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Due to the widespread pollution of coastal groundwaters with fertilizers, submarine
groundwater discharge (SGD) is often thought to be a large dissolved inorganic nitrogen
(DIN) source to the ocean. Whether this N is autochthonous or allochthonous to the
subterranean estuary (STE), the availability of large quantities of DIN can nevertheless
interact with the cycling of other elements, such as carbon (C). In previous studies, we
documented the discharge of large quantities of freshwater and NO3

− from the mouth
of an STE into the Ria Formosa lagoon (SW Iberian Peninsula). For the period covered in
this study (2009–2011), the same STE site was dominated by recirculating seawater due
to a prolonged fall in piezometric head in the coupled coastal aquifers. Total SGD rates
remained similarly high, peaking at 144 cm day−1 at the lower intertidal during fall. We
observed a progressive increase of NO3

− availability within the STE associated with the
recovery of piezometric head inland. Interestingly, during this period, the highest SGD-
derived dissolved organic C and DIN fluxes (112 ± 53 and 10 ± 3 mmol m−2 day−1,
respectively) originated in the lower intertidal. NO3

− enrichment in the STE influences
the benthic reactivity of fluorescent dissolved organic matter (FDOM): when seawater
recirculation drives STE dynamics, only small changes in the benthic distribution of
recalcitrant humic-like FDOM are observed (from −2.57 ± 1.14 to 1.24 ± 0.19 10−3

R.U. “bulk” sediment h−1) in the absence of DIN. However, when DIN is available, these
recalcitrant fractions of FDOM are actively generated (from 1.32 ± 0.15 to 11.56 ± 3.39
10−3 R.U. “bulk” sediment h−1), accompanied by the production of labile protein-like
FDOM. The results agree with previous studies conducted with flow-through reactor
experiments at the same site and suggest that DIN enrichment in the STE enhances the
metabolic turnover of sedimentary organic matter up to the point of discharge to surface
waters. DIN pollution of coastal aquifers may therefore promote a contraction of the
residence time of particulate organic C within the STE, driving carbon from continental
storage into the sea.

Keywords: submarine groundwater discharge (SGD), fluorescent dissolved organic matter (FDOM), subterranean
estuary, Ria Formosa coastal lagoon, priming effect
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INTRODUCTION

The discovery and industrial application of the Haber-Bosch
process for fertilizer production from atmospheric N2 has
completely changed the global N cycle. Fertilizer usage, the
cultivation of N-fixing crops or biomass, and fossil fuel
combustion and subsequent deposition have turned human
activities into the largest source of bioavailable N to the
biosphere (Vitousek et al., 1997; Galloway et al., 2008).
This anthropogenic N enrichment of Earth’s ecosystems has
dramatically increased N content in freshwater ecosystems and
exponentially enhanced N fluxes to the coastal zone (Mackenzie
et al., 2002; Boyer et al., 2006; Rivett et al., 2008). There,
N enrichment triggers eutrophication, coastal acidification, or
environmental degradation (Erisman et al., 2008; Gruber and
Galloway, 2008) and interferes with the cycling of other elements
such as C and O (Bauer et al., 2013).

The indiscriminate use of fertilizers, together with wastewater
and septic tank leaks, industrial spillage, or the use of manure
and sewage sludge inland has led to the widespread N pollution
of groundwaters (Rivett et al., 2008). Up to 10% of the total
150 Tg N year−1 human-derived reactive N applied on the
land surface ends in groundwater reservoirs (Schlesinger, 2009).
The issue is that continental groundwaters will discharge to
the coast whenever a hydraulic connection with a positive
pressure head seaward exists (Johannes, 1980; Santos et al.,
2012). This discharge of continental groundwater is included
in submarine groundwater discharge (SGD; i.e., any source
of water with origin in the sediments irrespectively of its
origin and composition; Burnett et al., 2003), now recognized
as a large source of water to the coastal zone (Kwon et al.,
2014; Luijendijk et al., 2020). Land-ocean N fluxes associated
with SGD are larger than N transported into the sea by
rivers (Cho et al., 2018) on a global scale. Notwithstanding
the difficulties in identifying and quantifying this diffusive
source of water to the coast, SGD has already been recognized
as the dominant source of N to several coastal ecosystems
(e.g., Paytan et al., 2006; Leote et al., 2008; Tamborski et al.,
2017), and associated with environmentally adverse local effects
(Moore, 2010).

During their transit toward the coast, groundwaters can
mix with saline groundwaters prior to discharge, developing
the subterranean estuary (STE; Moore, 1999). Even if these
environments have been largely ignored in coastal monitoring
and management (Rocha et al., 2021), they play a crucial role
in modulating continental solute transfer to the sea. The sandy
exit sites of STEs are locus of a high variety of biogeochemical
processes capable of significantly changing solute loads associated
with SGD prior to discharge (Moore, 1999; Slomp and Van
Cappellen, 2004; Robinson et al., 2018). Due to the need to
quantify, predict, and control the SGD-borne N flux to the
coastal zone, substantial research has focused on understanding
natural N attenuation processes in STEs worldwide (Kroeger and
Charette, 2008; Rocha et al., 2009; Erler et al., 2014; Couturier
et al., 2017; Ibánhez and Rocha, 2017; Wong et al., 2020).

The availability and quality of organic C is key to understand
N cycling in STEs. Low C stocks and the refractory nature of both

particulate and dissolved organic matter in the sub-surface land-
ocean continuum limit heterotrophic NO3

− reduction processes
and can explain the large NO3

− concentrations reaching STEs
(Hartog et al., 2004; Rivett et al., 2008). On the other hand,
fresh marine organic matter brought into the STE at the seepage
face fuels a spatially heterogeneous cascade of biogeochemical
processes that can determine final N loads to the coast (Ibánhez
et al., 2013; Pain et al., 2019; Calvo-Martin et al., 2021). Due
to the high mobility of N compounds in the environment and
the role N plays in microbial and primary producer metabolism,
anthropogenic N enrichment of STEs could also promote
alterations on the cycling of other elements such as C. Hence,
mobilization of organic C from high residence time reservoirs like
peat bogs (Bragazza et al., 2006), the Artic tundra (Mack et al.,
2004), or alpine steppes (Chen et al., 2020) is increasingly linked
to the enhancement of microbial and enzymatic activity caused
by anthropogenic N enrichment. Nevertheless, to our knowledge,
the effect of N enrichment on the transformation of organic
matter in STEs has only been explored to date in incubation
experiments (Ibánhez and Rocha, 2014a). In this study, we use
an extensive field dataset collected in an STE seepage face to
explore the effects of changing N enrichment within the STE
over the quantity and quality of the fluorescent dissolved organic
matter (FDOM). The labile and recalcitrant fractions of FDOM
are then used as proxies of microbial organic C mineralization at
the seepage face.

MATERIALS AND METHODS

Study Site and Sampling Strategy
Five field surveys (from December 2009 until January 2011)
were conducted at different times of the year at a seepage face
located in the inner intertidal area of the Ancão peninsula
(37◦00′04′′N, 7◦58′57′′W), in the mesotidal Ria Formosa coastal
lagoon (Figure 1). NO3

−-rich SGD was documented in the
area in a previous series of monthly sampling surveys taking
place between 2005 and 2007 (Leote et al., 2008). High NO3

−

concentrations (up to 190 µM) associated with brackish water
(16.8 lowest salinity recorded) were identified seeping out at the
lower intertidal area of the permeable barrier of the lagoon during
low tide (Leote et al., 2008; Rocha et al., 2009). Water stable
isotope signatures confirmed that these NO3

−-rich brackish
waters derive from mixing of continental groundwater from
the Campina de Faro unconfined aquifer system bordering the
lagoon (Figure 1) and coastal seawater (Rocha et al., 2016). This
coastal aquifer was classified as nitrate vulnerable zone in 2005
under the EU’s nitrate directive due to large anthropogenic NO3

−

pollution (130 mg NO3
− L−1 in 2010; Rocha et al., 2016). The

sampling site was selected within the area previously identified as
affected by SGD. The beach is tide-dominated, with a tidal range
of 1.5–3.0 m and an averaged beach slope of 10.4% (Figure 1).

Extensive characterization of sediments at the sampling site
has been made elsewhere (Rocha et al., 2009; Ibánhez et al., 2011;
Ibánhez and Rocha, 2014a, 2016). Sediments at the seepage face
are classified as medium-coarse sand (dp = 0.5 mm) with high
permeability (1 × 10−3 cm s−1). Porosity peaks close to the
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FIGURE 1 | Sampling site location at Ria Formosa coastal lagoon (SW Iberian
Peninsula). The location of the three sampling stations (stations A and B within
the permanently saturated beach face and station C upward) within the
intertidal area of the inner part of Ancão peninsula and the distribution of
samplers per station (seepage meters, piezometers, and profilers) are shown.
A schematic view of beach water table during low tide, low and high tide
marks, and the location of the NO3

−-rich freshwater discharge tube (FDT)
observed during the period 2005–2007 (Rocha et al., 2009) at our site are
also shown.

sediment–water interface (always >0.3), and then approaches a
quasi-asymptotic value of 0.3 with depth, with minimal changes
throughout the year. The sediments have low total organic carbon
(TOC) content (<0.1%), with the highest values observed at the
sediment surface (top 10 cm).

Porewater composition, seepage rate measurements, and
associated solute fluxes were investigated during December 2009,
April, July, October 2010, and January 2011. Sampling equipment
was deployed at the intertidal seepage face during tidal exposure
and sampling conducted through the two subsequent tidal cycles,
thus leaving the system to re-equilibrate for one tidal cycle after
installation. The equipment remained in place for the duration

of fieldwork surveys, minimizing disruption to local beach
hydraulics (Seeberg-Elverfeldt et al., 2005; Ibánhez et al., 2011).
Three sampling stations were established within the beach profile,
following identical sampling strategy as in previous studies at
the same location (Leote et al., 2008; Rocha et al., 2009; Ibánhez
et al., 2011). Two sampling stations (A and B) covered the
permanently saturated intertidal seepage face and a third (C) the
upper part of the beach profile, situated outside the permanently
saturated intertidal zone (Figure 1). Station A was situated at the
lowest part of the intertidal beach profile where a permanent,
well-developed freshwater discharge tube was observed during
2005–2007 (Figure 1; Rocha et al., 2009), while B was placed at
the upper limit of the permanently saturated seepage face.

Seepage Measurements
Five (six during July and October 2010) Lee-type seepage meters
were installed at the beach face (Figure 1) to allow direct
measurements of seepage rate and solute fluxes across the
sediment–water interface (Lee, 1977; Burnett et al., 2006). These
were distributed (Figure 1) between the three sampling stations,
two at A and B and one at C (with an additional seepage
meter added to C in July and October 2010). During the survey
performed in January 2011, seepage meters were only deployed at
station A. Sampling followed the precautions suggested by Cable
et al. (1997). Measurements of seepage rate, associated solute
fluxes, salinity, and temperature were performed using the water
collected with the bags connected to the seepage meters, with
aliquots also taken for laboratory determinations.

Porewater and Surface Water Sampling
Four push–pull piezometers (MHE, United States) were installed
at each sampling station within the beach profile at screened
depths of 28, 66, 84, and 200 cm relative to the sediment
surface. Porewater samples were collected periodically with
luer-lock syringes (100 mL) attached to the piezometers
through tygon tubing and luer stopcocks. The internal volume
of the piezometers was flushed three times prior to the
collection of any sample.

Soil moisture samplers (Rhizon SMS-10 cm; Rhizosphere,
The Netherlands, 0.1 µm pore size) were used to collect in situ
high-resolution vertical porewater profiles close to the sediment–
water interface. The samplers were placed into the sediment
at fixed depths with the aid of two acrylic profilers (stations
A and B; Figure 1) modified from the design of Seeberg-
Elverfeldt et al. (2005). Each profiler was buried with 12 Rhizon
samplers located horizontally at vertical intervals of 1, 2.5, and
5 cm, covering the first 20 cm depth of the sediment column.
Porewater was collected at each depth by connecting Luer-Lock
syringes to the Rhizon samplers through the connection tubing
protruding from the sediment surface. The first 2 mL of filtered
porewater was discarded to avoid contamination due to the
dead volume inside the tubing and the samplers and to prevent
influence of the NH4

+ adsorption properties of the membranes
(Ibánhez and Rocha, 2014b).

Surface water samples were also collected next to the sampling
site during low tide. These were filtered onsite with Rhizon SMS
samplers. The final aliquots collected from the seepage meters,
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piezometers, the benthic profilers, and the surface seawater were
stored at −20◦C until analysis. All parameters were analyzed
within 1 month of sampling.

Analytical Methods
Porewater, seepage, and surface water samples collected during
each field survey were analyzed for NO3

−, NO2
− and NH4

+

content in a Lachat Quickchem 8500 Flow Injection Analysis
system following standard colorimetric methods (Grasshoff
et al., 1983). Porewater salinity (from both the high-resolution
porewater profilers and the piezometers) was measured with an
ATAGO hand-held refractometer using single-point calibration
with distilled water. Salinity and temperature measurements
on the seepage water were performed in situ using a YSI 600
(Yellowspring instruments) multiparameter probe following the
recommendations of the manufacturer. Dissolved Organic C
(DOC) from the seepage meters was determined in a Vario
TOC Cube elemental analyzer, after acidification with a 2 M
HCl solution to pH < 2 and purge to ensure removal of
dissolved inorganic C.

Excitation-Emission Matrix (EEM)
Fluorescence of Dissolved Organic
Matter (DOM)
A Cary Varian Eclipse fluorescence spectrophotometer was used
to obtain a three-dimensional excitation-emission matrix of
FDOM in all water and porewater samples (n = 701). The 5 nm
excitation and 10 nm emission bandwidths were used. Emission
wavelengths for analysis ranged from 290 to 550 nm with a 2 nm
interval, and excitation intensities were recorded at wavelengths
ranging from 270 to 440 nm with 5 nm intervals. The samples
were first placed in a thermostatic bath at 20oC to avoid changes
in the spectral intensities caused by temperature differences.
Absorbance of the samples in a 1 cm cuvette at 270 nm (the
lowest wavelength used in the fluorescence determinations) was
generally well below 0.05. The correction of the fluorescence
spectra for inner filter effects was therefore deemed unnecessary
(Kothawala et al., 2013). Spectra were collected in signal-to-
reference mode with instrument-specific excitation and emission
corrections applied during collection. Daily recorded Milli-
Q water blanks were subtracted from the sample spectra to
eliminate water Raman scatter peaks. Subsequently, EEMs were
normalized to the integrated area of Milli-Q water Raman peaks
to account for potential instrument-dependent intensity factors
(Lawaetz and Stedmon, 2009). Results are expressed in Raman
units (R.U.). MATLAB with the DOMFluor Toolbox was used
to handle first- and second-order Rayleigh scatter peaks and
to perform the PARAlel FACtor analysis (PARAFAC) of our
samples (Stedmon and Bro, 2008). PARAFAC modeling of EEM
fluorescence has been extensively described elsewhere (Andersen
and Bro, 2003; Stedmon and Bro, 2008). It allows decomposition
of a three-way array of data (the 3-D excitation-emission matrix)
into a set of three linear terms and a residual array. Following
PARAFAC decomposition, the complex sample EEM yields the
individual fluorescence components (fluorophores) within the
sample and their individual abundance. PARAFAC analysis was

performed on the entire EEM fluorescence dataset discussed
here (701 samples). The adequacy of the selected number of
components and the uniqueness of the solution were tested by
Split Half Analysis (Stedmon and Bro, 2008).

RESULTS

Water and Solute Seepage at the
Sampling Site
Seepage rates measured from December 2009 to January 2011
showed a similar discharge pattern to that previously described at
the same site (Leote et al., 2008). Seepage rates peaked during ebb
tide and were minimal or absent at flood tide (see Supplementary
Material). Linear vertical porewater velocities in excess of 100 cm
day−1 were measured at station A in all surveys but April 2010
(Figure 2). The highest discharge rates were always measured
at this point, followed by station B except during October 2010
where station C showed higher water discharge rates. Although
we recorded the highest discharge rates observed between 2009
and 2011 at station A during October 2010 (153± 73 cm day−1),
the difference in discharge rates obtained during the five sampling
periods covering this point of the profile were non-significant
(Kruskal–Wallis test, p > 0.05).

The salinity of STE outflows only dipped below 35 in April
2010 (Figure 3). This contrasts with the 2005–2007 period, when
salinities as low as 16.8 were measured (Leote et al., 2008).
Nevertheless, the magnitude of the discharge remained very
high and comparable to that measured during 2005–2007 (up to
180 cm day−1; Leote et al., 2008).

NO3
− was generally the predominant dissolved inorganic

nitrogen form (DIN = NO3
− + NO2

− + NH4
+; Supplementary

Table 1) in STE outflow water. The highest DIN concentrations
in seepage were recorded during October 2010, even if the lower
salinities were measured during April 2010 (Figure 3). For the
April and October data, DIN was significantly correlated with
salinity (Figure 3), but with very distinct slopes (April: −7.1x +
261.7, R = 0.80, p < 0.0001, n = 46; October: −84.1x + 3041.7,
R = 0.86, p < 0.0001, n = 71). DOC concentrations in seepage
were highest in April (Figure 3). DOC fluxes from the beach face
at station A, where the highest fluxes were measured, remained
year round between 100 and 170 mmol m−2 day−1 (Figure 2).
DOC did not covary significantly with salinity, and both DOC
and DIN concentrations in the seeped water were generally
higher than those measured in the surface seawater during low
tide (Figure 3).

FDOM Components at the Seepage Face
PARAFAC analysis of our dataset identified five FDOM
components (see Supplementary Material). These were
compared with the OpenFluor database1 (Murphy et al., 2014).
All five components showed high similarity (>0.95 Tucker’s
congruence) with components identified in several prior studies
(C1 present in nine studies, C2 in 18, C3 in 62, C4 in 61, and C5 in
24). Components 1, 2, and 4 (C1, C2, and C4) have characteristic

1https://openfluor.lablicate.com; last access 22/12/2020.
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FIGURE 2 | Daily linear porewater velocities, and DIN and DOC fluxes per sampling station calculated over the two consecutive tidal cycles sampled during each
survey. Error bars represent the standard error of the estimate.

FIGURE 3 | Upper panels: box plot of DOC and DIN concentration range observed in the water samples taken from seepage meters during the five seasonal
sampling surveys. Square limits represent the first and the third quartiles, the middle line represents the median, and whiskers are proportional to the interquartile
range (IQR) of the data by using 1.58 IQR/(n)1/2. Average DOC and DIN concentrations measured in the surface seawater at low tide are shown in red as reference.
Lower panels: Seasonal NO3

− concentrations measured in the seeped water (3) and in the porewater samples taken with piezometers (4) as a function of salinity.
Symbols denote each survey performed, while red fills are used to include the surface seawater measurements as reference.

emission wavelengths of 296, 340, and 336 nm, typical of protein-
like fluorophores. They correspond to peaks T (C2 and C4) and B
(C1) in Coble’s nomenclature (Coble, 1996) and are associated to
labile DOM (Yamashita and Tanoue, 2003; Stubbins et al., 2014).
Although they have similar characteristic emission wavelengths,
components C2 and C4 differ in their characteristic excitation
wavelengths (300 and 280 nm, respectively), suggesting they may
correspond to FDOM fractions with different molecular weight

(higher in C2; Coble et al., 1998). Components 3 and 5 (C3 and
C5) have emission wavelengths of 418 and 466 nm characteristic
of humic-like FDOM components (Supplementary Figure 2).
Component C3 is similar to Coble’s peak M, previously identified
as a humic-like FDOM component freshly produced in the
marine environment by microbial activity. Component C5
corresponds to Coble’s peak C and is associated with refractory
terrestrial DOM of low bioavailability (Stubbins et al., 2014).
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These FDOM components are highly similar to those from
an independent PARAFAC analysis run with samples from
flow-through reactor experiments conducted with water and
sediment collected at the same sampling site (Ibánhez and Rocha,
2014a). Three protein-like (C1, C2, and C5, with characteristic
emission wavelengths of 358, 320, and 298 nm, respectively)
and two humic-like (C3 and C4, with characteristic emission
wavelengths of 464 and 422 nm) FDOM components were also
identified then.

Protein-like FDOM component C2 and the two humic-like
FDOM components were always present in the seeped water.
The predominant FDOM components, on the basis of relative
peak intensity, were protein-like component C1 (44.4 ± 1.8%)
followed by the marine humic-like component C3 (18.1± 0.7%).
Over the entire dataset (n = 701), these two components as well
as the terrestrial humic-like component C5 were significantly
correlated with DOC concentration (C1: R = 0.56, p < 0.0001;
C3: R = 0.66, p < 0.0001; C5: R = 0.26, p < 0.0001; n = 251).
In contrast, no correlations of FDOM components with salinity
or DIN were found. This general pattern in the composition of
the FDOM held for each sampling event but October, where
FDOM was dominated by the marine humic-like component
C3 (28.9 ± 0.9%), followed by the protein-like component C4
(26.9 ± 1.2%) and the terrestrial humic-like component C5
(17.2 ± 0.6%). Despite its ubiquitous presence, protein FDOM
component C2 was the lowest contributor to the overall FDOM
pool by far (median contribution <8%) and therefore was
excluded from the subsequent data analysis.

The FDOM composition of seepage differed along the beach
profile. The relative abundance of the two humic-like FDOM
components (C3 and C5) was strongly correlated within the
permanently saturated beach face (stations A and B), but not in
station C (Figure 4). Furthermore, this correlation was highly
similar across both stations, with very comparable regression
slopes (Figure 4). Similarly high correlation between the two
humic-like FDOM components was observed in surface seawater
samples. In contrast, no significant correlations between the
relative abundance of the protein-like FDOM components C1
and C4 were found in seepage.

Porewater Solute Distribution at the
Seepage Face
Large spatial solute gradients were found within the beach
porewater. Figures 5, 6 show a snapshot of solute distribution
within the seepage face at the beginning of active seepage (i.e.,
at the beginning of sediment exposure). In contrast with seepage
meter outflows, porewater salinities lower than 35 were only
detected in January 2011 (Figure 3). These lows were restricted to
sampling stations C and B where no seepage meters were installed
at the time (Figure 5.5). Still, variable vertical salinity gradients
are found in almost all the surveys. In stations C and B, the
lowest salinity generally corresponds to samples taken from the
deepest screened points within the beach aquifer (2 m depth).
The exception occurred in January, where the lowest salinities
within the beach are found at the shallower screened depths at
station B (Figure 5.5). At station A, the lower salinity values in

FIGURE 4 | Relationships of the two humic-like FDOM components identified
through PARAFAC modeling of our dataset in the samples collected from the
seepage meters and those collected from the surface seawater during low
tide. Samples from the seepage meters are organized by sampling station.

seepage water are found in April (Figure 5.2) and during July in
porewater (salinity = 35; Figure 5.3).

NO3
− was the predominant form of porewater DIN

throughout the studied period (Figure 5), as expected given the
near-saturation of oxygen inside the beach (see Supplementary
Figure 3; Ibánhez and Rocha, 2016). Significant reductions in
oxygen levels during active seepage are only found in association
with particulate organic matter (POM) enrichments near the
sediment surface (Ibánhez and Rocha, 2016). NO3

− distribution
within the seepage face follows two different patterns during
the year: from December 2009 to July 2010, NO3

− porewater
concentrations were lower than 15 µM and generally peaked
close to the sediment surface. During October 2010 and January
2011, NO3

− concentrations in porewaters exceeded 30 µM (up
to 133 µM in October; Figure 3). In these two surveys, a
significant linear relationship between salinity and NO3

− exists,
although with different slopes and intercepts: October: −77.3x
+ 2923.5, R = 0.81, p < 0.0001, n = 44; January: −14.0x +
504.7, R = 0.83, p < 0.0001, n = 56 (Figure 3). The location
of the most NO3

− enriched porewater was also different during
these two surveys: in October, it was found at depth in station
B and distributed with depth in station A (Figure 5.9). In
January, it was found at depth in station C and in the shallower
screens for station B piezometer nests (Figure 5.10). Ammonium,
on the other hand, was permanently low and did not exceed
3 µM with peak concentrations found near the sediment surface
(Figures 5.11–15).

With regard to the zonation of FDOM components, the
highest values for the ratio between abundances of FDOM
components C3 and C5 (C3/C5) within the seepage face were
generally found in the beach interior (Figures 6.1–4), except
for January where they could be found in the shallower levels
of station A (Figure 6.5). On the other hand, the lowest
C3/C5 abundance ratios were found during October and January
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FIGURE 5 | Solute distribution within the seepage face at the beginning of sediment exposure during low tide. Salinity (panels 1–5), NO3
− (panels 6–10), and NH4

+

(panels 11–15) are shown for the five surveys presented here. Data are represented on the beach profile, where the dark line represents sediment surface. Samples
were collected with piezometers buried at different depths and seepage meters. Seepage meter data corresponding to half an hour around the time of piezometer
sampling were integrated at each sampling station and presented at the sediment surface. Sampling stations are labeled in the top panels. White squares mean lack
of data.

(Figures 6.4–5) and generally matched the location of NO3
−-

enriched porewaters (Figures 5.9–10). Contrastingly, while
FDOM component C1 was more abundant at the sediment
surface from December to July (Figures 6.6–8), C4 tended to
be more prevalent in depth (Figures 6.11–15). Nevertheless,
no statistical evidence of antithetical association between these
protein-like FDOM components was found.

The spatial solute distribution within the seepage face
was relatively constant throughout the active seepage period
(Figures 7, 8). Salinity gradients within the seepage face
remained in place throughout the sampled period (Figures 7.2–
4), suggesting the active pumping of waters with different origin
contributed to support them. Toward the end of sediment
exposure, the brackish, NO3

−-enriched porewaters observed in
station B during January (Figures 7.5, 7.11) were replaced by
low NO3

−, saline porewaters (Figures 7.5, 7.11). Interestingly,
in April, salinity gradients persisted at the deepest beach aquifer
zones during tidal exposure (Figures 7.2–3) in association
with higher NO3

− concentrations than those in surrounding
porewaters (Figures 7.8, 7.9). Furthermore, the spatial patterns
identified at the beginning of sediment exposure with regard to

FDOM components remained almost unchanged throughout the
period of active seepage (Figure 8). The lowest C3/C5 ratios were
identified in station A during April and stations B and C during
January with small changes over time. Labile FDOM component
C1 peaked at the sediment–water interface during April and
remained so throughout tidal exposure. On the contrary, the
highest abundance of the labile FDOM component C4 was found
in depth throughout the same period.

The persistence of large, stable solute gradients within the
beach aquifer during tidal exposure in spite of high seepage
rates highlights the extent of reactive modulation of solute
concentrations inside the beach prior to discharge. High-
resolution vertical porewater profiles show that the largest
vertical solute gradients occur near the sediment surface
at the peak of the discharge (Figures 9, 10). These are
measured within vertically homogeneous salinity distributions
(see Supplementary Material), implying that the nitrate
gradients are sustained by reaction and not by mixing of different
inputs. NO3

− peaked within the surface 30–50 cm of sediment
in station A from December 2009 to July 2010 (Figure 9) when
large porewater flow rates were measured (Figure 2). Considering
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FIGURE 6 | FDOM distribution within the seepage face at the beginning of sediment exposure during low tide. The ratio of FDOM C3/C5 (panels 1–5), C1 (panels
6–10), and C4 (panels 11–15) are shown for the five surveys presented here. Data are represented on the beach profile, where the dark line represents sediment
surface. Samples were collected with piezometers buried at different depths and seepage meters. Seepage meter data corresponding to half an hour around the
time of piezometer sampling were integrated at each sampling station and presented at the sediment surface. Sampling stations are labeled in the top panels. White
squares mean lack of data.

the predominant vertical direction of flow near the sediment
surface at our site (Rocha et al., 2009; Ibánhez and Rocha, 2016),
these results imply the active production of NO3

− near the
sediment surface at that point of the beach profile. The same is
clearly observed at station B in July and October (Figure 10). In
contrast, NO3

− is only available at measurable concentrations at
depths exceeding 50 cm during December in station B (>3 µM;
Figure 9), during January in station A and the deepest reaches of
station B and during October over the entire sediment column
below station A, where NO3

− concentrations exceeded 100 µM
(Figure 10). NH4

+, on the other hand, remained low throughout
the entire period of study. The abundance of the two humic-
like FDOM components, analyzed individually, was virtually
constant with depth throughout the period of study, with very
low temporal variability (very small error bars; Figure 9). The
only notable exceptions to this general pattern were found in
January 2011 and quite clearly in October 2010, where the vertical
distribution of humic-like FDOM abundance drastically changed
over the surface 30 cm of sediment from relative homogeneity
with depth (Figure 10). There, active production of both C3

and C5 was observed. Protein-like FDOM components C1 and
C4 showed higher spatial and temporal variability, although
in general the largest changes also occurred at the surface
sediment layers.

DISCUSSION

Technical Considerations
Lee-type seepage meters are affected by potential artifacts that
influence seepage rate measurements (Shaw and Prepas, 1989).
These effects are reduced at high seepage rates, as was the case
for the study period (Cable et al., 1997; Leote et al., 2008).
Nevertheless, seepage rate measurements reported here were
validated with pressure measurements carried out in parallel,
in two independent ways: using manual measurements of pore
pressure employing the shallow screen piezometers installed
every survey, and during April 2010, additional backing provided
by continuous pressure measurements made with a ceramic
10M CTD Diver (Schlumberger Water Services, United States)
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FIGURE 7 | Temporal solute distribution within the seepage face during the period of active seepage, i.e., during sediment exposure, organized by sampling station
during April 2010 and January 2011. Porewater salinity (panels 1–6), NO3

− (panels 7–12), and NH4
+ (panels 13–18) are shown. Samples were collected with

piezometers and seepage meters. Seepage meter data corresponding to half an hour around the time of piezometer sampling were integrated at each sampling
station and presented at the sediment surface. White squares represent lack of data. Note the different scale in the NO3

− concentrations between April and January.

buried at the seepage face for the duration of field sampling
(Ibánhez and Rocha, 2016). Intercomparison of results confirmed
the correct functioning of our Lee-type seepage meters during
sediment exposure and the magnitude of the meter-derived
seepage rates. During high tide however, the continuous pressure
measurements obtained during April 2010 showed that surface
water infiltration occurred within the permanently saturated
zone (Ibánhez and Rocha, 2016). Infiltration rates cannot be
monitored by Lee-type seepage meters due to their design. While
this does not affect the credibility of measured seepage (outflow)
rates, it raises concerns regarding the drivers of composition
of seepage water collected by these instruments. During high
tide, both the entrapped water and the volume of sediment
enclosed by Lee-type seepage meters may have been subject to
relatively limited ventilation. This would of course affect the
solute composition of water collected during the first moments
of seepage outflow as this water might be considered the efflux
of pore and overlying water stagnating within the chamber
for a few hours. Yet, under the prevalent seepage rates, the
enclosed volume of water, calculated on the basis of the chamber
dimensions (0.1 m2, 10 cm depth) and the local porosity (∼0.3),

this potentially stagnant porewater would have been flushed out
within less than 30 min of active seepage. Even if this effect
is limited over the vast majority of data given the large period
covered by the measurements during active seepage stages of
the tidal cycle, it might explain the large enrichment in FDOM
component C1 found in water samples collected at the beginning
of these stages, particularly from December to July (Figure 6).
The progressive decrease of abundance in FDOM component
C1 with time during the active seepage stage shown for April
2010 (Figure 8) and the paucity of this FDOM component
in porewater profiles collected with our profilers (Figure 10)
support this interpretation. It follows that composition of seepage
water collected with these meters at the very beginning of the
outflow stage should be taken with caution when interpreting the
overall results.

Compositional Change of SGD at the
Sampling Site
Salinities lower than 35 were only measured in seepage water
during April, in contrast with the monthly surveys performed
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FIGURE 8 | Temporal FDOM distribution within the seepage face during the period of active seepage, i.e., during sediment exposure, organized by sampling station
during April 2010 and January 2011. The ratio of FDOM C3/C5 (panels 1–6), C1 (panels 7–12), and C4 (panels 13–18) is shown. Samples were collected with
piezometers and seepage meters. Seepage meter data corresponding to half an hour around the time of piezometer sampling were integrated at each sampling
station and presented at the sediment surface. White squares represent lack of data.

during 2006–2007 at the same site where measurable fresh
groundwater was always present, even if in small quantities
during the summer months (Leote et al., 2008; Rocha et al.,
2009). Salt budgets (Ibánhez and Rocha, 2016) revealed that
fresh groundwater would only account for 2.7 ± 1.8% of the
STE outflow at station A during April 2010, while negative salt
balances prevailed in the other two stations, due essentially to
the accumulation of salt in the unsaturated sediments over low
tide (Geng et al., 2016). This drop in salinity during April 2010
is not associated with an influx of NO3

− to the seepage face as
observed during 2006–2007 at the same site, where nitrates and
salinity were negatively correlated, suggesting that it might have
originated from local rainfall rather than from the subsurface.
Thus, SGD was essentially composed of recirculated seawater for
this study period. Regardless, seepage rates were comparatively
high in comparison to the 2006–2007 period when significant
amounts of fresh groundwater were outflowing from the same
site. The high hydraulic conductivity (10−3 cm s−1), beach slope
(10%), and tidal amplitude (1.5–3 m) of the location allow the
fast recirculation of seawater through the upper parts of the

beach, forming the so-called tidal circulation cell (Robinson et al.,
2007a,b) which contributes to sustain the high seepage rates
in situ.

A sudden, more than threefold increase in SGD-derived
NO3

− fluxes to the lagoon compared to the other months
is observed in October 2010. These large NO3

− fluxes were
restricted to sampling station A, where continental groundwater
discharge was observed during the period 2005–2007 (Leote
et al., 2008). Parallel increases in porewater NO3

− were not
observed in the water collected from the seepage meters
installed in January 2011, although the presence of a NO3

−-
rich, brackish discharge tube is clearly observed in the beach
interior. Beach sands can host large nitrification rates supported
by the simultaneous supply of oxygen and organic matter into
the beach interior (Schutte et al., 2018). Oxygen transport
into our site is driven by the fast infiltration of surface
seawater at the unsaturated upper intertidal, explaining the large
benthic oxygenation (see Supplementary Material; Ibánhez and
Rocha, 2016) and therefore could explain the porewater NO3

−

enrichment found during October and January. The substrate for
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FIGURE 9 | High-resolution vertical porewater profiles of NH4
+, NO3

−, and FDOM components during the peak of discharge in stations A and B during December
2009 and April and July 2010. Porewater profiles correspond to the average of those obtained during two consecutive tidal cycles with piezometers and porewater
profilers.

benthic autotrophic nitrification, NH4
+, remained low (generally

<3 µM) in porewater (e.g., Figure 5). These sediments also have
very low NH4

+ adsorption capacity (Ibánhez and Rocha, 2017).
Therefore, to support nitrification rates capable of explaining
the observed NO3

− concentrations, significant benthic organic
matter mineralization is required. Two moles of O2 are needed
for the production of one mole of NO3

− during autotrophic
nitrification, and these have to be added to the O2 consumption
fueling aerobic organic matter mineralization. Porewater O2
levels measured during January in the three sampling stations
and throughout the studied sediment column remained near
saturation levels (>200 µM; see Supplementary Material)
at all times, giving no indication of significant benthic O2
consumption that would support aerobic mineralization coupled
to nitrification over the sampling timeframe. This observation
supports our previous findings indicating strong organic matter
limitation of aerobic respiration (Ibánhez and Rocha, 2016),

and implies that the NO3
− enrichment in porewater found

during October and January is not driven by nitrification
supported by aerobic respiration within the seepage face. It has
to originate elsewhere and is transported toward the seepage face
by porewater advection.

The first option is that nitrate originates in subsurface fresh
groundwater of continental origin, as suggested by the strong
linear correlation of porewater NO3

− with salinity during both
October and January (Figure 3) even if porewater salinity
below 35 was only found in January. Furthermore, the NO3

−-
rich porewater discharge tube observed during these surveys
was located in the same area affected by fresh continental
groundwater during 2005–2007 (Rocha et al., 2009). These waters
originated from the direct mixing of NO3

−-polluted Campina de
Faro aquifer system groundwaters and coastal seawater (Rocha
et al., 2016). In 2005, a drastic drop in the piezometric head was
observed in the coastal aquifer system surrounding Ria Formosa

Frontiers in Marine Science | www.frontiersin.org 11 May 2021 | Volume 8 | Article 661201

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-661201 May 15, 2021 Time: 15:18 # 12

Ibánhez et al. Nitrate Accelerates Mineralization in STEs

FIGURE 10 | High-resolution vertical porewater profiles of NH4
+, NO3

−, and FDOM components during the peak of discharge in stations A and B during October
2010 and January 2011 (only station A). Porewater profiles correspond to the average of those obtained during two consecutive tidal cycles with piezometers and
porewater profilers. Note the different scale used in the NO3

− and NH4
+ profiles.

(Figure 11). The hydraulic gradient to the sea remained very low
until the beginning of 2010, when a fast recovery began. This
increase in the piezometric head in land during the study period,
which reached values at the higher end of those registered for
the period 2002–2011, is not immediately translated into higher
continental freshwater influx at the site. This suggests that there is
a time lag of months from the recovery (or drop during the 2006–
2007 period) in the piezometric head inland and the increase
(or decrease) of the contribution of continental groundwater to
the overall SGD at the site. Alternatively, the water might be
diverted or intercepted in transit, and recirculated via irrigation
(Hugman et al., 2017) during the spring to fall period. The inland
piezometric head further controls the position of the freshwater–
seawater interface within the aquifer matrix (Michael et al.,
2005; Robinson et al., 2006). Thus, during the prolonged drop
in the piezometric head of the coastal aquifer, the freshwater–
seawater is displaced inland and surface seawater intrudes de
aquifer. There, seawater intrusion completely changes ionic
strength (and hence desorption of solutes such as ammonium
from the aquifer matrix), pH, DOM content, or oxygen levels
within the aquifer and can significantly increase NO3

− levels
through processes such as DOM mineralization, nitrification,
and matrix weathering (Slomp and Van Cappellen, 2004; Moore
and Joye, 2021; Wan et al., 2021). With the recovery of the
piezometric head, this salty groundwater will be displaced toward
the seepage face. The displacement of the freshwater–seawater
interface and the discharge of the intruded seawater can explain
the delay observed between piezometric head recovery and the
identification of a fresh groundwater signal at the seepage face

but also, can add to the NO3
− levels observed during October

and January. If we take DIN content within the seepage face as
a reference however, our data can be separated into two highly
distinctive sets: one from December 2009 until July 2010 where
porewater in the seepage face is largely dominated by recirculated
seawater with low DIN content, and another from October 2010
to January 2011 where the arrival of continental groundwater
largely impacted DIN content inside the seepage face.

FDOM as a Proxy of Organic Matter
Transport and Reactivity at the Seepage
Face
In combination with PARAFAC modeling, FDOM permits
to disentangle the cycling of specific fractions of the DOM
pool. Compared to the traditional pick-picking technique
for identification of FDOM components (e.g., Coble, 1996),
PARAFAC allows the fluorescence signals of each fluorophore to
be separated, thus avoiding signal overlapping and the ensuing
overestimation of fluorophore abundances in concentrated
samples (Andersen and Bro, 2003; Stedmon and Bro, 2008).
Furthermore, the unique solution produced by PARAFAC
modeling of an FDOM dataset allows quantification of the
relative abundance of each fluorophore, which is directly
proportional to the concentrations of the individual components
in the samples (Andersen and Bro, 2003; Murphy et al., 2013).

Previous studies have used FDOM humic-like components
identified through PARAFAC analysis to quantify the transport
of terrestrial DOM to the coast through SGD (Nelson et al., 2015;
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FIGURE 11 | Monthly precipitation as recorded in the meteorological station placed in the airport of Faro (37.02◦N, 7.97◦W) and piezometric head recorded in the
610/6 (37.02◦N, 7.97◦W), 611/236 (37.03◦N, 7.94◦W), and 611/209 (37.05◦N, 7.95◦W) monitoring wells of the Sistema Nacional de Informação de Recursos
Hídricos (SNIRH; Portugal; https://snirh.apambiente.pt) from January 2002 until March 2011. Gray areas denote the temporal coverage of surveys presented in
Leote et al. (2008) and in this study.

Kim and Kim, 2017; Cho et al., 2021). In our site, the relative
abundances of FDOM humic-like components C3 and C5 were
significantly correlated in water seeping out from stations A
and B (Figure 4), suggesting that the relative abundances of
C3 and C5 expressed as a ratio (FDOM C3/C5) could be a
reliable tracer of SGD in the Ria Formosa lagoon. Nevertheless,
inside the seepage face, the FDOM C3/C5 abundance ratio
showed high spatial and temporal variability (Figures 6, 8).
During December 2009, at the lowest piezometric level observed
inland for this study (Figure 11), the FDOM C3/C5 ratio was
the highest of the series. A progressive enrichment in FDOM
terrestrial humic-like component C5 relative to component C3
is observed afterward, except for July, in coincidence with the
seasonal fall of the hydraulic gradient in the coastal aquifer
during the summer. During October and January, the lowest
C3/C5 ratios (i.e., higher relative contribution of the FDOM
terrestrial humic-like component C5) are strongly associated with
the NO3

−-rich porewater discharge tube identified (Figures 5, 6),
further suggesting the inland origin of the observed porewater
NO3

− enrichment during these last two surveys.
The microbial degradation of both particulate and dissolved

organic matter produces humic-like FDOM compounds (Ogawa
et al., 2001). Despite the presumable terrestrial origin of
FDOM component C5, this humic-like fluorophore was actively
produced during October and January near the sediment surface
(Figure 10). Suryaputra et al. (2015) observed the production of
this FDOM component in a microtidal STE associated to marine

organic matter degradation. Furthermore, Romera-Castillo et al.
(2010, 2011) suggested that humic-like FDOM component
C3 is produced by eukaryotes, whereas C5 is produced by
prokaryotes that are also able to use FDOM component C3
to produce C5. The blue shift of C5 compared to C3 suggests
comparatively higher aromaticity (Coble et al., 1998; Stubbins
et al., 2014). Thus, C5 is assumed to have higher resistance to
microbial degradation but also that it is produced from more
refractory organic matter compared to C3. Its persistence in
the environment allows its use to fingerprint water masses with
different origins in complex coastal ecosystems (Ibánhez et al.,
2019). Combined, humic-like FDOM components C3 and C5
can be linked to the microbial processing of different organic
matter fractions.

Protein-like FDOM components are linked to the amino acid
content of aquatic ecosystems (Yamashita and Tanoue, 2003;
Stubbins et al., 2014). Peptides and both intra and extracellular
proteins contribute to the protein-like FDOM pool (Fox et al.,
2017). In this study, samples were filtered with Rhizon SMS
with a pore size of 0.1 µm, and thus, protein-like FDOM
components C1 and C4 can confidently be attributed to the
extracellular amino acid content in water samples. Both FDOM
components are therefore labile and can feed heterotrophic
microbial processes (Stubbins et al., 2014) but also their active
production is a reliable proxy of microbial activity (Fox et al.,
2017). This is consistent with the highly variable distribution
of FDOM components C1 and C4 within the seepage face and
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TABLE 1 | NO3
− and FDOM reaction rates calculated through mass balances of solute distribution in the top 44 cm of sediment in the seepage face, organized by

survey and sampling station.

Station Velocity NO3
− FDOM protein-like FDOM humic-like

C1 C4 Marine C3 Terrestrial C5

cm h−1 nmol cm−3 bs h−1 10−3 R.U. bs h−1

December 09 A 16.3 ± 2.2 −0.26 ± 0.35 −16.07 ± 5.90 3.69 ± 2.62 0.76 ± 0.16 −2.57 ± 1.14

B 11.3 ± 1.8 −0.38 ± 0.36 −10.29 ± 4.42 −6.02 ± 1.17 −1.11 ± 0.19 −0.60 ± 0.10

April 10 A 18.6 ± 3.7 0.71 ± 0.83 2.61 ± 0.86 −6.18 ± 2.80 −1.43 ± 0.29 −0.34 ± 0.08

B 14.3 ± 2.2 0.00 ± 0.00 −8.74 ± 2.25 −4.63 ± 0.97 1.24 ± 0.19 −0.10 ± 0.02

July 10 A 14.6 ± 2.0 0.51 ± 0.26 4.80 ± 4.25 1.13 ± 0.31 −1.22 ± 0.25 −0.89 ± 0.17

B 9.9 ± 1.6 0.00 ± 0.00 10.93 ± 11.26 1.15 ± 0.32 −1.01 ± 0.21 −0.90 ± 0.17

October 10 A 21.7 ± 2.0 −2.28 ± 1.07 3.72 ± 3.17 19.46 ± 14.14 11.56 ± 3.39 5.09 ± 1.28

B 8.2 ± 2.7 0.17 ± 0.24 −2.11 ± 1.09 6.18 ± 2.28 4.62 ± 2.38 3.44 ± 2.10

January 11 A 13.3 ± 1.4 −0.12 ± 0.08 3.10 ± 0.95 4.39 ± 0.75 2.20 ± 0.31 1.32 ± 0.15

Averaged porewater velocity used for these calculations is also shown. Errors are calculated from error propagation of the averaged porewater profiles and the
advective velocity used. *bs “bulk” sediment.

the observation of both apparent production and consumption
patterns (Figures 9, 10).

DIN and FDOM Reactivity Within the
Seepage Face
Large spatial solute gradients were observed inside the seepage
face (Figures 5, 6) that remained stable throughout the period
of sediment exposure (Figures 6, 7). Particularly notable are
the unstable salinity gradients observed, for instance, in the
deepest piezometers of April and in stations C and B in
January, that remained in place throughout the period of
sediment exposure (Figure 6). Vertical density instabilities
promote convective turnover and mixing (Rocha, 2000) and
thus are not stable over time. Therefore, these unstable density
gradients that persist over time must be continuously feed by
the complex 3-D transport pathways present inside the beach.
Nevertheless, near the sediment–water interface, the magnitude
of the measured seepage rates and their validation with pressure
measurements that assume vertical porewater transport (Ibánhez
and Rocha, 2016), confirm that there, porewater transport is
largely dominated by the vertical component.

Using the measured seepage rates during the peak of
the discharge and assuming stationary state and vertical
seepage (Rocha et al., 2009; Ibánhez and Rocha, 2016), we
calculated solute reaction rates from the averaged, high-
resolution porewater profiles from the seepage face. To ensure
that vertical seepage dominates the sediment horizon studied,
solute mass balances were performed with the data from the
top 44 cm of sediment. Homogeneous vertical salinity is verified
in the selected sediment column throughout the studied period
and thus, solute gradients are confidently assigned to the local
reactivity (see Supplementary Material), calculated as follows:

R =
1C q
d

(1)

where 4C is the change of the target solute verified between
44 cm depth and the sample closest to the sediment surface,

q is the Darcy velocity, and d is the length of the studied
sediment column (44 cm).

The two different periods identified based on the presence
or absence of measurable NO3

− at the seepage face presented
contrasting reactivity (Table 1). From December to July, NO3

−

production dominated, while the highest NO3
− reduction rates

are obtained in station A in October, coinciding with the NO3
−

enrichment in the sediment column. These nitrification and
NO3

− reduction rates are at the low end of those determined
through diagenetic modeling of in situ porewater profiles
(Ibánhez et al., 2013) and with flow-through reactor experiments
(Ibánhez and Rocha, 2017) at the same site. FDOM protein-
like components C1 and C4 showed variable reactivity, with
a tendency toward net consumption during the first period
sampled and a net production of both components during the
second one. Nevertheless, the reactivity of the humic-like FDOM
components showed the clearest seasonal pattern. While during
the first three surveys humic-like FDOM components remained
almost vertically unchanged denoted by the low reaction rates
obtained, these were actively produced at high rates coinciding
with the observed porewater NO3

− enrichment at the seepage
face. Overall, while during the initial period (December 2009 to
July 2010) the seepage face generally acted as a sink of FDOM,
during October 2010 and January 2011 net production of the four
FDOM components was generally obtained.

DIN Impact Over C Storage and
Processing Capacity in the STE
In intertidal sands, pelagic POM transported by seawater
infiltration during high tide is trapped near the infiltration
surface (de Beer et al., 2005; Rocha, 2008; Jiang et al., 2020).
Thus, while solutes such as oxygen or DOC can penetrate the
beach interior, POM accumulates in the surface sediments. This
was clearly observed at our sampling site during the studied
period, where POM content peaked at the sediment surface and
decayed with depth (Ibánhez and Rocha, 2014a, 2016). Aerobic
respiration and NO3

− reduction processes at the studied site are
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limited by organic C availability, showing strong limitation at
depths exceeding 30–40 cm (Ibánhez et al., 2013; Ibánhez and
Rocha, 2016). Similarly, intense FDOM reactivity seems to be
mainly restricted to the top 30–40 cm of sediment, where FDOM
components changed abundance by up to 90% (Figure 10).

FDOM component C5 was never actively produced from
December 2009 to July 2010 (Table 1). This contrasts with
the high rates of production of both humic-like FDOM
components during October 2010 and January 2011, suggesting
an enhanced C processing within the seepage face during this
period, including both fresh and older organic matter. This
period also showed the highest protein-like FDOM production
rates, except for C1 in station B in October, suggesting an
enhancement of microbial activity during October and January.
Furthermore, the concomitant production of both protein-
like and humic-like FDOM suggests that they are primary
originated from POM processing rather than from DOC. This
is supported by the location of the FDOM production zone,
tightly coupled with the distribution of infiltrated pelagic POM
that accumulates in the top sediment column of the studied
site (Ibánhez and Rocha, 2016). Similar spatial patterns of
FDOM reactivity were identified in an STE from Sanggou
Bay (China) that receives significant land-derived NO3

−

loads (Jiang et al., 2020). There, the concomitant production
of protein-like, humic-like FDOM and DOC under chronic
porewater NO3

− enrichment is observed in the sediment depths
where POM is accumulated.

Mechanisms Underlying NO3
−-Driven

Organic C Processing Enhancement in
the STE
Our results are in high agreement with those presented in
Ibánhez and Rocha (2014a). There, a series of flow-through
reactor experiments were run with intact sediment columns
from the top 12 cm and porewater collected at the study
site during October 2010 and January 2011. Under a purely
advective regime (15.1 ± 0.2 to 18.8 ± 0.1 cm h−1; Ibánhez and
Rocha, 2014a), similar to that found in the field (Table 1), the
surface sediment metabolism is C-limited and an overall DOC
and FDOM sink. Nevertheless, when the circulating porewater
is spiked with NO3

− (>100 µM final concentration), the
sediment became a source of DOC, protein-like FDOM, and
both humic-like FDOM components identified here, both under
oxic (>220 µM O2) and suboxic conditions (<90 µM O2).
The sudden availability of N stimulates microbial metabolism
and its ability to process particulate refractory organic matter,
thus mobilizing the stored POM pool. In our field surveys,
active FDOM production is mainly restricted to the last
two surveys where NO3

− enrichment is observed within
the seepage face. The highest rates of FDOM production
are observed in station A during October, directly impacted
by this enrichment in NO3

−. In station B during October
and station A during January, this NO3

− enrichment is not
observed at the peak of the discharge. Nevertheless, the lateral
displacement of the NO3

−enriched porewater discharge tube
caused by tidal oscillation and mixing during active surface

water infiltration during high tide could spread this NO3
−

enrichment within the seepage face, thus promoting the observed
enhanced POM processing.

NO3
− is a powerful oxidant that is used as electron

acceptor by different microbial organisms (e.g., Kuypers et al.,
2018). In the benthic redox cascade, i.e., the sequential use
of electron acceptors by the microbial community based
on favorable energy yields, NO3

− is the most energetically
efficient electron acceptor after O2. Under anoxic conditions,
the sudden availability of NO3

− would feed heterotrophic
processes such as heterotrophic denitrification that could
promote the observed enhancement of organic C processing at
the seepage face. Nevertheless, the sampled beach interior was
well oxygenated during the surveyed period and thus, benthic
aerobic respiration would not be limited by O2 availability (see
Supplementary Material; Ibánhez and Rocha, 2016). NO3

−

reduction under bulk benthic oxic conditions was observed at
our site (Ibánhez and Rocha, 2017), and net NO3

− reduction
rates were obtained in the mass balances performed here
(Table 1). Although aerobic denitrification was reported in
permeable marine sediments (Marchant et al., 2017), NO3

−

reduction rates at our site increase when lowering the amount
of O2 in the circulating porewater, suggesting the presence
of anoxic microniches within the sediment pore structure
that would sustain NO3

− reduction rates under bulk aerobic
conditions (Ibánhez and Rocha, 2017). In the FTR experiments
performed in parallel to the surveys presented here (Ibánhez
and Rocha, 2014a), the concomitant benthic production of
both humic-like and protein-like FDOM components under
NO3

− spiked porewater was similar under both oxic and
suboxic conditions. There, a significant increase of the benthic
production of humic-like and protein-like FDOM was verified
after further adding NH4

+ to the circulating porewater. These
results suggest that, adding to the observed organic C limitation,
the local microbial metabolism is also N-limited. With excess
electron acceptors in place at the seepage face, porewater N
enrichment promotes a priming effect over organic matter
mineralization by overcoming stoichiometric constraints of
microbial metabolism (Guenet et al., 2010), thus accelerating
organic C turnover within the seepage face as observed in other
N-deficient systems (e.g., Mack et al., 2004; Bragazza et al., 2006;
Chen et al., 2020).

CONCLUSION

The large heterotrophic capacity of permeable coastal sands
prevents the accumulation of labile organic matter in the
sediment, driving these environments to C limitation. Together
with previous research at the same site, our results also indicate
that heterotrophic processes are N-limited at the seepage face.
Because the progressive recovery of the inland piezometric
head observed during the study period resulted in the gradual
increase of NO3

− availability at the seepage face, organic C
processing there was completely changed. Sudden N transport
to the seepage face appeared to catalyse POM processing, thus
reducing C storage. The resulting organic metabolites are then
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rapidly transported to surface waters where they become exposed
to photolysis and pelagic mineralization. Overall, additional
N supplied by the subterranean estuary appears to accelerate
particulate organic C turnover within the system. Despite the
low standing stocks of POM of these benthic environments, their
large volume suggests that this mechanism may have a significant
impact on the reactive resilience of the coastal C pool. Validation
of these findings by elucidating the role of N supplementation on
local microbial and enzymatic activity and generalization of the
observations supporting this priming effect to other STEs is yet
to occur.
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