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Benthic metabolism and nutrient
dynamics of a hyperturbid and
hypernutrified estuary
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Cesar Vilas3, José Pedro Cañavate3

and Emilio Garcia-Robledo1,2

1Microbial Ecology and Biogeochemistry Laboratory, Department of Biology, Faculty of Marine
and Environmental Science, University of Cadiz, Puerto Real, Spain, 2Instituto Universitario de
Investigación Marina (INMAR), Cadiz, Spain, 3Acuicultura, Pesca y Medio Marino, Instituto Andaluz de
Investigación y Formación Agraria, Pesquera, Alimentaria y de la Producción Ecológica (IFAPA) Centro
El Toruño, El Puerto de Santa Marı́a, Spain
The biogeochemical role of the sediments in the Guadalquivir River estuary, a

vital region in the SW Iberian Peninsula, has been considerably neglected. The

benthic microalgae (microphytobenthos, MPB) inhabiting the sediment surface

could contribute to the autochthonous primary production and influence

nutrient recycling in this hyper-turbid and hypernutrified estuary. Sediment–

water column fluxes of O2 and dissolved inorganic nitrogen species (DIN = NH4
+

+ NO3
− + NO2

−) were assessed in laboratory incubations of sediment cores from

Bonanza (mouth) and Lebrija (middle) during a 1-year study. Vertical profiles

down to the 10-cm depth of photosynthetic pigments, organic C, total nitrogen,

DIN, Fe2+, SO4
2−, and dissolved inorganic carbon (DIC) were also measured.

Chlorophyll a in the sediment surface was higher at the estuarine mouth,

exhibiting a seasonal pattern at both sites with highest values in winter and

lowest in summer. Net community production (NCP) was higher in Bonanza

compared with Lebrija and showed positive values most of the year, indicating

that MPB contributed to the overall autochthonous primary production of the

estuary. Seasonal changes in chlorophyll a and NCP were not parallel, suggesting

different ecological controls. The sediment was generally a net sink of NO3
− and

NH4
+ in both sites, with several fold higher rates for NO3

− uptake. MPB N demand

could account for the entire sediment DIN uptake in Bonanza and 21% in Lebrija.

The remaining high NO3
− uptake rates indicate that they sustain elevated

sediment denitrification rates. In contrast, rates of anaerobic oxidation of

organic matter by Fe reduction and SO4
2− reduction, estimated from Fe2+ and

SO4
2− vertical concentration profiles, were several orders of magnitude lower

than the estimated water column-dependent denitrification rates. Overall, this

study shows the importance of MPB in the Guadalquivir Estuary and the potential

dominant role of denitrification in the anaerobic mineralization of organic matter.
KEYWORDS

Guadalquivir Estuary, hyperturbid estuary, seasonal variations, microphytobenthos,
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1 Introduction

Coastal systems play a pivotal role in global biogeochemical

cycles, buffering the exchange of matter and energy across

terrestrial, oceanic, and atmospheric compartments. Among these

systems, estuarine regions are renowned for their elevated

productivity, driven by the influx of organic and inorganic matter

from rivers and the autochthonous primary productivity of diverse

organisms (Underwood and Kromkamp, 1999). The Guadalquivir

Estuary, located in the Gulf of Cadiz (southwestern Spain), extends

approximately 110 km from its mouth to the Alcalá del Rıó dam,

Seville. It is one of the region’s most ecologically and economically

important estuaries, despite undergoing significant anthropogenic

alterations since historical times. Such activities include urban and

agricultural waste and recurrent dredging, which result in elevated

turbidity and very high nutrient concentrations in the water column

(Ruiz et al., 2017; Dıéz-Minguito and de Swart, 2020; Miró et al.,

2022). Nitrate concentrations higher than 500 μM are frequently

recorded at the head of Guadalquivir Estuary (Mendiguchıá et al.,

2007; Flecha et al., 2015). A high concentration of suspended

particulate matter has been also frequently observed (>500 mg

L−1) reaching up to 30 g L−1 during an extreme turbidity event

(Megina et al., 2023). This high turbidity affects various

components of the biological community such as the macrofauna

and small fishes (Donázar-Aramendıá et al., 2019; Miró et al., 2020,

2022). In addition, the very high turbidity, which significantly

reduces the photic layer, limits autochthonous phytoplankton

primary production resulting in a net heterotrophic water column

(Soetaert et al., 2006; Flecha et al., 2015; Ruiz et al., 2017; Huertas

et al., 2018). However, the intertidal sediments in the Guadalquivir

River banks are inhabited by a conspicuous benthic microalgal

community known as microphytobenthos (MPB), which might

contribute significantly to the autochthonous primary production

within the estuary explaining part of its high productivity (Schutte

et al., 2018; Donázar-Aramendıá et al., 2019; Dıéz-Minguito and de

Swart, 2020; Miró et al., 2020).

The MPB community, generally dominated by diatoms,

includes cyanobacteria and other microalgal taxa (Underwood

and Kromkamp, 1999). MPB plays a significant ecological and

biogeochemical role in estuarine ecosystems in addition to their

contribution to the total C fixation as primary producers

(Underwood and Kromkamp, 1999; Sundbäck and Miles, 2002;

Haro et al., 2019). MPB is an important food source both directly

for marine meiofauna and macrofauna (Middelburg et al., 2000)

and indirectly due to the production of exopolymers that serve as a

carbon source for heterotrophic bacteria (Bohórquez et al., 2017). In

addition, these exopolymers promote sediment cohesion and

stabilization, and enhance water quality, as well (Paterson, 1989;

Yallop et al., 1994). Furthermore, MPB plays a crucial role in the

mineralization of organic matter and nutrient recycling by

influencing sediment oxygen levels, organic matter lability, and

the exchange of nutrients between the sediment and water column.

The rate and pathways of organic matter mineralization, as well as

the partitioning between aerobic and anaerobic metabolism, such as

denitrification and sulfate and iron reduction, can be strongly

influenced directly and indirectly by MPB activity due to oxygen
Frontiers in Marine Science 02
production during daytime photosynthesis. Nitrogen demand by

MPB can also affect coupled nitrification–denitrification in

estuarine sediments and therefore nitrogen speciation and

exchange rate across the sediment–water interface (Risgaard-

Petersen, 2003; Soetaert et al., 2006; Schutte et al., 2018;

Høgslund et al., 2023; Rios-Yunes et al., 2023).

Despite the evident presence of MPB in the Guadalquivir

intertidal riverbanks, there is no information on its role as a

potential contributor to total autochthonous primary production

and biogeochemical cycling at the sediment–water interface in this

important and very turbid temperate estuary. Therefore, the main

objective of this study was to investigate the seasonal variations in

MPB biomass and net metabolism, to analyze the spatiotemporal

changes in nutrient concentrations, and to assess the fluxes of

inorganic nutrients between the sediment and the water column. To

the best of our knowledge, this is the first study that describes the

main biogeochemical characteristics of the Guadalquivir Estuary

intertidal sediments and evaluates the potential role of MPB,

complementing the better-studied water column. These data

contribute to obtaining a more integrated view of the

biogeochemical and ecological characteristics of the system.
2 Material and methods

2.1 Study site and sampling

The Guadalquivir estuary (Figure 1), located in the southwest

coast of the Iberian Peninsula, is approximately 110 km long and

150 m–800 m wide (Navarro et al., 2011). It is affected by a

semidiurnal tidal cycle, with a maximum spring tidal range of 3.5

m (Dıéz-Minguito et al., 2012). The watershed is in a warm-

temperate climate area with hot and dry summers and irregular

rainfall characterized by oceanic storms. However, the river

discharge is controlled by the net of dams in the watershed and

ultimately by the Alcalá del Rıó dam (Supplementary Figure S1),

located in the upper section (not shown in the map of Figure 1).

Two sampling sites were selected along the estuary to cover a wide

range of salinity: (i) Lebrija (36°57′27.9″N 6°10′36.7″W), with low-

salinity range (from 1 to 7 PSU), and (ii) Bonanza (36°52′33.2″N 6°

20′58.2″W), near the mouth of the estuary, with higher salinity

values (from 10 PSU to 23 PSU). At each sampling site, five

sediment cores (5 cm Ø, 30 cm length) and in situ water (30 L)

were collected on new moon quarterly (November 2018, February,

May, August, and November 2019). Sediment samples were

collected in the bare muddy intertidal zone along the riverbanks

during emersion. Samples were collected from an area of

approximately 2 m2 in each site, avoiding fragments of vegetation

or leaves in the collected samples in a time range of ±50 min from

low tide. Tidal amplitudes throughout the sampling period did not

change in Bonanza (~1.1 m), whereas those in Lebrija were 1.1 m in

November 2018, 0.8 m in February and November, and 1 m in May

and August 2019. Water samples were collected as close as possible

to the sediment cores (a few meters). Sediment cores and in situ

water were immediately transported to the laboratory, where the

cores were placed in two 12-L aquaria (one for Bonanza and the
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other for Lebrija) filled with in situ water and maintained in a

temperature-controlled room at 18°C. Sediment cores were

illuminated with white LED lamps (Lince 6M Verso, Light

Environment Control S. L.) at an irradiance of 1,300 μmol

photons m−2 s−1 measured at the water interface.
2.2 Total suspended solids and inorganic
nutrients in the water column

Monthly samplings of some water column variables were done at

new moon at the same sampling sites, Lebrija and Bonanza, from a

boat with a multiparameter probe (EXO2, YSI), anchored at

approximately 10 m from the shore and at the same time range

from low tide (data in Table 1). Surface water samples were taken for

the measurement of total suspended solids (TSS) and inorganic

nutrients during the sediment sampling period, from November

2018 to November 2019. For TSS, the water samples were filtered

over preweighed GF/F filters and weighed again after drying at 60°C.

The filtered water was collected for the measurement of inorganic

nutrients. In addition, coinciding with the sediment sampling dates
Frontiers in Marine Science 03
(every 3 months), water column samples were collected to measure

only inorganic nitrogen species, close to the sediment core sampling

sites. All water samples were immediately filtered through a GF/G filter

and stored frozen (−20°C) until analysis. Inorganic nitrogen nutrient

concentrations were measured spectrophotometrically on a microplate

reader (Multiskan GO, Thermo Scientific), following methods

described by Bower and Holm-Hansen (1980) for NH4
+ and Garcıá-

Robledo et al. (2014) for NO3
− and NO2

−. PO4
3− and SiO4

4− were

determined following Grasshoff et al. (1999).
2.3 Sediment–water fluxes of oxygen and
inorganic nitrogen

Sediment–water fluxes were measured the day after sampling by

whole-core incubations in light and dark conditions. Light and dark

incubations were performed sequentially in the same sediment

cores after a minimum of 1 h of preincubation at the same light

condition. For the incubations, sediment cores (n = 5, circa 20 cm of

sediment and 10 cm of water column) were closed with transparent

Plexiglas lids and kept closed for 2 h–7 h depending on season. The
TABLE 1 Monthly averages ± SD of temperature (°C), salinity (PSU), total suspended solids (TSS, mg L−1) and inorganic nutrients (DIN = NO3
− + NO2

− +
NH4

+, PO4
3−, and SiO4

4−, µmol L−1) in the water column at low tide, from November 2018 to November 2019 (n = 14), in Bonanza and Lebrija, in the
Guadalquivir estuary.

T Salinity TSS DIN PO4
3- SiO4

4-

Lebrija 19.5 ± 5.3 5.3 ± 3.1 325.4 ± 188.7 341.6 ± 148.2 2.9 ± 0.9 81.4 ± 137.4

Bonanza 19.2 ± 5.2 15.9 ± 6.0 91.8 ± 63.0 246.0 ± 111.5 2.4 ± 0.9 59.1 ± 105.8
FIGURE 1

Map of the lower Guadalquivir estuary indicating the location of the two sampling sites (orange rhombs). The locations of the closest weather
stations (blue dots) are also shown.
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duration of incubations was adjusted to avoid oxygen variations of

more than 20%.

Inorganic nitrogen (NH4
+, NO3

−, NO2
−) concentrations were

measured in water samples collected in the water column of the

cores before and after the incubations. All water samples were

immediately filtered through a GF/G filter and stored frozen (−20°C)

until analysis as already described. Sediment–water fluxes (J, mmolm−2

h−1) of inorganic nitrogen species were calculated as the difference

between the initial and final concentrations during the incubation

according to the following equation (Equation 1):

J =
(Cfinal  −  Cinitial)

Dt
� V

A
(1)

where C is the concentration of the solute (mmol/m3), V

represents the volume of the water column in the core (m3), A

represents the area of the sediment core (m2), and Dt is the

incubation time interval (hours). Positive and negative fluxes

represent nutrient efflux from the sediment and sediment net

uptake, respectively.

To measure O2 fluxes, changes in O2 concentration during the

incubations were measured every 30 s in each core by using optical

oxygen sensors (OXSP5, PyroScience®). Oxygen fluxes at the

sediment water interface (net community production, NCP, fluxes

measured in light conditions; and dark respiration, Rdark, fluxes

measured in dark conditions) expressed by unit of surface (mmol

O2 m
−2 h−1) were calculated as the slope of the changes in oxygen

concentration with time (mmol O2 m
−3 h−1) and normalized to the

area and volume of the water column during the incubation

similarly to Equation 1, except that D[O2]/Dt, was obtained from

the slope of continuous changes in O2 concentration over time.

Daily net community production (DNCP) was calculated from

NCP and Rdark, taking into account the seasonal changes in the local

daylight (tL) and night (tD) periods, according to DNCP = NCP×tL
− RD×tD.
2.4 Inorganic nitrogen, iron, sulfate, and
dissolved inorganic carbon in
the porewater

Once the incubations were completed, the five sediment cores

were sliced into 1-cm-thick slices down to the 10-cm depth. The

sediment was centrifuged at 4,700 ×g for 20 min at 4°C to extract

the porewater. The sediment pellet was freeze-dried and preserved

in darkness for further analyses (chlorophyll, organic carbon and

total nitrogen, see following section).

For inorganic nitrogen (NH4
+, NO3

−, and NO2
−), porewater

samples collected were preserved and analyzed as described above

for the water column. For Fe2+ analysis, 0.4 mL of porewater was

transferred to Eppendorf tubes with 0.1 mL of HCl 2N to avoid

oxidation. Fe2+ was measured following Viollier et al.’s method

(Viollier et al., 2000). Sulfate (SO4
2−) was analyzed by ion

chromatography in aqueous matrices (METROHM:858-

Professional Sample processor) (INMAR Peripheral Services).

For dissolved inorganic carbon (DIC) analysis, 1 mL of

porewater was transferred to 3-mL Exetainers (Labco, UK) with 2
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mL of MQ water and preserved with 0.1 mL of 37% formalin. DIC

in the porewater was determined by a colorimetric method (Sarazin

et al., 1999). Calibration was performed with standards spiked with

the same amount of formalin than the samples.

Production/consumption rates of NH4
+, Fe2+, SO4

2−, and DIC

were calculated from their concentration profiles within the

sediment using the software PROFILE (Berg et al., 1998). The

porosity used in calculation was an average of the porosity

measured in the samples (0.75). Irrigation and bio-diffusivity was

considered as negligible. The diffusion coefficients were extracted

from Li and Gregory (1974).
2.5 Organic matter, organic carbon, total
nitrogen, and chlorophyll in the sediment

Organic carbon (Corg) was determined as the difference between

the total carbon measured in the freeze-dried sediment samples and

inorganic carbon measured on a replicate previously combusted at

550°C for 4 h. Total nitrogen was measured in the freeze-dried

sediment samples. Both samples were analyzed on an elemental

analyzer (Leco CHNS 932) at the Central Services of the University

of A Coruña, Spain.

Photosynthetic pigments were extracted from freeze-dried

sediment (circa 1.5 g) in 100% methanol buffered with MgCO3.

After 18 h in darkness at 4°C, absorbance spectra of the extracts

were measured on a microplate reader (Multiskan GO; Thermo

Scientific) before and after acidifying with 100 μL of 1 N HCl.

Chlorophyll a (Chla) and phaeophytin a (Phaeoa) were measured

according to Stal et al. (1984). Active chlorophyll was estimated as

the ratio between Chla and Phaeoa (Chla/Phaeoa) in each sample.
2.6 Statistical analysis

In order to explore statistical differences in our data, variables

were first graphically checked for extreme values or skewed

distributions (Zuur et al., 2010). Sediment Fe2+, NO3
−, NO2

−,

Chla, and Phaeoa were ln(x+1) transformed. Analysis was

performed on each variable individually by PERMANOVA in

PRIMER 6.0 (PRIMER-e Ltd) using a Euclidean distance

similarity index and 1,000 permutations. When permutations

were low, a Monte Carlo approximation was used to obtain the p

values (Anderson et al., 2008). Post-hoc tests were performed when

a significant effect was found. If a significant interaction was

observed, post-hoc tests were performed within the other factor.

Differences in water column concentrations were tested for the

effects of time and location. Sediment-water fluxes were analyzed

separately for light and in darkness with time and location and their

interaction as fixed factors. In order to test whether a difference

existed in the magnitude of nutrient fluxes between light and

darkness, an analysis was performed using the paired difference

for each core between light and dark incubation. For the sediment

column variables, i.e., solid phase and porewater solutes, time,

location, and depth were tested as fixed factors. Since depth

intervals within cores are not independent, core identity was
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introduced as a random factor nested within site and time. The

interactions of time by location, and depth by location, were also

included in the model. Correlations between variables were tested

with a Spearman rank correlation coefficient.

Statistical significance was established at p<0.05. All the results

were expressed as mean ± SE unless otherwise stated. All results are

interpreted through the “lens of statistical clarity” sensu Dushoff

et al., 2019.
3 Results

3.1 Organic carbon and total nitrogen
content in the sediment

The organic carbon content in the sediment (Corg) in both sites

showed a slight trend to decrease with depth (Figure 2A) (p <0.0001;

Supplementary Table S2). Corg was generally higher in Bonanza (5.29

mg cm−3–11.72 mg cm−3) than in Lebrija (4.93 mg cm−3–8.85 mg

cm−3) (Supplementary Figure S2; Figure 2A), although the difference

was statistically clear only in July and November 2019 (post-hoc test, p

< 0.05; Supplementary Table S5). Corg changed along the year within

each site with differences being clear in some of the months (post-hoc, p

< 0.05; Supplementary Table S5), but seasonal changes were not

synchronous in both sites (Figure 2A).

Total nitrogen (NT) content range was similar in Bonanza and

Lebrija (0.35 mg cm−3–0.91 mg cm−3 and 0.31 mg cm−3–0.75 mg

cm−3, respectively), although statistically clear interactions were

observed between site and depth and site and date (p < 0.0001;

Supplementary Table S2). At both sites, values showed differences

with sediment depth (post-hoc, p <0.05; Supplementary Table S5)

with highest values observed near the surface (Supplementary

Figure S2B; Figure 2B). NT showed clear differences with time in

both sites. NT showed clearly lowest values in November 2018 and

February in Bonanza, whereas in Lebrija statistically clearly higher

values were observed in February compared with the rest of months

(Figure 2B) (post-hoc, p <0.045; Supplementary Table S5).

The molar ratio of Corg to NT (C:N) (Supplementary Figure

S2C) was usually higher in Bonanza than in Lebrija, although only

in August and November 2019 was this difference statistically clear

(post-hoc, p < 0.026; Supplementary Table S5). The mean C:N ratio

measured in Bonanza was 15.48 ± 0.98 mol/mol and 12.25 ± 0.35

mol/mol in Lebrija.
3.2 Photosynthetic pigments content in
the sediment

Chla concentrations in the sediment were highest at the sediment

surface, decreasing exponentially with depth (Figure 2C;

Supplementary Figure S2D) (post-hoc, p < 0.05; Supplementary Table

S5). The annual mean Chla concentration in the upper 1-cm sediment

layer was higher in Bonanza than in Lebrija, being 11.48 ± 1.45 μg cm−3

and 8.48 ± 0.94 μg cm−3, respectively. Chla showed clear differences

with season at both sites (post-hoc, p < 0.05; Supplementary Table S5).

The highest concentrations were measured in February and November
Frontiers in Marine Science 05
2019, reaching up to 13.00 ± 2.73 μg cm−3 and 20.25 ± 2.16 μg cm−3 in

Bonanza and 14.16 ± 3.85 μg cm−3 and 9.33 ± 0.26 μg cm−3 in Lebrija,

respectively. The lowest values were found in August, being 6.44 ± 1.62

μg cm−3 and 5.40 ± 0.70 μg cm−3 in Bonanza and Lebrija, respectively.

The ratio between Chla and Phaeoa (Chla : Phaeoa) was not

clearly different between Bonanza (range from 0.01 ± 0.02 to 0.67 ±

0.09) and Lebrija (from 0.03 ± 0.01 to 0.47 ± 0.20), although a

significant interaction was found (p < 0.001; Supplementary Table

S2). The seasonal changes of Chla : Phaeoa followed a similar

spatiotemporal evolution to that of Chla, with some exceptions. In

Bonanza, the highest values of Chla : Phaeoa were observed at

August at the sediment surface, whereas in Lebrija, this occurred in

November at the deepest sediment layer (Figure 2D).
3.3 Oxygen fluxes at the sediment–
water interface

The microbenthic community from both sampling sites were

photosynthetically active in light conditions (Figure 3A). Net

community production during light (NCP) was clearly higher in

Bonanza than Lebrija (post-hoc, p < 0.019; Supplementary Table S5),

with the exception of February, with mean values of 5.42 ± 3.58 mmol

m−2 h−1 and 1.54 ± 2.24 mmol m−2 h−1, respectively (Figure 3A).

Respiration rates in darkness (Rdark) were 2.38 ± 0.14 mmol m−2 h−1 in

Bonanza, being on average 1.8 times higher than those measured in

Lebrija (1.31 ± 0.49 mmol m−2 h−1) (Figure 3B). Highest values of NCP

were observed in August in Bonanza (post-hoc, p < 0.003;

Supplementary Table S5), and in February in Lebrija (post-hoc, p <

0.001; Supplementary Table S5). Rdark covaried in both sampling sites

along the seasonal cycle and was highest in May, followed by August.

Differences between months were clearly higher in Bonanza than

Lebrija. In both Bonanza, DNCP was always positive ranging from

21.4 m−2 day−1 to 129.8 mmol O2 m
−2 day−1 in November 2019 and

August, respectively. In Lebrija, it ranged from −23.3 mmol O2 m
−2

day−1 to 43.9 mmol O2 m
−2 day−1, showing positives values only in

February and August.
3.4 Inorganic nutrients in the water
column and sediment porewater

Dissolved inorganic nitrogen (DIN) was the dominant nutrient in

the Guadalquivir water column in Bonanza and Lebrija during the

studied period (Table 1). The most abundant inorganic nitrogen

nutrient in the water of Guadalquivir River was nitrate (90%–99.7%

of DIN). Nitrate concentrations in the water column showed

statistically clear seasonal changes between all months in Lebrija and

the majority in Bonanza (post-hoc, p-value <0.039; Supplementary

Table S5) (Figure 4A). Seasonal maximum nitrate concentration was

found in February 2019 with values up to 395 μM and 639 μM in

Bonanza and Lebrija, respectively. The minimum nitrate concentration

was measured in August (30 μM–40 μM), 10 times lower than the

maximum measured in February. Concentrations increased again in

November 2019 up to 93 μM and 257 μM in Bonanza and Lebrija,

respectively (Figure 4A). Nitrite concentrations were close to detection
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limits never exceeding 2 μM (Figure 4B). The ammonium

concentration in the water column ranged from 0.15 μM to 10.7

μM, with two peaks in May and November 2019 (Figure 4C). Water

column ammonium was similar in both sampling sites except in

February and May, when higher concentrations were measured in

Bonanza, but these were not statistically clear (p > 0.05, Supplementary

Table S5). PO4
3− concentrations were approximately 2 μM–3 μM in

both sites, the N:P stoichiometric ratio was much higher than the

typical one for phytoplankton (16). The mean dissolved SiO4
4−
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concentration was 81.4 ± 137.4 and 59.1 ± 105.8 (mean ± SD), in

Lebrija and Bonanza, respectively, but dropped to 26.2 ± 7.8 μM and

16.7 ± 6.9 μM when the very high concentrations (up to 474.5 μM and

362.9 μM measured in November and December 2018, respectively)

were excluded from annual averages (Table 1).

Porewater NH4
+ levels greatly exceeded those in the water column,

increasing significantly with depth at both stations. Concentrations

ranged from 2 μM–35 μM in the top centimeter to maximum values of

390 μM–490 μM at 10-cm depth. Differences were statistically clear
A

B

C

D

FIGURE 2

Seasonal changes in sediment (A) organic carbon (COrg), (B) total nitrogen (NT), (C) chlorophyll-a (Chla) contents, and (D) in Chlorophyll-a:
Phaeophytin-a ratio in the first 10 cm in Bonanza (orange dots and lines) and Lebrija (green dots and lines) along the Guadalquivir estuary, from
November 2018 to November 2019. Data points represent means ± SE (n = 3).
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down to 4.5 cm in Lebrija, whereas in Bonanza they were even deeper

(post-hoc, p < 0.019; Supplementary Table S5) (Supplementary Figure

S2; Figure 5A). Clear seasonal differences were observed mainly within

February compared with the rest of themonths in Lebrija and February

and November 2019 for Bonanza (post-hoc, p < 0.05; Supplementary

Table S5). While high values were recorded with depth in both sites in

August, in February concentrations were high in Bonanza but low in

Lebrija (Figure 5A). Porewater NO3
− and NO2

− were detected in the

top 2 cm of sediment, rapidly decreasing with depth (Supplementary

Figure S2; Figure 5). Concentrations of NO3
− and NO2

− in the

sediment varied over time, with different patterns at each station.

However, the lowest concentrations were observed at both sites in

August (Figures 5B, C).
3.5 Dissolved inorganic carbon, iron, and
sulfate in the sediment porewater

The concentrations of dissolved inorganic carbon in the sediment

(DIC) showed a similar range in Bonanza and Lebrija (4.47 mM–12.10
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mM and 2.29 mM–11.97 mM, respectively) but was clearly different

between sites (post-hoc, p < 0.016; Supplementary Table S5) with the

exception of February and August. In both sites, DIC increased with

depth (Supplementary Figure S2K; Figure 6A) with the exception of the

bottom samples in Bonanza (post-hoc, p < 0.001; Supplementary Table

S5). In addition, for most dates average values with depth DIC varied

throughout the year at both sites although out of phase (post-hoc, p <

0.05; Supplementary Table S5) (Figure 6A).

Porewater Fe2+ concentrations ranged from 0.05 μM to 416 μM

in Lebrija and up to 826 μM in Bonanza (Figure 6B), showing clear

differences between sites with the exception of August (post-hoc, p <

0.05; Supplementary Table S5). The Fe2+ profiles observed at both

Lebrija and Bonanza remained relatively stable throughout the year,

showing consistent and similar initial concentrations down to a

depth of approximately 2.5 cm where the iron concentration

gradually increased for a few centimeters before decreasing again.

For both sites, the highest average Fe2+ concentration was recorded

in August, with Bonanza twice as high as Lebrija. Differences

between depths were more clear in Bonanza than in Lebrija (post-

hoc, p < 0.05; Supplementary Table S5).
A B C

FIGURE 4

Seasonal changes in (A) NO3
−, (B) NO2

−, and (C) NH4
+ concentrations in the water column in Bonanza and Lebrija along the Guadalquivir estuary

during the sampling period, from November 2018 to November 2019. Data points represent means ± SE (n = 3).
A B

FIGURE 3

Seasonal changes in (A) net community production in light and (B) dark respiration estimated from the O2 fluxes across the sediment-water column
interface in Bonanza (orange) and Lebrija (green) along the Guadalquivir estuary during the sampling period, from November 2018 to November
2019. Data points represent means ± SE (n = 5).
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SO4
2− porewater content ranged from 9.23 ± 1.27 mM to 11.85

± 1.72 mM at Bonanza and between 4.40 ± 0.50 mM and 5.48 ± 0.54

mM at Lebrija, showing statistically clear differences between the

two sampling sites (p < 0.001) (Figure 6C).
3.6 Fluxes of inorganic nitrogen at the
sediment-water interphase

Net NH4
+
fluxes across the sediment–water interface measured

by whole core incubations were generally negative throughout the

measured period (−0.96 mmol m−2 h−1to 0.32 mmol m−2 h−1),

indicating net consumption rates by the sediment at both locations

(Figure 7A). NH4
+
fluxes in Lebrija were generally lower than in

Bonanza with no changes in the direction or magnitude between

light and dark fluxes (p > 0.05). In contrast, in Bonanza, differences

between light and dark fluxes were statistically clear (post-hoc, p <

0.05; Supplementary Table S5) with the exception of February.
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Net NO3
−
fluxes (from −2.55 ± 1.55 mmol m−2 h−1 to 2.03 ±

1.63 mmol m−2 h−1) followed a similar seasonal trend in both

sites and were approximately one order of magnitude higher

than those of ammonium (Figure 7B). NO3
−
fluxes, both in light

and in darkness, were negative during November 2018 and

February 2019, suggesting a nitrate uptake by the sediment,

decreasing in May and August to values around zero. This

difference was clear in darkness for both sites (post-hoc, p <

0.05; Supplementary Table S5) whereas in light differences over

time were found only in Lebrija. In November 2019, there was a

considerable scattering in the measured nitrate fluxes, both in

absolute values and in the direction across the sediment–

water interface.

Net NO2
−
fluxes (from −0.03 mmol m−2 h−1 to 0.10 mmol m−2

h−1) were lower than ammonium and nitrate fluxes. Net NO2
−

fluxes showed a peak of efflux in May showing statistically clear

interactions with season and site (p < 0.0001; Supplementary Table

S3) (Figure 7C).
A

B

C

FIGURE 5

Seasonal changes in sediment porewater concentrations of (A) ammonium (NH4
+), (B) nitrate (NO3

−), and (C) nitrite (NO2
−) in the first 10 cm in

Bonanza (orange dots and lines) and Lebrija (green dots and lines) along the Guadalquivir estuary during the sampling period, from November 2018
to November 2019. Data points represent means ± SE (n = 3).
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A B C

FIGURE 7

Seasonal changes in (A) NH4
+, (B) NO3

−, and (C) NO2
−
fluxes in light and in darkness across the sediment–water column interface in Bonanza

(orange) and Lebrija (green) along the Guadalquivir estuary during the sampling period, from November 2018 to November 2019. Data points
represent means ± SE (n = 5).
A

B

C

FIGURE 6

Seasonal changes in sediment porewater concentrations of (A) DIC, (B) Fe2+, and (C) SO4
2− in the first 10 cm in Bonanza (orange dots and lines) and

Lebrija (green dots and lines) of the Guadalquivir estuary during the sampling period, from November 2018 to November 2019. Data points represent
means ± SE (n = 3). November 2018 samples for SO4

2− in Lebrija were lost (white area).
Frontiers in Marine Science frontiersin.org09

https://doi.org/10.3389/fmars.2024.1389673
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Perez-Rodriguez et al. 10.3389/fmars.2024.1389673
3.7 Net production rates of DIC, NH4
+, and

Fe2+ and net consumption rate of SO4
2−

within the sediment

Net production (DIC, NH4
+, and Fe2+) and consumption rates

(SO4
2−) in the sediment were calculated modeling the porewater

profiles (Figures 5, 6) with the PROFILE software (Berg et al., 1998).

Net DIC production within the sediment ranged from 0.30 ± 0.05

mmol m−2 h−1 to 1.29 ± 0.14 to mmol m−2 h−1 in Bonanza and from

0.36 ± 0.09 mmol m−2 h−1 to 0.94 ± 0.47 mmol m−2 h−1 in Lebrija

(Supplementary Figure S3A). Two relative maxima were found in

Bonanza in May and November 2019, whereas in Lebrija they were

found in February and August 2019. Net NH4
+ production rates in

Bonanza ranged from 3.17 μmol m−2 h−1 in May and November

2019 to 19.37 μmol m−2 h−1 in November 2018 (Supplementary

Figure S3B). In Lebrija, two NH4
+ production rates maxima were

found in November 2018 and August 2019 with values up to 35.70

μmol m−2 h−1 and minimum values of 18.69 μmol m−2 h−1 in

February 2019. Net production of NO3
− and NO2

− could not be

estimated using PROFILE because both nutrients were restricted to

the upper cm of sediment (Figure 5).

Net Fe2+ production rate represents an estimation of iron

reduction microbial pathway within the sediment. Fe2+

production rates showed very low values between November 2018

to May 2019, increasing in August 2019 up to values of 164.93 μmol

m−2 h−1 and 69.12 μmol m−2 h−1 at Bonanza and Lebrija,

respectively (Supplementary Figure S3C). Net SO4
2− consumption

rates allow us to estimate sulfate reduction activity within the

sediment. These rates showed values between −15.48 μmol m−2

h−1 and 17.43 μmol m−2 h−1, with maximum values in May and

November 2019 at Bonanza and Lebrija , respectively

(Supplementary Figure S3D).
4 Discussion

4.1 Organic carbon and total nitrogen

The concentrations of organic carbon (Corg) and total nitrogen

(NT) in intertidal sediments of the Guadalquivir Estuary were lower

than in the nearby intertidal sediments of Cadiz Bay (Corzo et al.,

2009; Bohórquez et al., 2019; Haro et al., 2020), but similar to those

observed in its sublittoral sediments (Burgos et al., 2018a) and in

other temperate estuaries (Rios-Yunes et al., 2023). The relatively

scarce differences in the vertical distribution of Corg, NT, and C:N

with depth (Supplementary Figure S2) indicated that sediments are

well mixed in the upper 10-cm depth (Canfield et al., 2005).

Bonanza exhibits clearly higher Corg in some months but similar

NT to Lebrija, resulting in higher C:N ratios at the more marine site

(Figure 2, Supplementary Figure S2). Despite this difference among

sites, C:N ratios in the Guadalquivir Estuary were similar to other

muddy intertidal environments (Cabrita and Brotas, 2000; Haro

et al., 2020; Rios-Yunes et al., 2023). C:N ratio >10 in the sediment

surface suggests that, in addition to autochthonous production by

MPB or phytoplankton, there is a certain contribution of

allochthonous organic matter from the river catchment area
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(Hedges et al., 1997; Hillebrand and Sommer, 1999). Seasonal

differences in Corg and NT were statistically clear in both sites,

although they depended on the site, with peaks in November. This

seasonal pattern coincided with seasonal changes in Chl a, as

discussed in the following section. Nonetheless, it was likely

affected as well by seasonal changes in the annual precipitation

pattern and the management of river flow in the Alcala de Rio dam

(Supplementary Figure S1). Precipitation was high in February and

November and might have increased the contribution of

allochthonous organic matter to the sediment.
4.2 Microphytobenthic biomass
seasonal dynamics

Microphytobenthos biomass estimated by the Chla

concentration decreased exponentially with depth within the

sediment as expected (Supplementary Figure S2) (Macintyre

et al., 1996; Garcıá-Robledo et al., 2010; Garcia-Robledo et al.,

2016), except in Lebrija in November 2019, when the Chla

concentration was similar down to 5-cm depth (Figure 2). This

unusual sediment Chla vertical profile could be related to a higher

sediment accumulation and resuspension following an opening of

the Alcalá del Rıó dam (Supplementary Figures S1, S2) (Dıéz-

Minguito et al., 2012). Chla followed a seasonal cycle with highest

surface values in winter (February) and in fall (November) and a

minimum in summer (August) in both sampling sites. The MPB

biomass seasonal pattern in the Guadalquivir Estuary coincides

with the MPB seasonal cycles recorded in the inner Bay of Cadiz

(Garcia-Robledo et al., 2016; Haro et al., 2020, 2022). Furthermore,

the Chla concentration range (3.76 μg cm−3–13.50 μg cm−3) was

similar to that found in the Bay of Cádiz (Garcia-Robledo et al.,

2016; Haro et al., 2020) and other estuarine zones around the world

(Cabrita and Brotas, 2000; McTigue et al., 2015; Kwon et al., 2020).

The higher values in November of 2019, not observed in 2018, are

probably related to changes in the rainfall pattern, with more

prolonged but lower-intensity rains, providing nutrients to the

sediment surface. In fact, among the environmental variables

studied, MPB biomass estimated by Chla was only positively

correlated with water column NO3
− (r = 0.76, p < 0.05, n = 9).

The Chla : Phaeoa ratio can be used as a proxy of the active

chlorophyll since phaeopigments form in the water column and

sediments due to microbial degradation and grazing (Lee et al.,

2000; McTigue et al., 2015). The Chla : Phaeoa ratio in the

Guadalquivir Estuary was usually <1, although in the surface

layers in Bonanza, the ratio was slightly higher than in Lebrija

(Supplementary Figure S2; Figure 2). The maximum of Chla :

Phaeoa observed in summer in Bonanza at the sediment surface

could be due to the higher grazing rate on MPB and microbial

degradation rates during summer (Lee et al., 2000; McTigue et al.,

2015). However, no such summer maximum was observed in the

more riverine sampling point (Figure 2). In the intertidal sediments

of the Guadalquivir River, the Chla and Phaeoa concentrations were

statistically correlated with NT content (r = 0.52 and 0.24,

respectively, p < 0.05, n = 150), whereas the correlation with Corg

was weaker for Chla (r = 0.21, p = 0.01, n = 150) not significant for
frontiersin.org

https://doi.org/10.3389/fmars.2024.1389673
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Perez-Rodriguez et al. 10.3389/fmars.2024.1389673
Phaeoa (r = 0.12, p = 0.16) Therefore, MPB biomass seems to

contribute significantly to the pool of labile organic matter within

the sediment, which usually has a higher N content and a higher

turnover time.
4.3 Net metabolism in the Guadalquivir
intertidal sediments

Net community primary production in light and respiration rate in

darkness measured in this study have to be considered potential rates

since they were measured at saturating light conditions or in the dark,

respectively, and at constant temperature. These data are the first

available on the benthic metabolism of intertidal sediments in the

Guadalquivir Estuary. The sediment surface in the area is characterized

by a macroscopically evident MPB biofilm dominated by diatoms. In

general, NCP and Rdark were higher in Bonanza than in Lebrija, with

values being similar to those measured in the Cadiz Bay (Burgos et al.,

2018b; Haro et al., 2020) and other temperate estuarine intertidal

sediments (Macintyre et al., 1996; Underwood and Kromkamp, 1999;

Kwon et al., 2020). One notable contrast between the sites studied was

the existence of very low or even negative NCP values in Lebrija,

whereas Bonanza showed positive NCP throughout the year. This

contrast was even more evident comparing their DNCP; the intertidal

sediment community was always net autotrophic in Bonanza and

could thus contribute positively to the overall primary production of

the estuary along the year, whereas in Lebrija, positive values of DNCP

were only observed in February and August.

The seasonal dynamics of NCP was different in Lebrija and

Bonanza; however, Rdark followed the same pattern (Figure 3). We

only observed an NCP annual maximum in Bonanza in August,

whereas in Lebrija in addition to the peak in August, the annual

maximum occurred in February. The spatiotemporal changes in net

community production and respiration did not correlate clearly

with any of the environmental variables measured in this study.

Seasonal trends in NCP and Rdark did not coincide with changes in

MPB standing stocks in the Guadalquivir Estuary (Figure 2). This

lack of seasonal coupling was also observed in the sediments of the

inner Bay of Cádiz, where the seasonal maximum in MPB biomass

occurs in winter whereas MPB primary production peaks in

summer (Garcia-Robledo et al., 2016; Haro et al., 2020). The

absence of covariation between seasonal changes in MPB biomass

and photosynthetic production occurs because each variable can be

affected differently by a number of abiotic and biotic ecological

factors, such as irradiance, temperature, desiccation, grazing, and

resuspension (Coelho et al., 2009; Ubertini et al., 2012; Pratt et al.,

2015; Savel l i et a l . , 2018) , leading to complex site-

dependent interactions.
4.4 Inorganic nitrogen concentration in the
water column and sediment

Dissolved inorganic nitrogen (DIN = NO3
− + NO2

− + NH4
+) in

the water column of the Guadalquivir Estuary was dominated by

NO3
−, >99% of DIN in February (Figure 4; Table 1). Similarly high
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concentrations of NO3
− have been recorded in previous studies in

the Guadalquivir Estuary and are likely associated with the

nitrification of urban waste and runoff of excess fertilizers from

agricultural fields (Mendiguchıá et al., 2007; Flecha et al., 2015).

Water column NO3
− followed a seasonal change with maximum

concentration in winter and minimum in summer, suggesting a link

to the precipitation seasonal changes in the area (Figure 4;

Supplementary Figure S1) and an important impact of fertilizers

runoff from agricultural lands. NO2
− and NH4

+ changed clearly

along the year but followed only partially the trend of NO3
-, with

low concentrations also observed in winter (Figure 4). The high

concentration of water column NO3
− does not sustain a

correspondently high phytoplankton primary production due to

light limitation due to the high turbidity (Supplementary Figure

S1C) (Ruiz et al., 2017). Alternatively, PO4
3− limitation could also

contribute to explaining the low productivity due to the very high

DIN : PO4
3− ratio (Table 1). However, MPB biomass estimated by

Chla was positively correlated with water column nitrate indicating

that intertidal MPB could have a competitive ecological advantage

over phytoplankton in turbid tidal estuaries, because at low tide

MPB can receive sunl ight direct ly (Underwood and

Kromkamp, 1999).

Porewater NH4
+, NO3

−, and NO2
− showed seasonal differences

in both sampling sites although their time evolution was not always

parallel (Figure 5). The range of porewater NH4
+ and NO2

−

concentrations in the sediments of Guadalquivir Estuary was

similar to those of other intertidal environments like the Bay of

Cadiz (Garcia-Robledo et al., 2016; Haro et al., 2020), Tagus Estuary

(Cabrita and Brotas, 2000), and the Eastern Scheldt (Rios-Yunes

et al., 2023). In contrast, NO3
− concentrations in the Guadalquivir

estuary were an order of magnitude higher than those in the Bay of

Cadiz and other environments (Cabrita and Brotas, 2000; Garcia-

Robledo et al., 2016; Haro et al., 2020; Rios-Yunes et al., 2023),

probably caused by the much higher NO3
− concentration in the

water column of the river. The vertical distribution of NH4
+, NO3

−,

and NO2
− followed the expected pattern in sediments (Berg et al.,

1998, 2003). In the anoxic layers of sediment, NO3
− and NO2

− are

used in denitrification and anammox contributing to the

mineralization of organic matter under anoxic conditions

(Hensen et al., 2006; Stein and Klotz, 2016). It is interesting to

note that both inorganic nitrogen species in the sediment followed

similar vertical distributions and seasonal trends (r = 0.65, p < 0.05,

n = 100). In addition, NO3
− and NO2

− followed similar patterns in

the porewater and the water column, evidencing a clear coupling

between both compartments.

Vertical distribution of porewater NH4
+ showed an inverse

pattern to that of oxidized inorganic nitrogen species

(Supplementary Figure S2; Figure 5), increasing downward as it is

typically observed in marine sediments (Berg et al., 1998, 2003). The

accumulation of porewater NH4
+ is mainly the result of the

progressive mineralization of organic matter, resulting in a long-

term difussive efflux to the water column (Hensen et al., 2006).

Nonetheless, this NH4
+
flux to upper sediment layers and to the

water column can be intercepted by different microbial

communities. MPB can use directly NH4
+ to fulfill its N demand

for growth, a process energetically more favorable than the uptake
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of NO3
− and NO2

−, which requires further reduction intracellularly

(Dortch, 1990; Glibert et al., 2016). In addition, NH4
+ in the oxic

sediment layer serves as a substrate for nitrification and indirectly

for coupled nitrification denitrification (Risgaard-Petersen, 2003).

The seasonal trend of porewater NH4
+ showed a maximum in

August in both sampling locations, which might be related to a

general stimulation of microbial degradation of organic matter by

the higher summer temperatures.
4.5 Fluxes of inorganic nitrogen at
sediment–water interface

Net fluxes of the different DIN species confirmed the important

biogeochemical role of NO3
− in this estuary. NO3

−
fluxes across the

sediment–water interface were an order of magnitude higher than

those of NH4
+ and NO2

−. Although occasionally a net NO3
− efflux

from the sediment toward the water column was recorded, on an

annual average, the sediment was a net NO3
− sink in both light and

dark conditions (−0.70 ± 1.1 mmol NO3
− m2 h−1). The magnitude

of NO3
−
fluxes in the intertidal sediments of Guadalquivir Estuary

were higher than those typically measured in subtidal sediments

(Boynton et al., 2018, 2023; Rios-Yunes et al., 2023) and in intertidal

sediments of different ecosystems (Bartoli et al., 2003; Rios-Yunes

et al., 2023) but did not reach the very high values reported in the

Tagus Estuary (Cabrita and Brotas, 2000). Net NH4
+
fluxes in most

of the incubations in both sampling sites along the year were close

to zero or negative, indicating mainly a net NH4
+ uptake by the

sediment, same as NO3
−. The overall magnitude of these NH4

+

fluxes was similar to those found elsewhere, including intertidal

sediments (Cabrita and Brotas, 2000; Bartoli et al., 2003; Rios-Yunes

et al., 2023) and subtidal sediments where fluxes are usually

positive, releasing NH4
+ to the water column (Boynton et al.,

2018, 2023). In addition to a dilution effect due to tidal mixing,

the uptake of NH4
+ and mainly NO3

− by the Guadalquivir Estuary

sediments likely contributes to the observed seaward reduction of

water column concentrations of these nutrients (Mendiguchıá et al.,

2007; Flecha et al., 2015). Therefore, sediments have an important

role buffering the high load of DIN from the water column and

reducing its export to the Gulf of Cádiz.

MPB can consume NO3
− and NH4

+ for growth, therefore affecting

their net fluxes at the sediment–water interface. The N demand ofMPB

can be estimated from the NCP rate using a photosynthetic quotient

(0.9 CO2:O2, mol:mol) and the stoichiometric C:N ratio of MPB

[119C:17N, mol:mol; (Hillebrand and Sommer, 1999)]. The mean

NCP rates at Bonanza and Lebrija sites, 5.42 ± 2.02 mmol O2 m
−2 h−1

and 1.60 ± 1.85mmol O2m
−2 h−1, represent an estimated N demand of

0.70 ± 0.26 mmol N m−2 h−1 and 0.20 ± 0.24 mmol N m−2 h−1, in

Bonanza and Lebrija, respectively. The mean annual DIN fluxes (J-

NO3
− + J-NO2

− + J-NH4
+) at the sediment water interface were −0.62

and −0.93 mmol N m−2 h−1, in Bonanza and Lebrija, respectively. The

MPB N-demand could account for the entire sediment DIN uptake in

Bonanza and 21% in Lebrija. These calculations point out a relevant

role of MPB as a potential N sink, particularly in Bonanza, affecting the

exchange of DIN between the water column and sediments in the
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Guadalquivir Estuary, as shown elsewhere (Sundbäck et al., 2000;

Risgaard-Petersen, 2003).

The differences in the net NO3
− and NH4

+
fluxes between light and

dark conditions suggest a different role of MPB in the net sediment

uptake of these nutrients from the water column. In general, the net

sediment uptake rate of NH4
+ was higher in light (−0.25 ± 0.38 and

−0.05 ± 0.11 mmol NH4
+ m−2 h−1 for Bonanza and Lebrija,

respectively) than in darkness (0.01 ± 0.27 mmol NH4
+ m−2 h−1 and

−0.03 ± 0.04 mmol NH4
+ m−2 h−1 for Bonanza and Lebrija), whereas

no significant differences were found for net NO3
−
fluxes. The higher

net NH4
+ uptake rate in light is consistent with the expected higher N

demand of MPB coupled to the photosynthetic activity and growth

during light (Longphuirt et al., 2009) and the preference over NO3
−

during assimilation mentioned earlier. MPB used most likely a higher

fraction of NH4
+ from the water column in Bonanza compared with

Lebrija, since the differences in net uptake rate between light and dark

conditions and the N demand were higher in the former. The

observation that the net NO3
− uptake by the sediment did not

change with light does not necessarily mean that MPB did not use

water column NO3
− at all, but rather that other processes, not light-

dependent, might account for a larger fraction of the measured net

NO3
−
fluxes. In fact, since the sum of the sediment net NH4

+ uptake

plus NH4
+ production within the sediment is lower than that of MPB

N-demand, the consumption of NO3
− by MPB, despite being

energetically less favorable, seems necessary. As far as the other

processes are concerned, a substantial fraction of sediment NO3
−

uptake from the water column is likely due to high rates of

denitrification in the anoxic sediment layer. These were probably

higher in Lebrija than in Bonanza as suggested by a considerably

higher net NO3
− uptake in Lebrija and the evident excess of uptake

compared with the estimatedMPBN demand at this sampling location.
4.6 Iron and sulfate as alternative
electrons acceptors

Porewater concentrations of Fe2+ and SO4
2− were measured in the

intertidal sediments of the Guadalquivir Estuary as an initial evaluation

of the potential role of Fe(III) minerals and SO4
2− as potential e− acceptors

for themicrobial degradation of organicmatter in anoxic conditions. The

reduction of Fe(III) in the sediment releases Fe2+ that is soluble in anoxic

conditions. Fe2+ concentrations in general were in the range of values

reported for other estuaries (Pastor et al., 2011), being clearly higher in

themostmarine station of Bonanza (Supplementary Figure S2; Figure 6).

They changed considerably with depth and season, with a characteristic

peak at the 1.5-cm–2.5-cm depth in both sampling stations. The intensity

of the subsurface peak changed seasonally, being clearly higher in

summer in both sampling sites, coincident with the highest

temperature and lowest nitrate concentration in the water column.

Integrated Fe2+ production rates, calculated from the porewater

profiles, showed a strong increase in August 2019 (Supplementary

Figure S3), and in the range of previously reported values for marine

sediments (Canfield et al., 1993). The higher Fe-reduction activity in

summer was related most likely to the higher temperatures that would

reduce oxygen solubility and increase microbial activity, both aerobic
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and anaerobic. Sediment Fe2+ concentrations were negatively

correlated with those of NO3
− in the water column (r = −0.83, p <

0.05), suggesting a negative feedback between these two compounds. In

August 2019, the decrease in the water column NO3
− limited or

reduced denitrification, most likely decreasing competition and thus

permitting increased rates of iron respiration. Similarly, the higher Fe2+

concentrations measured in Bonanza with respect to Lebrija could also

be related to the higher availability of NO3
− in the upstream zones,

favoring its use as an electron acceptor over iron, since it is more

favorable energetically.

Sulfate reduction is the dominant microbial process for organic

matter mineralization in anoxic marine sediments, where SO4
2− acts as

an terminal electron acceptor in anaerobic microbial respiratory chains

(Jorgensen and Kasten, 2006). The evaluation of the role of SO4
2−

reduction in estuarine sediments is more complex due to differences in

SO4
2− concentration along the freshwater–seawater salinity gradient.

Concentrationswere lower inLebrija than inBonanza as expectedby the

differences in salinity (Supplementary Table S1). In the first 10 cmof the

Guadalquivir estuary sediments, the typical decrease in the SO4
2−

concentration with depth caused by SO4
2− reduction (Jorgensen and

Kasten, 2006; Jørgensen et al., 2019)wasnot evident. Thismight indicate

that SO4
2− reduction is not a relevant pathway for the oxidation of

organicmatter in the upper sediment layers of theGuadalquivir estuary.
4.7 Mineralization of organic matter in
the sediment

The mineralization of organic matter in the sediment occurs by

aerobic respiration in the oxic upper sediment layer, and a variety of

anaerobic metabolic pathways below the oxic penetration depth

(Middelburg et al., 1993). Dark respiration rate represents a good

estimate of aerobic and anaerobic organicmattermineralization since it
Frontiers in Marine Science 13
encompasses both the O2 consumption in the direct oxidation of the

organic compounds plus the O2 being consumed in the reoxidation of

reduced inorganic products produced during anaerobic degradation

(NH4
+, H2S, Fe

2+, etc.) (Jorgensen et al., 2022). Thus, dark respiration

rates were consistently higher in Bonanza sediments than in Lebrija,

2.38 ± 0.99 mmol m−2 h−1 and 1.32 ± 0.29 mmol m−2 h−1,

corresponding to Corg mineralization rates of 2.14 ± 0.89 mmol CO2

m−2 h−1 and 1.19 ± 0.26 mmol CO2 m
−2 h−1, respectively (Table 2),

using a respiratory quotient of CO2:O2 = 0.90 (Jorgensen et al., 2022).

The shape of DIC profiles indicates the existence of an upwardDIC

flux, as a result of organicmattermineralization. In light, part of theCO2

upward flux to the water column can be intercepted by the

photosynthetic C-fixation activity of MPB (Sundbäck et al., 2004). Net

DICproduction ranged from0.30± 0.05mmolm−2 h−1 to 1.29 ± 0.14 to

mmolm−2 h−1 inBonanza, and from0.36±0.09mmolm−2 h−1 to 0.94±

0.47 mmol m−2 h−1 in Lebrija (Supplementary Figure S3D; Table 2).

These rates, determined by modeling DIC profiles (Berg et al., 1998),

were lower (38%–69%) than the Corg mineralization rates calculated

from the O2 consumption rates in darkness. Nonetheless, they

confirmed a higher annual mean mineralization rate in Bonanza than

in Lebrija. Methodological differences inherent to both approaches and

the consumption of a fraction of CO2 produced within the sediment by

MPB photosynthetic C fixation might explain the lower mineralization

rates estimated from the steady-state DIC profiles.

Net NH4
+ mineralization rates were consistently higher in Lebrija

than in Bonanza throughout the year, showing in both sites parallel

seasonal changes that were not observed in other biogeochemical

variables (Supplementary Figure S3; Table 2). Using the mean C:N

stoichiometry for both sites, 15.4 and 12.2 for Bonanza and Lebrija

sediments, respectively, the annual mean NH4
+ production rates were

converted to Corg units, resulting in 0.16 ± 0.11 mmol CO2 m
−2 h−1 and

0.32 ± 0.07 mmol CO2 m−2 h−1. These rates of organic matter

mineralization estimated from NH4
+ profiles were only 20% and 50%
TABLE 2 Sediment net community production and organic matter mineralization rates averaged for the period of study (n = 5, mean ± SD) at each of
the two locations studied in the Guadalquivir estuary.

Process rates
(mmol m−2 h−1)

Source of data Estimation of Corg fixation and
mineralization rates
(mmol CO2 m−2 h−1)

Bonanza Lebrija Bonanza Lebrija

Net community production
(NCP)*

5.42 ± 2.02 1.60 ± 1.85
Core incubations

4.88 ± 1.82 1.44 ± 1.67

Dark respiration (Rdark) 2.38 ± 0.99 1.32 ± 0.29 Core incubations 2.14 ± 0.11 1.19 ± 0.26

Net DIC production 0.82 ± 0.36 0.64 ± 0.19 Porewater profiles 0.82 ± 0.36 0.64 ± 0.19

Net NH4
+ production* 0.011 ± 0.007 0.026 ± 0.006 Porewater profiles 0.16 ± 0.11 0.32 ± 0.07

Net Fe2+ production 0.05 ± 0.06 0.02 ± 0.03 Porewater profiles 0.012 ± 0.015 0.005 ± 0.007

Net SO4
2− reduction 0.005 ± 0.006 0.001 ± 0.001 Porewater profiles 0.010 ± 0.012 0.002 ± 0.002

Net NO3
− reduction 0.52 ± 1.04 0.89 ± 1.06 Core incubations 0.64 ± 1.30 1.12 ± 1.33

Net CH4 production 0.0004–0.0008 0.002–0.004
Sánchez-Rodrıǵuez
et al. (2022)

0.0008–0.0016 0.004–0.008
Photosynthetic quotient used for NCP in light and respiratory quotient for dark respiration were 0.9 in both cases. Stoichiometric ratios for converting measured rates to C units were: 106C:
424Fe2+; 106C:53SO4

2−; 106C:84.8NO3
−; 106C:53CH4 (Froelich et al., 1979). Net NO3

− reduction (denitrification) was calculated from the net sediment NO3
− uptake from the water column in

darkness. Net CH4 production rates (methanogenesis) have been taken from Sánchez-Rodrıǵuez et al. (2022). * indicates that there is a statistically clear difference between Bonanza and Lebrija
(T-test, statistical significance p-value <0.05).
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of those calculated from the DIC profiles for Bonanza and Lebrija

respectively. NH4
+ frommineralization of organic matter can be quickly

used for nitrification and as a source of N for MPB (Sundbäck et al.,

2000; Risgaard-Petersen, 2003; Glibert et al., 2016), reducing thus the

NH4
+ accumulation within the sediment and resulting in the

underestimation of the mineralization rates. In addition, in muddy

sediments, the adsorption of NH4
+ to the sediment particles, not

measured here, can represent a significant fraction of the total NH4
+

pool (Mackin and Aller, 1984), likely resulting in further

underestimating the NH4
+ production in the sediment.

The potential contributions of the reduction of iron oxides (FeIII)

and SO4
2− as terminal e− acceptors for the mineralization of organic

matter can be calculated using suitable stoichiometric ratios (Froelich

et al., 1979). These calculations for the Guadalquivir Estuary

sediments suggest a relatively minor quantitative role for these two

anaerobic microbial pathways (Table 2). In both cases, estimated

mean annual rates were up to two orders of magnitude lower than

aerobic rates estimated as oxygen consumption rates. Although not

measured in our study, methanogenesis is typically high in estuarine

sediments, contributing to the degradation of OM in anoxic

conditions (Zhou et al., 2009; Wells et al., 2020). Benthic methane

fluxes in subtidal sediments of the Guadalquivir Estuary decreased

seaward, with rates of approximately 0.4–0.8 μmol CH4 m
−2 h−1 and

2.0–4.0 μmol CH4 m−2 h−1, in Bonanza and Lebrija, respectively

(Sánchez-Rodrıǵuez et al., 2022) (Table 2). Even taking into account

that these release rates likely underestimated the actual CH4

production rate due to aerobic and anaerobic CH4 oxidation within

the sediment (Myllykangas et al., 2020; Abril and Iversen, 2002), they

represent a very small contribution to the oxidation of organic matter

in the Guadalquivir Estuary sediments in anoxic conditions, much

lower than FeIII reduction and SO4
2− reduction (Table 2).

In contrast, denitrification might have a relevant role in the

mineralization of organic matter in the Guadalquivir Estuary due to

the high NO3
− content in the water column. The denitrification rate can

be estimated from the net NO3
− uptake rate of the sediment in darkness,

producing rates of 0.71 ± 0.57 mmol NO3
− m−2 h−1 and 0.97 ± 1.23

mmol NO3
− m−2 h−1 in Bonanza and Lebrija, respectively (Table 2).

When denitrification rates were transformed to C units using a suitable

stoichiometric ratio for denitrification (Froelich et al., 1979), the results

clearly showed a strong contribution of this process, varying between

30% and 94% of the values for dark O2 respiration. Denitrification was

also more than an order of magnitude higher than the contributions

estimated for net FeIII and SO4
2− reduction and methanogenesis in the

sediments of the Guadalquivir Estuary (Table 2). These results point out

to the potential importance of denitrification in the oxidation of organic

matter in the anoxic sediments of the Guadalquivir Estuary.
5 Conclusion

The estuary of the Guadalquivir River, in addition to its high

turbidity, is characterized by very high NO3
− concentrations in the

water column. This study shows for the first time that the high NO3
−

concentration and the presence of intertidal MPB as benthic primary

producers in the riverbanks condition strongly the C and N

biogeochemical cycling at the sediment−water interface. Net
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community production of intertidal sediments was generally positive

due to the MPB photosynthetic activity, making the sediment net

autotrophic and contributing positively to the overall autochthonous

primary production of the estuary. The high NO3
− concentration in the

water column is a very strong determinant of sediment biogeochemistry

in this estuary. NO3
−
fluxes dominated the exchange of DIN between the

sediment and the water column, with sediments being a net sink of NO3
−

and NH4
+, therefore reducing the export of DIN to the Gulf of Cádiz.

The estimated N demand of MPB in Bonanza was slightly higher than

the total DIN net uptake, whereas in Lebrija, it represented 21% of the

total. This suggests that the MPB can have a potential strong impact on

NO3
− and NH4

+ net fluxes between the water column and the sediment.

On the one hand, the significantly higher sediment uptake of NH4
+ in

light with respect to dark conditions, a pattern not observed for NO3
−,

seems to suggest that the majority of MPB N demand is satisfied by the

uptake of NH4
+ from the water column. On the other hand, the high

concentration of water column NO3
−, in addition to supporting partially

the MPB N demand, likely sustained high rates of denitrification within

the sediment. Water column-dependent denitrification seems to be the

most important anaerobic pathway for the oxidation of organic matter,

surpassing Fe reduction, SO4
2− reduction and methanogenesis by several

orders of magnitude. Direct measurement of these microbial processes

and the identification of the microorganisms involved by metagenomics

are evident next steps to understand better the biogeochemical cycling of

C and N in the Guadalquivir Estuary.
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Dıéz-Minguito, M., Baquerizo, A., Ortega-Sánchez, M., Navarro, G., and Losada, M.
A. (2012). Tide transformation in the Guadalquivir estuary (SW Spain) and process-
based zonation. J. Geophys. Res. Ocean. 117, 1–14. doi: 10.1029/2011JC007344
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