).
 70. Machás, R., Santos, R. & Peterson, B. Tracing the flow of organic matter from primary producers to filter feeders in Ria Formosa 

lagoon, Southern Portugal. Estuaries 26, 846–856 (2003).

Acknowledgements
Foundation of Science and Technology of Portugal (FCT) funded this work, through the project RiaValue 
- Valuation of the ecosystem services delivered by Ria Formosa lagoon, PTDC/MAR-EST/3223/2014, the 
strategic project UID/Multi/04326/2013 granted to CCMAR, the project FCT UID/MAR/00350/2018 and the 
post-doctoral fellowship (SFRH/BPD/119344/2016) granted to C.B.S. A.R.C. was supported by grant SFRH/
BPD/88485/2012.

Author Contributions
R.S., N.D.N. and C.V.P. designed the work and sampled. N.D.N. did the laboratory analysis and all authors 
contributed to data analysis. R.C. performed the hydrodynamic model analysis and CBS and MM the mixing 
model analysis. R.S. and C.B.S. wrote the main manuscript text. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://cran.r-project.org/web/packages/simmr/simmr.pdf
http://creativecommons.org/licenses/by/4.0/

	Superficial sedimentary stocks and sources of carbon and nitrogen in coastal vegetated assemblages along a flow gradient
	Results
	Flow gradient and sediment properties. 
	Organic matter sources along the flow gradient. 

	Discussion
	Methods
	Site description. 
	Hydrodynamic model. 
	Sediment sampling and analyses. 
	Organic matter sources and stable isotopes mixing models. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Location of the sampling stations in the Ria Formosa lagoon (South Portugal), and relative frequencies (%) of low (≤0.
	Figure 2 Habitat-specific sediment properties: mean grain size (A), percentage of organic matter (B), percentage of organic carbon (C) percentage of total nitrogen (D), organic carbon stock (E) and total nitrogen stock (F), along the flow gradient, from s
	Figure 3 Relationships between Spartina maritima and Zostera noltei superficial sedimentary stocks of organic carbon (OC) and total nitrogen (TN), and the frequency of low flow velocities (≤0.
	Figure 4 Isotopic signatures δ15N and δ13C of the sedimentary organic matter pool (mixtures) in Spartina maritima (A) and Zostera noltei (B) habitats from high to low current velocities, and signatures of organic matter sources in each habitat (mean ± sta
	Figure 5 Theoretical contributions of organic matter sources (particulate organic matter, POM Spartina maritima, SM Zostera noltei, ZN green macroalgae, Mac microphytobenthos, Mic) estimated by the stable isotopes mixing model (SIMMR R package) in habitat
	Table 1 Summary of two-way ANOVA models for sediment properties using habitat (2 levels: seagrass Zostera noltei and saltmarsh Spartina maritima) and stations (4 levels: from S1 to S4, i.




