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A B S T R A C T   

Coastal areas are subjected to several anthropogenic stressors with much of the world’s intertidal areas receding 
due to human activities, coastal erosion and sea level rise. The Dutch Eastern Scheldt (ES) has been predicted to 
lose around 35% of intertidal areas by 2060. This study investigates differences between biogeochemical fluxes 
of intertidal and subtidal sediments of the ES and assesses how ongoing erosion may modify the sedimentary 
ecosystem functioning of this coastal bay in the coming decades. Monthly fluxes and porewater concentrations of 
dissolved inorganic nitrogen (DIN), phosphorous (DIP), silica (DSi), carbon (DIC) and oxygen (O2) as well as 
organic matter (OM) characteristics were measured from intertidal and subtidal sediments from June 
2016–December 2017. Compared to subtidal stations, OM was significantly more reactive in intertidal samples 
and exhibited 37% higher O2 fluxes, suggesting a strong influence from microphytobenthos. Subtidal sediments 
exhibited an average efflux of nitrates (0.28 mmol m− 2 d− 1) and phosphates (0.09 mmol m− 2 d− 1) into the water 
column, while intertidal areas displayed average influxes (nitrates = − 1.2 mmol m− 2 d− 1, phosphates = − 0.03 
mmol m− 2 d− 1) directed into the sediment. The calculated removal of total DIN and DIP from the water column 
was 34–38% higher in intertidal compared to subtidal samples suggesting stronger denitrification and phos
phorus adsorption to solid particles from intertidal sediments. As an upscaling exercise, we estimate potential 
erosion induced changes if the ES stations are representative for the system. With this assumption, we estimate 
11% and 8% reductions for respective nitrogen and phosphorus removal in the entire ES by 2060. Given the 
global observations of eroding intertidal areas and rising sea levels, we suggest that the predicted habitat loss 
may cause significant changes for coastal biogeochemistry and should be investigated further to understand its 
potential consequences.   

1. Introduction 

Coastal sediments are well known for their high primary production 
and importance in global biogeochemical cycling (Woodward, 2007) 
These habitats receive OM and nutrients from autochthonous (e.g., local 
algal blooms) and allochthonous sources (e.g., terrestrial including 
sewage and fertilizers; Gilbert et al., 2007) which enter the sediment by 
tidal action, sedimentation, and sediment reworking by benthic organ
isms (Arndt et al., 2013; Kang et al., 2015). Other essential ecosystem 

functions mediated by coastal sediments include the mineralization of 
organic matter (OM), bentho-pelagic nutrient exchange, as well as the 
cycling, and the export and/or removal of inorganic nutrients (Khalil 
et al., 2013; Lessin et al., 2018; Magalhães et al., 2002). 

Nutrient exchange between the water column and the sediment is 
different between intertidal and subtidal regions. In intertidal sediments 
tidal flushing during inundation causes the release of porewater nutri
ents into the water column (Cabrita et al., 1999; Falcão and Vale, 1998; 
Rocha and Cabral, 1998), while nutrient exchange in permanently 
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subtidal sediments is governed primarily by molecular diffusion (Falcão 
and Vale, 1998), faunal-induced sediment reworking and irrigation 
(Kristensen et al., 2012; Laverock et al., 2011), and wave-mediated 
advective transport (“subtidal pump”, Riedl et al., 1972). The differ
ence in biogeochemical cycling between intertidal and subtidal coastal 
areas may lead to distinct ecological functions allocated to each zone (De 
Borger et al., 2020). Moreover, there are ecosystem-specific differences 
(Herbert, 1999) that should be considered as for example subtidal 
denitrification has been reported to be higher than in the intertidal in 
some systems (Eyre et al., 2011; Joye and Paerl, 1993) and lower in 
others (Piehler and Smyth, 2011). The input of OM in intertidal sedi
ments is mostly associated with local microphytobenthic blooms, while 
OM influxes in subtidal sediments rely more on pelagic deposition 
leading to potential differences in OM quality and carbon characteristics 
between tidal zones. 

Coastal habitats have been gaining attention as areas for “Blue car
bon” storage (i.e. organic carbon) (Byun et al., 2019; Hilmi et al., 2021; 
IUCN, 2021; Laffoley et al., 2014). Most of the focus, however, has been 
placed on vegetated areas and less is known about the role of pure 
sedimentary ecosystems. Reports of high organic carbon stocks stored in 
mudflats (Bulmer et al., 2020; Byun et al., 2019; Douglas et al., 2022) 
suggest the importance of certain sedimentary habitats for long term 
carbon sequestration. However, dynamics between tidal zones and the 
possible threat of coastal erosion and/or sea level rise (SLR) remains 
largely unexplored. 

The balance between intertidal and subtidal sediments in coastal 
areas is in constant change. However, the extent of intertidal areas is 
decreasing worldwide as a consequence of land reclamation, land-use 
change, SLR, coastal hardening, coastal erosion and reduced sediment 
supply (Murray et al., 2019). Notably, erosion, decreased sediment 
input, and SLR will determine the loss of intertidal area and its con
version to subtidal areas (Murray et al., 2019; Ysebaert et al., 2016). This 
conversion may alter the ecosystem functions and services provided by 
these areas (e.g. nutrient recycling, export and removal), with poten
tially wider consequences to regional biogeochemistry. 

An ongoing example of changing intertidal-subtidal dynamics can be 
found in the Eastern Scheldt (ES) tidal bay located in the southwest of 
The Netherlands. The ES was transformed from an estuary into a fully 
saline tidal bay upon the construction of a “storm-surge barrier” (Delta 
Works project) at its mouth and several riverine dams in 1986 (Smaal 
and Nienhuis, 1992). These developments decreased the likelihood of 
local flooding but drastically reduced natural sediment deposition while 
altering the biological, abiotic, morphodynamic and biogeochemical 
characteristics of the ES (Nienhuis and Smaal, 1994; Smaal and Nien
huis, 1992; tenBrinke, 1994; Wetsteyn et al., 2003). Decreased water 
column nutrient concentrations led to increased nutrient limitation to 
primary production (Smaal et al., 2013; Wetsteyn et al., 2003; Wetsteyn 
and Kromkamp, 1994) while the reduced sedimentation resulted in a 
loss of intertidal surface area (Smaal and Nienhuis, 1992). 

A condition known as “sand starvation” is currently exhibited in the 
ES resulting from continuous erosion of intertidal areas, lower riverine 
input of sediments and weaker tidal currents that fail to replenish tidal 
flat sediments (van Zanten and Adriaanse, 2008; Ysebaert et al., 2016). 
By 2001, it was estimated that the ES had lost 8% (870 ha) of intertidal 
areas accounting for ~0.5 km2 per year (van Zanten and Adriaanse, 
2008). The ES continues to experience geomorphological and biogeo
chemical changes (Smaal and Nienhuis, 1992; Ysebaert et al., 2016) 
including the ongoing loss of intertidal flats (and associated ecosystem 
functions) and their conversion to subtidal areas. 

The aim of this study was to assess biogeochemical characteristics of 
intertidal and subtidal ES sediments and to predict changes to ecosystem 
functions due to the expected conversion of intertidal to subtidal areas as 
a consequence of sand starvation. OM mineralization and nutrient fluxes 
were estimated for intertidal and subtidal sediments by conducting 
monthly sediment incubations over a period of 1.5 years. 

2. Methods 

2.1. Study area 

The Eastern Scheldt is a tidal bay and former estuary located in the 
southwest of The Netherlands with a mean depth of 8.84 m. Its sedi
mentary habitats cover an area of 350 km2, ~110 km2 of which being 
intertidal areas (Jiang et al., 2019). It remains connected to the North 
Sea though sluices, resulting in a tidal flush dominated system (~2 ×
104 m3 s− 1) with a decreasing landward gradient of suspended chloro
phyll a (chl a), nutrient concentrations, suspended sediment and 
turbidity (Smaal and Nienhuis, 1992; Wetsteyn and Kromkamp, 1994). 
Riverine input in the ES is negligible (4.3 m s− 1) (Jiang et al., 2019). 

Sampling was conducted in three sedimentary sites from the ES 
intertidal: Zandkreek (ZK), Olzendenpolder (OP), and Dortsman (DT) 
and three sites from the subtidal: Hammen (HM), Viane (VN), and 
Lodijkse gat (LG). Intertidal samples from ZK (51.55354◦ N, 3.87278◦ 
E) exhibited silty sediments (median grain size under 62.5 μm) while OP 
(51.46694◦ N, 4.072694◦ E) and DT (51.56804◦ N, 4.01425◦ E) were 
characterized by very fine sand (62.5–125 μm) and fine sand (125–250 
μm), respectively. Samples from HM (51.65607◦ N, 3.858717◦ E) dis
played the coarsest sediments in the study and were taken from a depth 
of 7 m. The muddy subtidal site VN (51.60675◦ N, 3.98501◦ E) lies 
within a bathymetric depression (13 m depth) adjacent to intertidal 
areas (Fig. 1). LG (51.48463◦ N, 4.166001◦ E; 17 m depth) was the 
most inland location and exhibited very fine sand (Fig. 1). 

The granulometric, and bioirrigation (the faunal mediated exchange 
of solutes into the sediment) characteristics, as well as, detailed infor
mation about macrofauna assemblages from these samples are docu
mented in De Borger et al. (2020). Macrofaunal species densities at 
intertidal sites averaged 1 326, 1 955, 15 384 ind. m− 2 corresponding to 
17.0, 14.3, 7.3 g (ash free dry weight [AFDW]) of biomass per m2 for 
sites ZK, OP and DT respectively. Abundances at intertidal sites were 
dominated numerically by Hediste diversicolor in ZK, Peringia ulvae in OP 
and Corophium volutator in DT. In comparison, subtidal sites HM, VN and 
LG all featured lower average densities (931, 168, and 580 ind. m− 2), 
but sandy stations (HM and LG) had higher biomass (36.4, 46.9 g AFDW 
m− 2) than VN (2.7 g AFDW m− 2; (De Borger et al., 2020). The numer
ically dominant species in the subtidal site HM was Mytilus edulis, while 
Crepidula fornicata and Ophiura ophiura displayed the highest abun
dances at LG and VN respectively. 

Fig. 1. Bathymetric map of the Eastern Scheldt showing sampling points in the 
intertidal (red): Zandkreek (ZK), Olzenderpolder (OP) and Dortsman (DT) and 
subtidal (yellow): Hammen (HM), Viane (VN) and Lodijkse gat (LG) zones. 
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2.2. Sample collection 

Intact sediment core samples were collected monthly between June 
2016 to December 2017 (exact sampling dates can be found in Sup
plementary Table A 1 and Table A 2) and used for porewater extraction 
and flux measurements of oxygen (O2) and nutrients. Duplicate samples 
were taken for both intertidal and subtidal stations amounting to 114 
and 102 cores from the intertidal and subtidal zones, respectively, as 
subtidal sampling was not possible in January and February of 2017 due 
to logistic constraints (Supplementary Table A 1). Sandy and muddy 
sites in the subtidal and intertidal stations were chosen to cover different 
sediments in contrasting environments. 

Intertidal sediments were sampled during low tide and were defined 
between − 2 and 2 m Normal Amsterdam Water Level (‘NAP’; Kuijper 
and Lescinski, 2013). Cores for flux measurements were collected by 
inserting a cylindrical 14.5 cm diameter (∅) by 30 cm (height) trans
parent PVC pipe into the sediment at a depth of 15–20 cm and carefully 
extracting the sediment without disturbing or tilting the core. Subtidal 
samples were collected using a cylindrical box corer (30 cm ∅, 55 cm 
height) deployed from the RV Delta, from which subcores were obtained 
and ~30 L of surface water were pumped from each subtidal site for 
later use in the laboratory. 

Additional cylindrical PVC cores (3 cm ∅, 20 cm height) were 
collected for porewater nutrient extraction (all months), dry sediment 
parameters (median grain size, carbon and nitrogen content, porosity; 
June and December of 2016), and solid phase phosphorus (solid-P) and 
iron (solid-Fe) (July and December of 2016 and 2017). These cores were 
inserted 10+ cm into the sediment to obtain two segments: shallow from 
0 to 5 and deep from 5 to 10 cm depth. Samples for chl a, phaeo
phorbide, and phaeophytin measurements were extracted from the 
upper 1 cm of the sediment using a cut-off syringe (all months). 

2.3. Dry sediment parameters 

Details regarding the laboratory analysis of sediment grain size pa
rameters, organic carbon (OC) and total nitrogen (TN) content, porosity 
calculation, and pigment extraction can be found in De Borger et al. 
(2020). Sediment data previously reported in De Borger et al. (2020) 
were combined with additional samples from the monitoring period and 
recalculated for the current study. Organic carbon percentages were 
combined with bulk density measurements to obtain OC stocks in the 
upper 10 cm of sediment. 

The ratio chl a/(chl a + phaeophytin) was used as a proxy for organic 
matter reactivity as assessed with sediment pigments (Bonifácio et al., 
2014; Lamarque et al., 2021; Pastor et al., 2011). For solid-P and solid-Fe 
extraction, a ~500 mg subsample of sediment was obtained within an 
anaerobic glove box. These samples were exposed to 10 mL of 65% nitric 
acid (HNO3) and placed in a microwave to heat the sample (microwave 
energy is absorbed by the liquid surrounding the sample) while moni
toring the temperature. The metals present were converted into soluble 
salts by the nitric acid and the high temperature (205◦C), to prepare 
them for measurement via Inductive Coupled Plasma – Optical Emission 
Spectrometry (ICP-OES). 

2.4. Porewater nutrients 

Immediately after arrival to the lab, the porewater cores were placed 
inside an anaerobic glove box (Coy lab products, USA) to prevent aer
obic chemical reactions prior to extraction. Thereafter, sediment from 
shallow and deep segments was collected in 50 mL centrifuge tubes 
(polypropylene; TPP, Switzerland). Porewater was extracted by centri
fugation (10 min, 5000 rpm) (Sigma 3-18 KS, Sigma Laborzentrifugen 
GmbH, Germany). Extracted porewater (500 μL) was placed back in the 
anaerobic glove box and filtered (0.45 μm) into 6 mL plastic vials to be 
stored at − 20◦C for 2–5 days until analysis. For porewater phosphate, a 
separate 100 μL sample was acidified with 10 μL of hydrogen sulfide 

(H2S) to inhibit sorption of PO4
3− to other materials. Upon thawing, 

samples for NH4
+, NO2

- , NO3
- , PO4

3− , and DSi were analyzed by a SEAL 
QuAAtro segmented flow analyzer (Jodo et al., 1992). Detection limits 
were: 0.05 mmol m− 3 for NH4

+ and DSi, 0.03 mmol m− 3 for NO3
- and 

PO4
3− and 0.01 mmol m− 3 for NO2

- . 

2.5. Flux measurements 

After collection, the 14.5 cm ∅ sediment cores were brought to a 
climate-controlled chamber at The Royal Netherlands Institute for Sea 
Research, Yerseke (NIOZ- Yerseke) which was set to represent the 
ambient water temperature (7–20 ◦C) in the Eastern Scheldt. Water 
temperatures in the ES were obtained from the Dutch Directorate- 
General for Public Works and Water Management (Rijkswaterstaat, n. 
d.). Each core was placed in a thermostatic bath, aerated, and left to 
acclimatize for 16–18 h in the dark. Overlying water was carefully added 
to each sediment core preventing resuspension and was continuously 
homogenized with a central stirring mechanism attached to the lid of 
each core which functioned during the entire incubation. Intertidal in
cubations used overlying unfiltered water pumped directly from the 
Eastern Scheldt at the institute which is located in relatively close 
proximity to the intertidal sites. The water collected at subtidal sampling 
stations was used as overlying unfiltered water for subtidal samples. In 
ideal circumstances, representative water directly from intertidal sam
ple sites would have been collected, however, logistic time-constraints 
prevented this from happening. 

Upon the addition of overlying water, aeration was stopped, a T0 
water sample was taken, and the cores were sealed airtight and dark O2 
incubations were started. Optode sensors (FireStingO2, Pyroscience) 
were used to measure oxygen concentrations in the overlying water at 
an interval of 30 s during the incubation period. After 4 h, the cores were 
opened and re-aerated for ensuing nutrient flux incubations in the dark. 
Water samples were collected at 4, 8, and 22 h after the start of the 
incubation period (after the T0 water sample), filtered (0.45 μm; GF/F 
Whatman) into 6 ml polystyrene vials, and frozen (− 20 C◦) for nutrient 
analysis. Determination of nutrients followed the same procedure used 
for porewater nutrient samples. 

All flux calculations across the sediment-water interface were ob
tained by fitting a linear regression on the concentration changes over 
time and multiplying the regression coefficient with the height of the 
overlying water column. A positive flux denotes an efflux or release from 
the sediment to the water column, and a negative flux an influx, or 
consumption of the solute by the sediment. 

Organic matter mineralization was calculated assuming a molar ratio 
1:1 carbon (C) to O2 fluxes. Phosphorus (P) and nitrogen (N) minerali
zation were calculated from Redfield ratios 106:1 (C:P) and 106:16 (C: 
DIN), respectively. 

DIN remineralization=O2 Flux ∗
16
106  

P remineralization=O2 Flux ∗
1

106 

The percentage of mineralized N and P removed from the system was 
calculated with the following equations: 

DIN removed =

(

1 −
DIN Flux

DIN remineralization

)

∗ 100  

P removed =

(

1 −
PO3−

4 Flux
P remineralization

)

∗ 100 

Values over 100% imply an influx of solutes into sediment, so that 
nutrient removal is higher than the nutrients generated by mineraliza
tion. The nutrients removed in addition to those mineralized are taken 
up from the water column. 
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2.6. Statistical analysis 

All statistical analyses for this study were performed using R (R Core 
Team, 2020). To assess statistically significant differences between 
intertidal and subtidal samples, generalized linear mixed models 
(GLMM) were used (Bolker et al., 2009) using ‘zone’ (intertidal or 
subtidal) and ‘temperature’ as fixed effects and ‘station’ and ‘replicate’ 
as random effect variables. GLMM’s were created using the glmer-func
tion in the R package “lme4” (Bates et al., 2015). For each parameter a 
full model (fixed and random effect variables) was run against a reduced 
model with only random effects using a partial F-Test. The residual error 
structure of the response variables featured gamma distributions which 
was incorporated in the GLMM’s. A log link function was specified to 
account for non-linearity between predictor and mean response vari
ables. Additional information on the statistical models used can be found 
in Table 1. Water column concentrations (2016–2017) and sediment 
type distribution in the ES (2016) was obtained from Rijkswaterstaat 
(Rijkswaterstaat, 2016, n.d.). Geospatial analysis was done with the 
program QGIS (QGIS Development Team, 2021). 

3. Results 

3.1. Environmental conditions and dry sediment parameters 

Water temperature ranged from 7.1 to 9.9 ◦C in the winter to 
16.9–19.7 ◦C in the summer months (Supplementary Figure B 1 to 
Figure B 6). Mean organic carbon stocks from intertidal stations OP 
(sandy) and DT (sandy), and ZK (muddy), accounted for 0.55, 0.10 and 
0.79 kg C m− 2 (equivalent to 46.1, 8.1 and 66.2 mol m− 2) in the upper 
10 cm of the sediment, respectively. Organic carbon stocks for subtidal 
HM (sandy), VN (muddy) and LG (sandy) measured 0.23, 0.98, and 0.93 
kg m− 2 (19.6, 82.0 and 77.5 mol m− 2), respectively. 

On average, intertidal stations displayed lower OC percentages and 
higher chl a concentration compared to subtidal sites (Table 2). Muddy 
stations (ZK/VN) had the highest concentrations of OC, TN, and phy
topigments (chl a, pheophorbide, phaeophytin), while their OM reac
tivity scores (chl a/[chl a + Phaeophytin]), were lower than those of 
sandy stations within their respective zones (Table 2). Overall, OM 
reactivity was significantly higher (19%) in the intertidal compared to 
the subtidal samples (p < 0.05). Details for seasonal chl a concentration 
in the intertidal/subtidal and macrofauna assemblages are documented 
in De Borger et al. (2020). Solid-P and solid-Fe were highest, on average, 
in the muddy stations but showed high variability for all stations except 
for DT, which displayed the lowest solid-P and solid-Fe values in the 
study (Table 2). 

3.2. Sediment-water exchange fluxes 

Solute fluxes (O2, NH4
+, NO2

- , NO3
- , PO4

-3 and DSi) were seasonally 
variable with an increase in fluxes in warmer months (Fig. 2; Supple
mentary Figure B 1–Figure B 6). Maximum O2 influxes (fluxes directed 
into the sediment) in the intertidal incubations were observed in August 
2017 (− 78.8 mmol m− 2 d− 1) while maximum O2 influxes in the subtidal 
incubations occurred in August 2016 (− 63.9 mmol m− 2 d− 1; Fig. 2). The 
maximum for ammonium effluxes (fluxes directed out of the sediment) 
was observed in the subtidal incubations in August 2016 at 4.0 mmol 
m− 2 d− 1 while maximum values for NH4

+ effluxes in the intertidal 
samples were observed in September 2016 at 5.5 mmol m− 2 d− 1. Nitrate 
fluxes in intertidal samples were almost always directed into the sedi
ment with the highest mean influxes occurring in September 2016 
(− 3.2 mmol m− 2 d− 1). Subtidal NO3

- displayed effluxes with a maximum 
of 0.79 mmol m− 2 d− 1 in November 2017. Phosphate fluxes in intertidal 
and subtidal samples fluctuated within 0.6 and − 0.4 mmol m− 2 d− 1 

displaying an average influx for intertidal incubations throughout most 
of the sampling period apart from the warmer months (June–October) of 
2017, while effluxes from subtidal samples were higher in the summer 

months for both years. Mean DSi effluxes were highest in subtidal 
samples reaching a maximum in July 2016 at 7.1 mmol m− 2 d− 1 (Fig. 2). 

Mean O2 (p < 0.001), PO4
3− (p < 0.001) and NO3

- (p < 0.01), had 
significantly greater influxes in the intertidal samples and the latter two 
solutes showed an efflux in subtidal stations (Fig. 2, Table 3). Subtidal 
stations displayed significantly higher total DIN, and DSi effluxes 
compared to intertidal stations (p < 0.001). Details for temporal fluxes at 
individual stations can be found in Supplementary Figure B 1 and 
Figure B 6. 

Intertidal sediments in ZK, DT and OP mineralized 21.1, 16.6 and 
10.8 mol C m− 2 y− 1 compared to 14.0, 13.4 and 8.1 mol C m− 2 y− 1 at 
subtidal sites LG, HM, and VN, respectively. ZK (muddy intertidal) 
exhibited the strongest fluxes of O2, NH4

+, NO3
- , and DSi. The muddy 

Table 1 
Results from Generalized Linear Mixed Effects Models (GLMM) used to test 
differences between intertidal and subtidal samples. For each parameter a full 
model containing fixed and random effects was run against a reduced model 
which contained only random effects using a partial F-Test. Fixed effects 
included ‘Zone’ (intertidal or subtidal) and ‘Temperature’. Random effects 
included ‘Station’ (sampling location) and ‘Replicate’.  

Models 

Full model: Parameter ~ Zone + Temperature + Ɛ (Station) + Ɛ (Replicate) 

Reduced model: Parameter ~ Ɛ (Station) + Ɛ (Replicate) 

Parameter χ2 (df ¼ 2) p – value  

Dry sediment parameters  

Median grain size (um) 0.680 0.712 
OC (%) 0.916 0.632 
TN (%) 1.97 0.373 
chl a 4.67 0.0965 
Phaeophorbide 4.86 0.088 
Phaeophytin 2.05 0.358 
OM reactivity score (chl a/[chl a + Phaeophytin]) 9.03 p ≤ 0.05  

Biogeochemical Fluxes  

O2 flux 44.2 p ≤ 0.05 
NH4

+ 64.1 p ≤ 0.05 
NO2

- 6.05 p ≤ 0.05 
NO3

- 13.8 p ≤ 0.05 
PO4

3- 29.1 p ≤ 0.05 
DSi 79.3 p ≤ 0.05 
DIN flux 52.9 p ≤ 0.05  

Nutrient removal  

Nitrogen removal 37.3 p ≤ 0.05 
Phosphorus removal 41.4 p ≤ 0.05 
% Nitrogen removal 27.8 p ≤ 0.05 
% Phosphorus removal 18.1 p ≤ 0.05  

Porewater Nutrients  

NH4
+ 10.2 p ≤ 0.05 

NO2
- 4.11 0.128 

NO3
- 14.5 p ≤ 0.05 

PO4
3- 1.57 0.456 

DSi 5.12 0.077 
DIN 11.5 p ≤ 0.05  
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subtidal site VN displayed the weakest fluxes for O2 and NH4
+ (Table 3). 

Intertidal sediments had higher macrofaunal abundance but lower 
biomass than subtidal sites (De Borger et al., 2020). 

Measured nutrient fluxes deviated considerably from the fluxes 
based on OC mineralization, and assuming Redfield stoichiometric ra
tios. C:DIN flux ratios from intertidal samples were, on average, higher 
but more variable than those from the subtidal stations (Fig. 3). In 
intertidal samples, the deviations from Redfield were lowest for station 
OP and highest for station DT. On average the DIN:DIP ratio of fluxes 
exceeded Redfield (16:1), indicating that phosphorus was more 

efficiently removed than nitrogen for most stations (Fig. 3). 

3.3. Porewater nutrients 

In contrast to nutrient fluxes, porewater nutrients did not show 
noticeable levels of seasonality in either zone and were therefore pooled 
for further analysis. Mean porewater concentrations (0–10 cm depth) of 
NH4

+ (p < 0.01) were significantly higher in subtidal (299 ± 209 mmol 
m− 3) compared to intertidal (83.4 ± 45.4 mmol m− 3) stations. NO3

- 

concentrations were higher in the intertidal (5.1 ± 5.7 mmol m− 3) than 

Table 2 
Dry sediment parameters for Eastern Scheldt stations: median grain size (D50; μm), porosity, organic carbon (OC; %) and total nitrogen (TN; %), chlorophyll a (chl a; μg 
g− 1), phaeophorbide (μg g− 1), phaeophytin (μg g− 1), OM reactivity score (chl a/(chl a + Phaeophytin)), solid phase phosphorus (solid-P; mol m− 3 bulk solid) and iron 
(solid-Fe; mol m− 3 bulk solid). Measurements were averaged for samples taken within 0 and 5 cm depths in the sediment. Significant figures are reported differently in 
accordance to the parameter.   

ZK OP DT Combined Intertidal VN LG HM Combined Subtidal 

D50a 56.0 ± 16.4 124 ± 10.8 139 ± 1.92 106 ± 38.6 65.3 ± 71.6 117 ± 8.3 195 ± 45.3 126 ± 72.0 
Porositya 0.52 ± 0.08 0.46 ± 0.12 0.40 ± 0.09 0.46 ± 0.10 0.60 ± 0.06 0.42 ± 0.05 0.34 ± 0.05 0.46 ± 0.12 
OCa 0.83 ± 0.40 0.17 ± 0.04 0.06 ± 0.01 0.34 ± 0.41 1.1 ± 0.42 0.56 ± 0.14 0.37 ± 0.07 0.67 ± 0.39 
TN 0.10 ± 0.04 0.02 ± 0.002 0.01 ± 0.002 0.04 ± 0.05 0.13 ± 0.06 0.05 ± 0.01 0.04 ± 0.01 0.07 ± 0.05 
chl aa 22 ± 3.5 11 ± 2.7 9.3 ± 2.5 14 ± 6.4 13 ± 6.7 6.1 ± 4.2 5.8 ± 4.5 8.4 ± 6.3 
phaeophorbide 1.0 ± 0.73 0.48 ± 0.38 0.07 ± 0.08 0.53 ± 0.62 3.4 ± 2.0 0.89 ± 0.78 1.7 ± 1.9 2.0 ± 1.9 
phaeophytin 3.3 ± 1.6 1.1 ± 2.3 0.31 ± 0.25 1.6 ± 2.0 5.3 ± 3.7 1.6 ± 1.4 1.5 ± 1.4 2.8 ± 3.0 
OM reactivity 0.88 ± 0.04 0.92 ± 0.07 0.97 ± 0.01 0.92 ± 0.06 0.70 ± 0.10 0.80 ± 0.08 0.81 ± 0.07 0.77 ± 0.09 
solid-P 8.6 ± 9.2 3.0 ± 3.2 1.7 ± 1.9 4.5 ± 6.3 8.0 ± 10.6 5.0 ± 6.1 3.2 ± 3.6 5.4 ± 7.3 
solid-Fe 145 ± 156 47.9 ± 51.3 28.4 ± 30.4 73.7 ± 106 149 ± 187 73.8 ± 79.0 92.5 ± 117 105 ± 133  

a Recalculated from De Borger et al. (2020) with additional data. 

Fig. 2. Temporal comparison of sediment water exchange fluxes for oxygen and inorganic nutrient between subtidal and intertidal stations. The dark line represents 
the monthly median flux value with boxplots representing the monthly distribution of the data (minimum/maximum, interquartile range). Negative values denote an 
influx from the overlying water directed into the sediment. 
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in subtidal (3.9 ± 3.7 mmol m− 3; p < 0.001) sediments. The highest 
concentrations of phosphate were found in the muddy stations of the 
intertidal (ZK; 86.4 ± 79.3 mmol m− 3) and subtidal (VN; 100 ± 35.6 
mmol m− 3). VN also displayed the highest mean NH4

+ (512 ± 172 mmol 
m− 3), and DSi (745 ± 162 mmol m− 3) concentrations (Fig. 4). The sandy 
intertidal DT station had the lowest concentration of DSi (23.8 ± 12.5 
mmol m− 3), NH4

+ (44.3 ± 22.8 mmol m− 3), and PO4
3− (12.5 ± 8.3 mmol 

m− 3), but also exhibited the highest concentrations of NO3
- (7.7 ± 6.9 

mmol m− 3) mostly relegated to its upper (0–5 cm depth) sediment layers 
(Fig. 4). Sediment porewater contained more phosphorus than expected 
from the N:P Redfield ratio (16:1; Fig. 5). Data from the sandy intertidal 

and subtidal stations OP and HM, was the closest to the Redfield N:P 
proportion while other stations were skewed towards lower ratios. The 
DIN:DIP ratio of the sandy intertidal and subtidal stations was close to 
Redfield, while other stations were lower. 

3.4. Nutrient removal 

Nutrient removal refers to the processes through which inorganic 
nutrients released from mineralization become unavailable for primary 
production. This may occur, for example, through denitrification 
(bioavailable nitrogen converted to gaseous nitrogen), burial or 

Table 3 
Annually averaged mean (± standard deviation) daily sediment-water exchange fluxes for oxygen, ammonium, nitrite, nitrate, phosphate, silica, calculated nitrogen 
(N) and phosphorus (P) mineralization, and the calculated removal of N and P (all units in: mmol m− 2 d− 1). Negative fluxes indicate sediment influx and positive are 
sediment effluxes. Significant figures are reported differently in accordance to the parameter.   

ZK OP DT Combined Intertidal VN LG HM Combined Subtidal 

O2 − 59.7 ± 23.2 − 30.3 ± 14.8 − 48.9 ± 18.1 − 46.3 ± 22.4 − 24.7 ± 9.7 − 40.2 ± 19.6 − 36.7 ± 18.6 − 33.9 ± 17.6 
NH4

+ 3.5 ± 1.7 1.9 ± 1.6 1.0 ± 1.2 2.1 ± 1.8 1.1 ± 0.91 3.3 ± 2.3 2.7 ± 2.7 2.4 ± 2.3 
NO2

- 0.16 ± 0.08 0.05 ± 0.07 0.12 ± 0.21 0.11 ± 0.15 0.19 ± 0.21 0.26 ± 0.19 0.13 ± 0.17 0.19 ± 0.19 
NO3

- − 1.8 ± 0.55 − 0.99 ± 0.62 − 0.96 ± 0.84 − 1.24 ± 0.77 0.48 ± 0.38 0.14 ± 0.56 0.24 ± 0.28 0.28 ± 0.44 
PO4

3− 0.001 ± 0.06 − 0.04 ± 0.07 − 0.04 ± 0.06 − 0.03 ± 0.07 0.06 ± 0.07 0.07 ± 0.10 0.13 ± 0.22 0.09 ± 0.14 
DSi 4.5 ± 2.2 0.72 ± 1.5 − 0.53 ± 0.56 1.6 ± 2.6 4.5 ± 2.4 5.5 ± 2.8 5.2 ± 4.0 5.1 ± 3.1 
N mineralized 9.0 ± 3.5 4.6 ± 2.2 7.4 ± 2.7 6.7 ± 3.8 3.7 ± 1.5 6.1 ± 3.0 5.5 ± 2.8 5.1 ± 2.7 
P mineralized 0.56 ± 0.21 0.29 ± 0.14 0.46 ± 0.16 0.44 ± 0.21 0.23 ± 0.08 0.38 ± 0.16 0.35 ± 0.23 0.32 ± 0.17 
N removed 7.1 ± 2.7 3.6 ± 1.6 7.2 ± 2.4 6.0 ± 2.8 2.0 ± 0.89 2.3 ± 1.2 2.4 ± 1.1 2.3 ± 1.0 
P removed 0.44 ± 0.17 0.23 ± 0.10 0.45 ± 0.15 0.37 ± 0.17 0.12 ± 0.05 0.15 ± 0.07 0.15 ± 0.07 0.14 ± 0.06 
% N removed a 80.4 ± 13.7 82.7 ± 23.7 99.8 ± 14.6 87.7 ± 19.7 55.5 ± 16.9 42.6 ± 19.4 50.7 ± 21.0 49.6 ± 19.6 
% P removed a 103 ± 12.3 125 ± 33.3 111 ± 13.7 113 ± 23.5 77.5 ± 28.1 83.5 ± 22.2 74.6 ± 38.3 78.5 ± 30.0  

a Values over 100% imply the that the sediment influx is higher than the nutrients generated by mineralization. The additional influx is taken up from the water 
column. 

Fig. 3. Relation between dissolved inorganic nitrogen (DIN) and organic carbon (C) fluxes (a–b), DIN and dissolved inorganic phosphorus (DIP) fluxes (c–d). The 
dark line represents the Redfield (C:N:P = 106:16:1) ratio. 
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sediment sorption (bioavailable nutrients which are isolated within the 
sediment). Combined incubations from intertidal stations removed a 
significantly higher percentage of total inorganic nitrogen (N) and 
phosphorus (P) (87.7% and 113%, respectively) after mineralization (p 
< 0.001) compared to combined incubations from subtidal stations 
(49.6% and 78.5%, respectively; Table 3). The percentage of inorganic N 
or P removed during incubations from intertidal sediments regularly 
exceeded 100%. This indicates that nutrient removal was higher than 
nutrient release from mineralization and thus additional solutes from 
the overlying water were utilized. Over the 1.5 year monitoring period, 

a nutrient removal rate exceeding 100% for N and P was observed in 
31% and 75% of incubations from intertidal sites, while in subtidal sites 
N removal was never observed and P removal occurred in 18% of the 
incubations. 

In subtidal incubations, percentage P removal was highest in the 
sandy LG station. In intertidal sediments, the observed percentage N 
removal capacity was highest at the sandy site DT (Table 3). Bioavail
able phosphorus was preferentially trapped in intertidal sediments 
where over 100% of P was removed after mineralization. The total N and 
P removal per meter squared was also significantly higher in the 

Fig. 4. Porewater nutrient concentrations shown in logarithmic scale for ammonium (NH4
+) nitrate (NO3

- ), phosphate (PO4
3− ) and dissolved silicate (DSi) in the top 

(0–5 cm) and bottom (5–10 cm) slices per station. Intertidal stations are shown in gray and subtidal in blue. Note differences in x-axis scale. 

Fig. 5. The DIN:DIP relation in the sediment porewater (a and b) in subtidal and intertidal stations. The dark line represents the expected Redfield (C:N:P =
106:16:1) ratio. 
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intertidal compared to the subtidal (p < 0.001) with the highest values 
for N and P removal coming from DT in the intertidal and the lowest 
values exhibited in subtidal VN (Table 3). 

4. Discussion 

Our results reveal disparities in OM quality, sediment-water ex
change fluxes, porewater solute concentrations and the nutrient removal 
capacity between specific intertidal and subtidal stations in the Eastern 
Scheldt. Overall, intertidal samples exhibited higher rates of OM cycling 
and nutrient removal compared to subtidal sediments. The conversion of 
intertidal to subtidal areas resulting from ongoing intertidal erosion may 
affect the biogeochemical dynamics of coastal areas and adjacent water 
bodies. Here we discuss the potential importance of each tidal zone for 
sedimentary carbon, the mechanisms behind ES nutrient dynamics, and 
end with an upscaling exercise to explore how future biogeochemical 
functioning may change based on the expected loss of intertidal surface 
area in the ES. 

4.1. Carbon characteristics of Eastern Scheldt intertidal and subtidal 
areas 

Our results suggest that microphytobenthos activity is a determining 
factor for carbon degradation and other biogeochemical dynamics. 
Intertidal sediments exhibit a higher chl a concentration and are char
acterized by high microphytobenthos densities (Serôdio and Paterson, 
2021), compared to subtidal sediments. This is likely to be one of the 
factors contributing to the higher OM reactivity and enhanced rates of 
OM degradation (as inferred from measured O2 fluxes) in intertidal 
compared to subtidal samples. Growth of microphytobenthos on ES 
intertidal flats may provide enough input of fresh OM to maintain a high 
reactivity score while fueling increased levels of carbon degradation. 
This pattern of more reactive OM in shallow vs deep marine habitats has 
also been found on continental shelf sediments surrounding the United 
Kingdom and France (Lamarque et al., 2021; Smeaton and Austin, 
2022). Reduced DSi concentrations found in intertidal (vs. subtidal) 
porewater samples (Fig. 4) provide further evidence of diatom (micro
phytobenthos) uptake of DSi. 

De Borger et al. (2020) describes the relationship between macro
benthos and bioirrigation in the Eastern Scheldt and combined with 
results from the current study can give valuable insight on how ES fauna 
affects carbon cycling. ES intertidal sites are associated with prominent 
bioirrigators with DT being dominated by burrowing amphipods 
(Corophium sp., Bathyporeia sp.) while OP and ZK assemblages are linked 
with the large polychaetes Arenicola marina and Hediste diversicolor (De 
Borger et al., 2020). In contrast, subtidal ES sites are associated with 
epifaunal assemblages (species residing on the sediment surface) except 
for LG where the tube building polychaete Lanice conchilega is commonly 
found in the cooler months of the year (De Borger et al., 2020). Our 
results of higher O2 consumption (and estimated carbon mineralization) 
from ES intertidal samples (Table 3) are consistent with De Borger et al. 
(2020)’s observations of ‘deeper’ bioirrigation in ES intertidal versus 
subtidal sediments. This suggests that ES faunal assemblages that cause 
solute exchange within deeper portions of the sediment, such as those 
found in the intertidal sites, may facilitate higher rates of organic carbon 
mineralization (De Borger et al., 2020). 

Temperate coastal environments in other parts of the world display 
higher percentages of organic carbon compared to the ES (Byun et al., 
2019; Douglas et al., 2022; Falcão and Vale, 1998). This difference could 
be related to the reduced input of sedimentary OM to the ES due to the 
almost absent riverine input; and to the net export of sediments and 
sedimentary OM to the North Sea created after flood mitigation de
velopments (Jiang et al., 2020; van Zanten and Adriaanse, 2008; Wet
steyn et al., 2003). The construction of the storm surge barrier in the ES 
has also reduced water column nutrient concentrations by limiting 
riverine input (Smaal and Nienhuis, 1992). Understanding the tight 

coupling between OM production and inorganic nutrients in the ES in
volves knowledge of biogeochemical processes affecting nutrient 
availability. 

4.2. Nutrient dynamics and removal in the Eastern Scheldt 

Inorganic nutrient concentrations in porewater, sediment-water ex
change fluxes, and benthic removal processes (the long-term seques
tration of bioavailable nutrients) depend on abiotic variables such as 
sediment type (Precht et al., 2004) and biotic variables including the 
presence of microphytobenthos and/or benthic faunal activity (de 
Backer et al., 2010; De Borger et al., 2020). Our study highlights 
fundamental disparities in nutrient removal functions between subtidal 
and intertidal sediments, which were detected upon the analysis of 
porewater nutrients and the exchange fluxes of NO3

- and PO4
3− . 

Coarse sediments promote nitrification, nutrient release and pore
water advection (Precht et al., 2004), and typically exhibit low con
centrations of porewater nutrients (De Borger et al., 2021). Muddy ES 
sediments (ZK and VN) indeed hold higher NH4

+ and PO4
3− concentra

tions (Fig. 4), compared to adjacent sandy sites, a pattern consistent with 
other temperate sedimentary systems (Berthold et al., 2018; Falcão and 
Vale, 1998). Small sediment particles exhibit an increased PO4

3− sorption 
capacity compared to bigger sand particles (Borggaard, 1983). More
over, muddy sediments have a lower oxygen content which facilitates 
the desorption of PO4

3− from iron oxides at depth promoting the release 
of bioavailable phosphorus in porewater (Slomp et al., 1996). This 
eventually translates in higher concentrations of PO4

3− at depth, like 
those observed in ZK and VN. 

Subtidal sediments displayed relatively high porewater concentra
tions of NH4

+, PO4
3− and DSi, possibly resulting from the lower levels of 

bioirrigation which have been found at these sites (De Borger et al., 
2020). Bioirrigation can increase the oxygenation of sediments and can 
indirectly enhance nutrient removal processes such as denitrification 
(Braeckman et al., 2010, 2014). Less bioirrigation leads to lower 
removal and flushing of nutrients causing their accumulation in pore
waters and subsequent release to the water column by diffusion, as 
suggested by the prevalent efflux NH4

+, PO4
3− and DSi (Fig. 2) in the 

subtidal samples. 
A higher chl a concentration in intertidal sites (Table 2) suggested 

that microphytobenthic OM helps fuel the rapid mineralization 
measured in those sites (Table 3), and may potentially support denser 
benthic communities (De Borger et al., 2020) than in the subtidal sites. 
The relatively low concentrations of OC, TN (Table 2), NH4

+, DSi and 
PO4

3− , and higher NO3
- (Fig. 4) observed in intertidal sites porewater may 

result from higher mineralization, bioirrigation (de Backer et al., 2010; 
De Borger et al., 2020), tidal flushing (Falcão and Vale, 1998) and/or 
porewater advection (Precht et al., 2004). These factors facilitate pro
cesses that decrease porewater solutes such as 
nitrification-denitrification, nutrient flushing, and the sorption of 
phosphates. Influxes of NO3

- and PO4
3− (as opposed to effluxes; Fig. 2) 

observed in the intertidal incubations suggest enhanced sorption of 
phosphate to sediment particles and higher denitrification than in the 
subtidal samples; results in agreement with other studies (Piehler and 
Smyth, 2011). Furthermore, intertidal samples removed on average 80% 
of mineralized dissolved inorganic nitrogen (DIN) and at least 100% of 
mineralized dissolved inorganic phosphorus (DIP) (Table 3). Intertidal 
nutrient influxes have been observed in other coastal systems (Khalil 
et al., 2018; Magalhães et al., 2002) but they contrast with observations 
from the adjacent Western Scheldt estuary (Rios-Yunes et al., subm.) 
where an efflux of DIN and DIP was observed in brackish and marine 
intertidal mudflats. 

The comparisons of the flux ratios with Redfield proportions (Fig. 3 a 
and 3 b) show the removal of bioavailable nitrogen, as the flux ratios of 
C:DIN exceed Redfield (C:N; 106:16). All ES sites also exhibited lower 
average DIN:DIP flux ratios compared to Redfield (N:P; 16:1) suggesting 
a proportionally greater sedimentary removal of P compared to N (Fig. 3 

D. Rios-Yunes et al.                                                                                                                                                                                                                            



Continental Shelf Research 254 (2023) 104904

9

c and 3d, Table 3), similar to patterns observed in the Douro River es
tuary in Portugal (Magalhães et al., 2002). While nitrogen is lost from 
sediments as nitrogen gas, phosphorus is removed by burial in the 
sediment, often sorbed to solids. Moreover, the comparison between 
porewater concentration ratios with Redfield (Fig. 5 a and 5 b) evi
denced the preferential removal of DIP over DIN of intertidal and sub
tidal sediments in this study. Particularly in the intertidal sediments, the 
DIN:DIP concentration ratio may strongly exceed Redfield (16:1), often 
leading to PO4

3− concentrations that are as high as DIN (Fig. 5 a). Most of 
the burial of P is in solid form, as evidenced by the iron-bound phos
phorus which measured over two orders of magnitude higher than 
porewater concentrations indicating high sorption of PO4

3− in ES sedi
ments (solid phase phosphorous in Table 2 in mol m− 3). By extrapolating 
information on nutrient removal to total surface areas in the ES, we may 
be able to roughly predict the impact of future changes to the 
intertidal-subtidal dynamic. 

4.3. Spatial analysis and future implications 

Our study considers six sampling locations within the Eastern 
Scheldt tidal bay and we acknowledge that extrapolating from these 
stations may not lead to a completely accurate representation of 
biogeochemical dynamics within the system, particularly if certain 
important areas are underrepresented. Nevertheless, to gain a better 
understanding of how sediments may affect biogeochemical functioning 
in the ES, we conducted an upscaling exercise based on the assumption 
that the average parameters measured in the stations described in this 
study are representative of the greater ES system. 

Our results were spatially interpolated to understand the overall 
contribution of each zone and sediment type to nutrient removal of the 
Eastern Scheldt system. The ES covers an area of 347 km2 with 216 km2 

subtidal and 118 km2 intertidal area. Of the intertidal area, 1.6 km2 

corresponds to muddy and ~117 km2 to sandy sediments with the 
remaining area covered by a rocky bottom or saltmarshes. Yearly 
averaged system-wide mineralization budgets were calculated by 
considering the contribution of each sediment type to each tidal area. 
Currently, our estimates suggest that intertidal areas in the ES remove 
more nitrogen (2.3 × 108 mol N y− 1) than subtidal areas (1.8 × 108 mol 
N y− 1), but P removal seems to be similar between these zones (both 
with ~1.8 × 107 mol P y− 1). This means that if the ES was a closed 
system without external nutrient inputs, the average winter concentra
tion of N and P in the water column (Rijkswaterstaat, n.d.) may be 
depleted in ~70 and 20 days, respectively. Assuming dynamic equilib
rium for ES nutrient sources and sinks, this suggests a substantial input 
of nutrients from the North Sea to balance this removal. It is noteworthy 
that our calculation of nutrient removal may be conservative as it is 
based on dark respiration processes and no primary production has been 
considered. Primary production could increase nutrient removal 
through the biogenic uptake from microphytobenthos (Clavier et al., 
2005). 

A consequence of the flood mitigation developments in the ES has 
been the ongoing loss of intertidal areas due to “sand starvation”, and 
the reduced exchange of nutrients and OM with the North Sea (van 
Zanten and Adriaanse, 2008; Wetsteyn et al., 2003). It is estimated that 
erosion will contribute to a 35% loss of intertidal areas in the next four 
decades (Ysebaert et al., 2016). Following Ysebaert et al. (2016)’s esti
mates, eroding intertidal areas will increase the ES subtidal area by 19% 
potentially reducing the total sedimentary (subtidal + intertidal) 
nutrient removal of the ES. If the measurements from this study are 
representative of the greater ES region and if they remain consistent 
over time, we calculate an erosion induced decrease in the total nitrogen 
removal capacity from 4.1 × 108 mol N y− 1 to 3.7 × 108 mol N y− 1 

(11%). We also expect that the future removal capacity of phosphorus to 
decrease from 3.6 × 107 mol P y− 1 to 3.3 × 107 mol P y− 1 (8%). The loss 
of intertidal surface area could compromise areas important for OM 
mineralization and nutrient cycling and may decrease important 

ecosystem functions such as nitrogen/phosphorus removal, potentially 
increasing the concentration of nutrients available for primary 
production. 

Sea level rise (SLR) presents an additional threat to ES intertidal 
areas (Fox-Kemper et al., 2021). Estimates for SLR in the North Sea close 
to the ES predict an increase of ~17.1 cm following the SSP1-1.9 (Paris) 
scenario and 27.8 cm for the SSP5-8.5 by 2060 (pers. Comm. Aimée 
Slangen, (Fox-Kemper et al., 2021). The inclusion of SLR estimates for 
coastal systems is highly complex and is still in its infancy. A study on 
future SLR in the ES concluded that tidal amplitude would increase, and 
that the ES would become ebb-dominated (Jiang et al., 2020). A tran
sition to ebb-dominance in an already sand-starved system like the ES 
means that erosion of the intertidal zone, and the resulting loss of 
nutrient removal capacity would be exacerbated in the future. 

It is noteworthy that the future estimates we present may be con
servative as they do not account for SLR and might be underestimating 
the potential loss of nutrient removal capacity in the ES. This can be 
concerning for a system like the ES due to its ecological and cultural 
importance. Alterations to its biogeochemical regime, nutrients and 
primary production can affect the local and migratory species and have 
consequences for economic activities (Nienhuis and Smaal, 1994; Yse
baert et al., 2016; Zwarts et al., n.d.). Studying how SLR and sand 
starvation could affect intertidal areas and corresponding nutrient 
removal functions in coastal areas is therefore important to understand 
future biogeochemical characteristics of these areas. 

To conclude, our study shows that the mineralization and bioavail
able removal of inorganic nutrients can be significantly higher in 
intertidal sediments than in subtidal areas. These results are highly 
relevant since intertidal areas around the world are receding due to 
coastal development, erosion, and sea-level rise (Murray et al., 2019). 
Mudflats cover ~127,000 km2 worldwide, and their decline may have 
consequences on local and regional biogeochemical functioning. 
Therefore, improved understanding of tidal flat ecosystems is essential 
to manage and/or mitigate potential reductions to their functions and 
services. In addition, the relevance of investigating the Dutch coastal 
zone is that it is one of the most extensively engineered areas in the 
world. Thus, the environmental consequences derived from the loss of 
intertidal areas in Dutch systems could serve as a case study to guide 
future coastal protection projects elsewhere, and to some extent, prevent 
undesirable environmental problems derived from extensive coastal 
engineering, coastal erosion, and rising sea levels. 
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Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models 
using lme4. J. Stat. Software 67. https://doi.org/10.18637/jss.v067.i01. 

Berthold, M., Zimmer, D., Reiff, V., Schumann, R., 2018. Phosphorus contents Re-visited 
after 40 Years in muddy and sandy sediments of a temperate lagoon system. Front. 
Mar. Sci. 5 https://doi.org/10.3389/fmars.2018.00305. 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H., 
White, J.-S.S., 2009. Generalized linear mixed models: a practical guide for ecology 
and evolution. Trends Ecol. Evol. 24, 127–135. https://doi.org/10.1016/j. 
tree.2008.10.008. 

Bonifácio, P., Bourgeois, S., Labrune, C., Amouroux, J.M., Escoubeyrou, K., Buscail, R., 
Romero-Ramirez, A., Lantoine, F., Vétion, G., Bichon, S., Desmalades, M., Rivière, B., 
Deflandre, B., Grémare, A., 2014. Spatiotemporal changes in surface sediment 
characteristics and benthic macrofauna composition off the Rhône River in relation 
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