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Estuaries can remove and/or retain land-derived nitrogen (N) and act as filters

buffering N loads to the open sea. The N coastal filter can be seasonally variable

depending on water temperature and transported loads, two factors acting in

synergy and strongly influenced by climate change. The capacity of sediments to

mitigate riverine N loads was investigated at four sites in the Vistula River plume

area (Gulf of Gdańsk, Southern Baltic Sea). Samplings were carried out in two

contrasting seasons: spring and summer, characterized by different water

temperatures and nitrate (NO3
-) levels. Inorganic N fluxes, and rates of

denitrification and dissimilatory nitrate reduction to ammonium (DNRA) were

measured in intact sediment cores by means of dark incubations and 15N-nitrate

concentration-series experiments. Sampling sites were selected along a gradient

of depth (5 to 24 m), that was also a gradient of sediment organic matter content.

In both seasons, denitrification rates increased along with depth and from spring

(6.5 ± 7.0 µmol m-2 h-1) to summer (20.4 ± 15.4 µmol m-2 h-1), despite lower NO3
-

concentrations in summer. In spring, at higher NO3
- loading, denitrification was

likely limited by low water temperature, and elevated sediment oxygen

penetration. Coupled denitrification-nitrification prevailed over denitrification of

water column NO3
- across all sites and seasons, contributing to over 80% of the

total denitrification. Notably, no anammox was detected at the sampling sites.

DNRA exhibited low to undetectable rates in spring, especially at the shallowest

sites. However, during summer, N recycling via DNRA increased and ranged from

0.7 to 14.9 µmol m-2 h-1. The denitrification efficiency (DE), calculated as the ratio

between molecular nitrogen (N2) flux and dissolved inorganic N effluxes from

sediments, ranged from 0 to 37% in spring, whereas in summer DE did not exceed

16%. Despite the dominance of denitrification over DNRA, the analyzed sediments

acted as weak N buffers under in situ dark conditions. However, concentration-

series experiments suggested high potential denitrification capacity, exceeding

400 µmol m-2 h-1, in response to short-term, large riverine inputs of NO3
-.
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1 Introduction

Coastal zones and estuaries receive and process large nutrient

loads of terrestrial origin, buffering their impact on marine

ecosystems through multiple biogeochemical processes (Asmala

et al., 2017). The so-called coastal filters permanently remove or

temporarily retain nutrients and organic matter via abiotic and

biotic processes such as sedimentation, precipitation, burial,

primary producers’ uptake and microbial transformations

(Bouwman et al., 2013; Carstensen et al., 2020). The effectiveness

of the coastal filter depends upon factors like the timing of nutrient

and organic matter transport, water residence time, temperature

and dissolved oxygen (O2), and the diversity and richness of

primary producers and benthic organisms; most of these factors

are, in turn, affected by climate change (Rabalais et al., 2009; Lunau

et al., 2013; Magri et al., 2022).

Nitrogen (N) is an important nutrient in water bodies

controlling primary and secondary production and is considered

a limiting element in marine ecosystems (Howarth, 1988).

However, anthropogenic activities (e.g., the intensive use of

fertilizers in modern agriculture), together with industrial and

wastewater treatment plant inputs, have increased N loads

delivered to the coastal zones by rivers, leading to widespread

eutrophication phenomena (Lunau et al., 2013; Paerl et al., 2014;

Asmala et al., 2017). Nitrogen can be removed permanently from

the coastal ecosystems through the production of molecular

nitrogen (N2) via two processes: denitrification, which is the

reduction of nitrate (NO3
-) or nitrite (NO2

-) to N2, and the

anaerobic ammonium (NH4
+) oxidation (anammox) (Canfield

et al., 2005). Alternatively, the processes that increase retention

and recycling of N within coastal ecosystems include the uptake into

biomass, ammonification, nitrification and dissimilatory nitrate

reduction to ammonium (DNRA) (Canfield et al., 2005). In the

coastal zones the regulation of both denitrification and DNRA

generally depends upon temperature, the availability of NO3
-,

organic carbon input, and the availability of reductants (Burgin

and Hamilton, 2007; Kessler, 2018). Benthic macrofauna has also a

demonstrated important role in the biogeochemical functioning of

sediments, particularly in regulating the N cycle (Kristensen et al.,

2012). Macrofauna affects benthic N biogeochemical processes

directly through its physiology (e.g., via respiration, feeding or

excretion) (Berezina et al., 2019; Zilius et al., 2022). Additionally,

benthic animals can influence sediment through their activity

(movement, burrowing or ventilation), stimulating microbial and

meiofauna communities and N transformations (Gilbertson et al.,

2012; Bonaglia et al., 2014a; Moraes et al., 2018). Laboratory

experiments have demonstrated that burrowing macrofauna

stimulates permanent N loss via denitrification, either by

increasing sediment nitrification or by directly enhancing the

availability of NO3
- in sub-surface sediments via burrow

ventilation and irrigation (Samuiloviene et al., 2019; Zilius et al.,

2022). Comparatively, a few studies have analyzed the effects of

macrofauna on nitrate ammonification (Bonaglia et al., 2013).

Processes leading to N removal and recycling co-occur and can

be measured simultaneously, for example by means of intact cores

incubation, in order to contrast the relative importance of the two
Frontiers in Marine Science 02
pathways in benthic N cycling. Aggregated indices, such as the

denitrification efficiency, allow the calculation of the fraction of

ammonified organic N that is permanently lost via denitrification

(Eyre and Ferguson, 2009; Bartoli et al., 2012). The ratio between N

permanent loss and N recycling can vary spatially and temporally,

depending on the timing of loads and the transported chemical

forms of N, as well as factors like temperature, organic sedimentary

loads, the presence of bioturbating fauna and climate change-

related issues. Ongoing climate change increases the frequency of

flash floods and prolonged drought periods (Paerl et al., 2014; Magri

et al., 2022). Short-term, intense precipitation events increase the

transfer velocity and the amount of N loads generated in heavily

fertilized agricultural basins or bypassing wastewater treatment

plants that reach the coastal zones, mainly in the form of NO3
-

(Rabalais et al., 2009; Baron et al., 2013). Different authors indeed

report positive correlations between river discharge and nitrate

concentrations (Johannsen et al., 2008; Oeurng et al., 2010;

Pastuszak et al., 2012; Vybernaite-Lubiene et al., 2018). During

flash floods, large inputs of N-rich freshwater and short residence

time in the coastal zone may result in limited processing of N loads

by primary producers and communities of denitrifying bacteria,

leading to direct export to the open sea (Nixon et al., 1996; Magri

et al., 2020). Moreover, frequent and prolonged periods of water

scarcity are expected to increase water residence time in the coastal

zones, resulting in water stratification, deoxygenation and an

increase in salinity and sulphate (Rabalais et al., 2009). Under

these circumstances sulphate reduction becomes a dominant

microbial respiration pathway in anoxic sediments and the

produced sulphides may accumulate in pore water depressing

processes as nitrification and denitrification and favoring

processes like nitrate ammonification (Murphy et al., 2020).

Hydrological extremes are also expected to impact benthic

macrofauna diversity and abundance; the onset of anoxia due to

prolonged drought and water stratification determines the loss of

benthic macrofauna and associated biogeochemical ecosystem

processes and services (Rabalais et al., 2009). Ultimately, climate-

related drought conditions, stratification and deoxygenation are

expected to favor internal N recycling, mainly in the form of NH4
+

(Magri et al., 2020; Murphy et al., 2020). Decreased N removal and

increased recycling lead to a higher bioavailability of reactive N in

the coastal systems (Giblin et al., 2013), which can stimulate the

growth of primary producers resulting in positive feedback to

eutrophication (McGlathery et al., 2007; Rabalais et al., 2009).

While the estuarine and coastal N cycle has been extensively

studied, only a few investigations have explored the interactive

impacts of eutrophication and climate change on the N estuarine or

coastal filter, particularly on processes involved in N removal or

recycling. The aim of this work was to investigate the capacity of

coastal sediments to recycle or permanently remove N in a

eutrophic area of the Gulf of Gdańsk (Southern Baltic Sea,

Poland) influenced by the plume of the Vistula River.

Experiments were carried out in 2022 during two contrasting

seasons: spring that is generally characterized by high

precipitation, riverine discharge and N loads, and summer that is

characterized by drought, low riverine discharge and N loads. In

this study, net inorganic N fluxes and in situ denitrification and
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DNRA rates were measured in intact sediment cores. Additionally,

rates of denitrification and DNRA were measured by adding

increasing concentrations of NO3
- to the water phase of intact

cores. This approach mimics riverine flash floods and hydrologic

extremes in two seasons, leading to large NO3
- delivery to the

coastal zone. The concentration-series experiments enabled the

identification of unknown threshold concentrations that saturate

processes. The range of NO3
- concentrations tested included values

far beyond those typically recorded during high discharge events.

This allowed to explore the potential denitrification capacity of

reactive sediments affected by river plumes.
2 Materials and methods

2.1 Study area and samples collection

Samplings were carried out at four sites located in the coastal

area of the Gulf of Gdańsk (southern Baltic Sea) influenced by the

Vistula River plume (Figure 1). The Vistula is one of the largest

rivers flowing into the Baltic Sea, contributing to its high nutrient

load and trophic status. Over a multi-annual perspective, the

average discharge of the Vistula is 33.7 km3 per year, with higher

outflow in the semester November-April as compared to the May-

October period (Bajkiewicz-Grabowska et al., 2019).

The Gulf of Gdańsk is a coastal system strongly affected by a

variable and wind-driven plume from the Vistula River. In the gulf,

parameters such as salinity, N compounds and chlorophyll a

concentrations change with both distance from the river mouth

and depth (Kruk-Dowgiałlo and Szaniawska, 2008; Włodarska-

Kowalczuk et al., 2016). Indeed, Bartl et al. (2018) found nitrite

and nitrate concentrations significantly higher in the Vistula River

plume compared to the coastal surface water, with values in the

river plume up to 200 μM recorded in spring. Nitrate
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concentrations in the Vistula River (<5 to >300 μM) show

positive correlation with water discharge and undergo large

seasonal variations, with nearly undetectable values during

summer and winter peaks, as reported by Pastuszak et al. (2012)

and references therein, and for other large rivers in the same area

(Vybernaite-Lubiene et al., 2018). In the Vistula basin, a seasonal

thermocline is present at a depth of about 30-40 m and a halocline is

observed at a depth of about 60-80 m. Bottom sediments in the Gulf

of Gdańsk display a patchy distribution, with various sands or

mixed muddy-sand sediments in shallow waters and muds in the

central part of the gulf (Uścinowicz, 1997).

Sediment sampling sites were aligned in front of the Vistula

River mouth. Sites are named according to the depth at which

sediments were collected: 5, 10, 18 and 24 m. Two cruises were

carried out in 2022 onboard r/v Oceanograf (research vessel owned

by the University of Gdańsk). The first cruise took place in March,

while the second occurred in July. In spring, the historical average

discharge of the Vistula River (~1,500 m3 s-1) nearly doubled

compared to the summer average (~800 m3 s-1) (Pastuszak

et al., 2018). Prior to coring, a CTD (Sea-Bird 25plus), equipped

with a circular rosette of Niskin bottles (12 × 10 L), was deployed to

determine water column characteristics at the time of sampling,

such as dissolved O2 saturation, temperature and salinity, and to

collect bottom water. Sediment samples were collected by box-corer

(20 x 30 cm). Intact sediment cores were obtained by hand,

subsampling from the box-corer via transparent Plexiglass liners

(i.d. 4.6 cm, height 20 cm, n=22 per site). The sediment inside the

liners was levelled to achieve a sediment and water column height of

7 and 8 cm, respectively. A Teflon-coated magnetic bar of 3 cm was

suspended in each core approximated 5 cm above the sediment-

water interface. The sediment cores were then transferred to a

temperature-controlled room and submerged uncapped in tanks

filled with unfiltered in situ water. Each tank was equipped with a

cooling system to maintain a stable in situ water temperature (4 and
FIGURE 1

Map of the sites sampled in spring and summer 2022. Numbers in the sites name indicate the depth of the water column.
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18°C in spring and summer, respectively) and with aquarium

pumps and air stones to maintain O2 concentration at 100%

saturation, mirroring in situ bottom water conditions. Cores were

preincubated overnight in the dark to allow for re-equilibration.

During the whole preincubation period the magnetic bars, driven by

an external motor at 40 rpm, gently stirred the bottom water to

ensure water exchange between the tank and the core, preventing

water stratification and sediment resuspension (Magri et al., 2020).
2.2 Measurements of benthic fluxes at the
sediment-water interface

The morning after sampling, the sediment cores underwent two

dark sequential incubations. The duration of the incubations varied

in the two seasons depending on the bottom water temperature to

keep O2 concentration within 20-30% of initial values and started

when gas-tight lids were positioned on the top of the cores.

Dissolved O2 concentration was measured in each core with a

microelectrode (OX-100, Unisense A/S, DK) at the beginning and at

the end of the incubations. Water samples were collected in

quadruplicates from each tank at the beginning of the incubation

and from the water phase of each core at the end of the incubation.

In both cases, an aliquot of water was filtered (Whatman GF/F glass

fiber filters) and transferred to scintillation vials to analyze dissolved

inorganic N compounds via standard spectrophotometric

techniques. Ammonium concentration was determined using

salicylate and hypochlorite in the presence of sodium

nitroprussiate (Bower and Holm-Hansen, 1980). Nitrate

concentration was determined after reduction to NO2
− in the

presence of cadmium, and NO2
− was determined using

sulphanilamide and N-(1-naphthyl)ethylenediamine with a

continuous flow analyzer (San++, Skalar, sensitivity 0.3 mM) at

the Marine Research Institute (Klaipeda University, Lithuania)

(Golterman et al., 1978; APHA, 1992). Hereafter, the sum of

NO3
- and NO2

- will be expressed as NOx
-. Oxygen and nutrient

fluxes at the sediment-water interface were calculated according to

the equation below:

Fx =
(Cf − Ci)� V

A  �   t

Where Fx is the flux of the chemical species x expressed in μmol

m-2 h-1, Ci and Cf (μM) are concentration values of the chemical

species x at the beginning and at the end of incubation, respectively,

V is the water column volume (L), A (m2) is the sediment surface,

and t (h) is the incubation time.

From measured O2 fluxes a theoretical ammonification rate

(TA), which is a proxy of the total amount of NH4
+ produced within

surface sediments, was calculated. TA was obtained by the

conversion of dark O2 fluxes into organic carbon oxidation rate

using site-specific respiratory quotients (RQ) calculated from

surface sediment C/N molar ratio, as detailed in Jørgensen et al.

(2022). Calculated RQ values ranged from a minimum of 0.75 to a

maximum of 1.06. The obtained carbon oxidation rates were then

divided by the sediment C/N ratio to calculate TA.
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2.3 Determination of denitrification and
DNRA rates

After net flux measurements, the water in the tanks was

renewed and the cores were left open and submerged for a few

hours in in situ and well-mixed water. Thereafter, the cores were

incubated in the darkness to quantify denitrification and DNRA

rates with the revised isotope pairing technique (r-IPT, Risgaard-

Petersen et al., 2003). To this purpose, the water in the tanks was

lowered just below the top of the cores and 15NO3
- from a 20 mM

15NO3
- stock solution (Na15NO3, ≥ 98 atom % 15N Sigma Aldrich)

was added to the water phase of each core. For each site in the Gulf

of Gdańsk, a time-series experiment and a concentration-series

experiment were carried out. For the time-series, a set of six cores

was added with labelled NO3
- to have a fixed, final 15NO3

-

concentration of 100 μM; incubation times varied from 1 to 24

hours in spring and from 1 to 9 hours in summer. For the

concentration-series, a set of ten cores was added with increasing

amounts of 15NO3
- to the water phase of each core to reach a final

concentration ranging from 10 to 2,000 μM. We acknowledge that a

concentration of 2,000 μM largely exceeds, by a factor of 7, average

annual NO3
- concentrations reported for the closing section of the

Vistula River (Pastuszak et al., 2012). However, such NO3
-

concentration was intentionally tested in order to saturate the

NO3
- reduction capacity of the different sites and to identify

potential denitrification thresholds. The incubation time of this

second set of cores was nearly 24 hours in spring and between 3 and

9 hours in summer. A water sample was collected from each core

before and after the 15NO3
- addition to determine the 15N-

enrichment of the NO3
- pools. Thereafter, cores were capped with

rubber lids and incubated as described for nutrient flux

measurements in order to keep O2 concentration within 20-30%

of the initial value. At the end of the time- and concentration-series

incubations, just after O2 measurements, the whole sediment

column in each core was gently mixed with the water column

and homogenized to a slurry. An aliquot of the slurry was

transferred to 12-mL exetainers, allowing abundant overflow, and

fixed with 200 μL of 7 M ZnCl2 solution to inhibit further microbial

activity. The abundance of 29N2 and 30N2 was determined via a

membrane inlet mass spectrometer (MIMS, Bay instrument, MD,

USA). Total denitrification rates (denitrification of 14NO3
- and

15NO3
-) were calculated from the production of 29N2 and 30N2,

assuming a binomial distribution of 28N2,
29N2, and

30N2. The

denitrification of NO3
- diffusing from the water column (Dw) and

the coupled nitrification-denitrification (Dn) were calculated as

described by Nielsen (1992). A second aliquot of the slurry (30

mL) was sampled to determine DNRA rates from the production of
15NH4

+. The sample was transferred to 50-mL falcon tubes and

treated with 2 g of KCl. Tubes were shaken, centrifuged (2,000 rpm

for 5 minutes) and the supernatant was filtered into 20-mL

scintillation vials. These samples were purged with air for 10

minutes, to eliminate 29N2 and 30N2 pools produced during the

incubations and transferred to 12-mL exetainers added with 200 μL

of alkaline hypobromite solution to oxidize NH4
+ to N2

(Warembourg, 1993). The abundance of 29N2 and 30N2 was
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determined via MIMS. Total DNRA rates were calculated assuming

that DNRA occurs in the same sediment horizon as denitrification.

Total DNRA rates were divided into DNRA of water column NO3
-

(DNRAw) and DNRA of NO3
- produced by nitrification (DNRAn)

as reported in Risgaard-Petersen and Rysgaard (1995). All

calculations are detailed in Magri et al. (2020).

From the results of two sequential dark incubations,

denitrification efficiency (DE) was calculated according to Eyre

and Ferguson (2009) as:

DE =
Dtot

DIN + Dtot

where Dtot is total denitrification (Dw+Dn) and DIN represents

the sum of dissolved inorganic N effluxes (NH4
++NO2

-+NO3
-)

directed from the sediment to the water column.

The response of total denitrification to NO3
- addition was fitted

to a Michaelis-Menten type function:

y =
Vmax � x
Km + x

where Vmax is the maximum denitrification rate (μmol m-2 h-1),

x is the concentration of NO3
- expressed in μM, and Km is the

concentration of NO3
- at which denitrification rate is half maximal

(Vmax/2) expressed in μM. Values of Vmax and Km were estimated

through the nonlinear least-squares regression using R (R Core

Team, 2022).
2.4 Macrofauna analysis

At the end of the incubations, sediments from each core were

sieved (1 mmmesh size) to retrieve, identify and weigh macrofauna.

Until the analysis, the fauna was preserved in 70% ethanol.

Organisms were sorted and identified to the species level with the

exception of Oligochaeta, Marenzelleria spp. polychaetes and

Chironomidae insect larvae, then taxa were counted to determine

their abundance, and after drying for 48 h at 65°C weighed to

determine their biomass (shell-free dry mass) per square meter. For

statistical purposes, to analyze the potential role of macrofauna

bioturbation as a co-regulator of the benthic N cycle, the retrieved

organisms were divided into three groups. Groups identified the

macrofauna burial depth and burial type in shallow burrowers, deep

burrowers (burrow/tube dwellers) and free-living deep burrowers

(Thoms et al., 2018; Miernik et al., 2023).
2.5 Sediment characterization

Another set of intact sediment cores (i.d. 4.6 cm, length 20 cm,

n=6 per site) was collected at each site and season for the physical

properties characterization. Cores were extruded and sliced into five

layers: 0-1, 1-2, 2-3, 3-5 and 5-10 cm. Slices were homogenized, and

subsamples of 5 mL were collected using cut-off syringes to measure

physical properties. Bulk density was determined as the ratio
Frontiers in Marine Science 05
between wet weight and volume (5 mL) of sediment. Sediment

porosity was determined from the loss of wet weight after 48 h at

70°C. Organic matter content (OM) was measured as a percentage

of weight loss on ignition (450°C, 6 h) from dried, powdered

sediment. Later, sediments were analyzed for carbon (C) and N

content and their isotopic composition in the upper 0-1 cm

sediment layer with a mass spectrometer (Thermo Scientific Delta

V) coupled with an element analyzer (FlashEA 1112, Thermo

Electron Corporation) at the Center for Physical Sciences and

Technology (Lithuania). Before measurements sediment samples

were ground and acidified with 1 N HCl in order to

remove carbonates.
2.6 Statistical analysis

A two-way ANOVA was used to test the effects of the factors:

season (spring/summer) and site (including their interactive effects)

on sediment features. Data normality was checked with the

Shapiro-Wilk test and homogeneity of variance was checked

using Levene’s median test; if needed data were transformed to

meet normality. For significant factors, a pairwise multiple

comparison was carried out with the post hoc Tukey HSD test.

As oxygen and nutrient fluxes, and denitrification and DNRA

rates were not normally distributed, two-way PERMANOVA was

applied to test the significance of the factors season, site, and of their

interactive effects. For significant factors, a pairwise test was

performed (Anderson et al., 2008).

Distance-based linear models (DistLM) were used to examine

simultaneously the effect of environmental and biological variables on

measured fluxes and process rates (Anderson et al., 2008). This model

can provide a better understanding of the factors affecting ecosystem

functioning and processes (Gammal et al., 2017; Kauppi et al., 2017).

Firstly, the relationships between variables were examined and highly

(Pearson’s r ≥ 0.80) co-correlated environmental or biological

variables were excluded from the analysis. Temperature and

macrofauna biomass were log(x+1) transformed. The following

environmental variables and biological traits were selected to

examine their influence on fluxes and rates: OM, C/N, d13C,
temperature, and biomass of shallow burrowers, biomass of deep

tube dwellers and biomass of free-living deep burrowers.

Multivariate oxygen and nutrient fluxes, and denitrification and

DNRA rates were analyzed together at all sites and in the two

seasons. The flux and rate data were normalized to ensure the equal

importance of all data. Resemblance matrices were based on the

Euclidean distances. The stepwise selection and the AICc stopping

criterion were used in the DistLM to determine the relative

importance of predictors. The marginal test indicates the

proportion of the variation explained by predictors when fitted

individually, while the results from the sequential test indicate the

proportion added by the predictor to the cumulative total

proportion explained.

Statistical analyses were performed with R and PRIMER 7 +

PERMANOVA (PRIMER-E Ltd) and graphs were made with
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ggplot2 package (Wickham, 2016; Xu et al., 2021) in R. For all tests

significance was set at p< 0.05.
3 Results

3.1 Environmental and biological
characteristics of the benthic system

Bottom water temperatures varied between 4.4 and 4.8°C in

spring and from 17.6 to 18.5°C in summer. Salinity fell within the

range of 7.0 and 7.6 and it was comparable between the two seasons.

Salinity was lowest at site V05, closest to the river mouth, and

increased towards site V24. In both sampling periods bottom water

was oxygen saturated. Nitrate concentrations were higher in spring

than in summer at the four sites, with values averaging 10±2 μM in

spring and 2±1 μM in summer (Table 1).

Sediments significantly differed among sites and between

seasons for all the physical properties, except density, which

remained constant across sites (Table 2). The interaction of sites

and seasons did not affect the C/N ratio, leading to the selection of

the additive model. As the depth increased, the sedimentary organic

matter content also increased by a factor of 10. The shallowest site

(V05) exhibited the lowest organic matter content. The sediment C/

N ratio was higher in spring than in summer at all sites, while an

opposite trend was found for d13C and d15N. Site V10 in summer

displayed higher porosity, water content, OM percentage, and C/N

ratio, suggesting that this sampling area was influenced by a

terrestrial input from the Vistula River, as evidenced by the C

and N isotopic composition in sediments (-29.31 ± 0.09‰ d13C and

7.69 ± 0.06‰ d15N).
Macrofauna at all sampling sites and in both seasons was

represented by a total of 11 taxa (Supplementary Table S1). In

spring, no macrofauna was recorded at the two shallowest sites, and

5 and 7 taxa were present at sites V18 and V24, respectively. In

summer, macrozoobenthos was found at all sites with variable

species richness, from 2 to 7 taxa. Benthos biomass at the sites

also differed between seasons: in summer it was higher and ranged

from 0.04 gDW m-2 (site V05) to 47.27 gDW m-2 (site V18) (Figure 2,

Supplementary Table S1). Macrofauna had higher biomass at the

deepest sites (V18 and V24). At all sites, the biomass of fauna

consisted of shallow burrowing organisms and deep burrowers,

mostly polychaetes, living in tubes or dwellers. At the deepest sites,
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there were also free-living bivalves burrowing deep into the

sediment as Mya arenaria and Macoma baltica, constituting more

than 50% of the benthic biomass (Figure 2).
3.2 Net O2 and nutrient fluxes at the
sediment-water interface

Total benthic O2 uptake was significantly higher in summer

compared to spring and differed among sites, but there was an

interaction between the two factors (Figure 3A). In spring, O2 fluxes

ranged from -96.2 ± 8.3 to -446.8 ± 78.4 μmol m-2 h-1 (average ±

standard error), while in summer, they ranged from -540.4 ± 26.8 to

-3,345.0 ± 221.7 μmol m-2 h-1. The lowest O2 consumption rates

were measured at site V05 in both seasons. In summer, sediments at

site V10 displayed a peak in O2 fluxes that was almost two-fold

higher than at sites V18 and V24, although the macrofauna biomass

was much lower (Supplementary Table S1).

Dark ammonium fluxes were always positive, suggesting that

variable fractions of ammonified N were not retained within

sediments or completely oxidized to NOx
-. Ammonium fluxes

were significantly higher in summer compared to spring and

differed among sites as shown by the two-way PERMANOVA

(Figure 3B). In spring, fluxes ranged from 1.7 ± 1.4 to 32.5 ± 7.7

μmol m-2 h-1, while in summer, they ranged from 10.6 ± 6.9 to 452.2

± 86.3 μmol m-2 h-1. Sediments at sites V05 and V10 displayed the

lowest and the largest NH4
+
fluxes in both seasons, respectively.

Theoretical ammonification rates were generally higher than

measured NH4
+
fluxes. Since C/N ratios were rather similar across

different sites, TA displayed a pattern that overlapped with that of

O2 fluxes. TA varied between 10 ± 1 and 48 ± 10 μmol m-2 h-1 in

spring and between 58 ± 7 and 357 ± 25 μmol m-2 h-1 in summer.

Fluxes of NOx
- were consistently directed to the water column,

indicating an excess of nitrification over nitrate reduction. In spring,

they ranged from 11.4 ± 10.3 to 36.5 ± 8.4 μmol m-2 h-1, while in

summer, they ranged from 49.9 ± 14.3 to 93.3 ± 17.2 μmol m-2 h-1

(Figure 3C). Although NOx
-
fluxes differed between the two

seasons, they did not show significant differences among sites

(Figure 3C). Notably, NOx
-
fluxes were mostly relevant in the N

inorganic exchanges at sites V05 and V24 in both seasons, while

NH4
+
fluxes dominated at site V10 in both seasons. Site V18 shifted

from NOx
- to NH4

+
fluxes dominance from spring to summer.
TABLE 1 Characteristics of the bottom water at the four sites (V05, V10, V18, V24) in the two seasons (Spring and Summer).

Site V05 Site V10 Site V18 Site V24

Spring Summer Spring Summer Spring Summer Spring Summer

Temperature (°C) 4.70 ± 0.01 18.50 ± 0.04 4.50 ± 0.04 17.80 ± 0.08 4.40 ± 0.04 17.70 ± 0.15 5.30 ± 0.50 18.40 ± 0.08

Salinity 7.30 ± 0.00 7.00 ± 0.00 7.40 ± 0.00 7.40 ± 0.00 7.50 ± 0.00 7.50 ± 0.00 7.50 ± 0.00 7.60 ± 0.00

Oxygen (%) 99.8 ± 0.2 99.7 ± 0.1 99.6 ± 0.2 98.7 ± 0.3 99.5 ± 0.1 98.9 ± 0.2 99.8 ± 0.3 98.9 ± 0.3

Nitrate (µM) 11.26 ± 0.61 1.62 ± 0.21 10.69 ± 0.64 1.61 ± 0.09 8.74 ± 0.93 1.56 ± 0.17 8.72 ± 0.63 1.55 ± 0.16
fr
Averages ± standard errors are reported.
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3.3 Rates of denitrification and DNRA

The time-series incubations revealed linearity in N2 production

with time at both seasons, with the exception of sites V05 and V10

in spring when denitrification rates were below the detection limits

of the method employed (< 0.5 μmol m-2 h-1). Where the

production of labelled N2 was measurable, it was possible to

calculate the denitrification of 15NO3
- (D15) and of 14NO3

- (D14).

The latter, which is the genuine 28N2 production, was always

independent from the concentration of 15NO3
- added to the water

phase, indicating that N2 was mostly produced by denitrification.

The concentration-series experiments suggested that anammox was

not present at any site and in any season, and that the IPT

assumptions and calculations could have been applied (Nielsen,

1992; Robertson et al., 2019). Total denitrification rates (Dtot = Dw +

Dn) were higher in summer compared to spring at all sites and

increased from the shallowest to the deepest site. Both Dw and Dn

differed among sites and between seasons (Figures 4A, B). Total
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denitrification rates ranged from< 0.5 to 10.5 ± 5.2 μmol m-2 h-1 in

spring and from 2.3 ± 0.2 to 35.1 ± 4.4 μmol m-2 h-1 in summer, at

sites V05 and V24, respectively. At all sites where denitrification was

measurable and in both seasons, Dn was the dominant nitrate

reduction pathway, accounting for more than 80% of the

total denitrification.

DNRA rates differed significantly among the four sites and

tended to be higher in summer compared to spring (Figures 4C, D).

However, the only significant seasonal difference was found at site

V10 that also exhibited the highest rate of nitrate ammonification

(10.1 ± 1.6 μmol m-2 h-1, corresponding to 37% of the total

dissimilative NO3
- reduction). At the other sites, in both seasons,

the contribution of DNRA to microbial nitrate reduction was low to

negligible and never above 20%. As for denitrification, the

production of NOx
- via nitrification in the sediment was always

the main nitrate source to DNRA.

Concentration-series experiments revealed that the addition of

large amounts of NO3
- to the water column produced contrasting
frontiersin.or
TABLE 2 Averages ± standard errors of the sediment characteristics at the four sites (V05, V10, V18, V24) and for the two seasons (Spring
and Summer).

Sediment characteristics Site V05 Site V10 Site V18 Site V24

Density (g/ml)

Spring vs Summer *** **

Spring 1.68 ± 0.03a 1.86 ± 0.02b 1.78 ± 0.04ab 1.74 ± 0.04ab

Summer 1.90 ± 0.02a 1.67 ± 0.07b 1.85 ± 0.01ac 1.77 ± 0.02abc

Porosity

Spring vs Summer ***

Spring 0.27 ± 0.00a 0.33 ± 0.01a 0.43 ± 0.01b 0.47 ± 0.03b

Summer 0.31 ± 0.00a 0.52 ± 0.04b 0.40 ± 0.07c 0.49 ± 0.02bc

Water content (%)

Spring vs Summer ***

Spring 16.11 ± 0.18a 17.79 ± 0.41a 24.61 ± 0.89b 27.80 ± 2.50b

Summer 16.55 ± 0.25a 33.56 ± 4.53b 21.84 ± 0.55c 27.76 ± 1.35bc

OM content (%)

Spring vs Summer *

Spring 0.28 ± 0.04a 0.69 ± 0.06a 1.60 ± 0.18b 2.05 ± 0.48b

Summer 0.33 ± 0.03a 1.61 ± 0.29bc 1.03 ± 0.17ab 2.03 ± 0.16c

C/N ratio (mol/mol)

Spring vs Summer

Spring 8.70 ± 0.41 9.87 ± 0.20 9.18 ± 0.35 9.13 ± 0.29

Summer 6.95 ± 0.46 8.64 ± 0.03 7.74 ± 0.09 8.11 ± 0.20

d13C (‰)

Spring vs Summer *** *** *

Spring -27.94 ± 0.12a -28.17 ± 0.03b -27.69 ± 0.11bc -27.01 ± 0.16c

Summer -29.49 ± 0.03a -29.31 ± 0.09a -28.20 ± 0.01b -27.58 ± 0.09c

d15N (‰)

Spring vs Summer * *

Spring 5.33 ± 0.46a 5.92 ± 0.15ab 6.65 ± 0.10b 6.51 ± 0.11ab

Summer 6.75 ± 0.65a 7.69 ± 0.06a 6.42 ± 0.38a 6.19 ± 0.23a
Water content and d13C were log-transformed to meet normality.
*p<0.05, **p ≤ 0.01, ***p ≤ 0.001.
Density, porosity, water content and organic matter (OM) content were measured in the first 10 cm of sediment, while the other parameters (i.e., C/N ratio, d13C and d15N) were collected from
the surficial sediment (0-1 cm). Results of the pairwise comparison for the two-way ANOVA are reported where interaction between site and season was statistically significant. Asterisks show
significant differences within each site, and superscript letters (a, b, c, and d) show significant differences within seasons (p< 0.05). The additive model was selected for C/N ratio data due to the
lack of significance in the interaction of site and season.
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effects at the four investigated sites (Figure 5). In spring, at the

shallowest V05 site the addition of NO3
- produced negligible

stimulation of Dw as compared to in situ rates. In summer, rates

increased significantly to a plateau of ~56 μmol m-2 h-1, but the

process was half saturated (Km) at NO3
- concentration of 350 μM.

At site V10, NO3
- addition produced a limited effect on Dw in

spring, but a much larger response of the microbial community

occurred in summer when the saturation of denitrification was

reached at 475 μmol m-2 h-1 and the Km was found at a NO3
-

concentration of 306 μM. At the deepest sites, the addition of NO3
-

resulted in significant stimulation of Dw both in spring and

summer, with the highest rates measured in the warm period, up

to 400 μmol m-2 h-1. Comparing all the sites, site V18 displayed the

highest Vmax and Km values, estimated in 688 μmol m-2 h-1 and 859

μM, respectively.

In situ rates of denitrification and DNRA were combined with

net NH4
+ and NOx

-
fluxes and with TA rates to reconstruct seasonal

benthic N cycling at the four sites (Supplementary Figure S1). The

reconstructions reveal slight variations in benthic N cycling among

seasons and sites, with ammonification increasing from spring to

summer at all sites, mirroring the patterns observed for oxygen, and

denitrification efficiency increasing along depth. The schematics

illustrate that, at all sites and in both seasons, a major fraction of the

ammonified organic nitrogen (ranging from 53 to 100%) is recycled

to the water column as NH4
+ or NOx

-. Nitrification plays a key role

in converting a major fraction of the NH4
+ produced within
Frontiers in Marine Science
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sediments, but the coupling of nitrification with denitrification or

DNRA remains low, as depicted in 7 out of 8 schematics in

Supplementary Figure S1. Here, only 0 to 31% of the NO3
-

produced within sediments is reduced to N2 or NH4
+. In the case

of V24 during spring, this percentage increases to 52%. As a net

result, benthic N regeneration exceeds rates of permanent N loss,

and denitrification efficiency consistently remains below 40%. The
FIGURE 2

Average benthic fauna biomass retrieved at the four sites in the two
seasons (gDW m-2) and grouped in three functional groups: shallow
bioturbating organisms, deep burrowing taxa living in fixed tubes or
dwellers, and deep burrowing taxa free-living.
B

C

A

FIGURE 3

Net (A) O2, (B) NH4
+ and (C) NOx

- (NO3
-+NO2

-) fluxes measured at
the four sites in spring and summer. Averages (n=6) ± standard
errors are reported. The graphs present the outcomes of the
pairwise comparison for the two-way PERMANOVA, focusing on the
interaction between season and site where interaction effect was
statistically significant (p< 0.05). Asterisks denote significant
differences within each site, highlighting variations attributed to
season. Meanwhile, letters denote significant differences within
seasons, emphasizing site-related variations.
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regulation of the benthic N cycle at the four sites in the two seasons

is discussed in paragraph 4.2.
3.4 Effect of environmental and biological
variables on solute fluxes and dissimilative
N reduction

Environmental and biological variables were both drivers of

solute fluxes and nitrate reduction rates in spring, whereas in

summer biological variables played a minor role (Table 3). In

spring, three predictors (d13C, the biomass of shallow and deep

burrowers) explained 53% of the measured fluxes and N processes,

whereas in summer environmental variables alone explained 69% of

the total variation (Table 3). In the marginal tests, all factors were

significant and explain ≥10% of the variation in both studied

seasons, with spring C/N sediment ratio and water temperature as

only exceptions.
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4 Discussion

4.1 Effects of river plumes on sediment
properties and instability, and
benthic communities

Sediments at the study area were mainly characterized by fine-

grained sand with organic matter content increasing from the

shallower to the deeper sites (Thoms et al., 2018; Miernik et al.,

2023). Indeed, sedimentary material discharged by the Vistula River

is initially deposited in the shallower area and is subsequently

remobilized and transported to deeper areas (Damrat et al., 2013).

The rates of O2 consumption in sediments showed strong

seasonality, with a significant increase recorded at all sites from

the spring to the summer (Figure 3A). Indeed, respiration rates

varied by factors of nearly 4 (V18) to >10 (V10), coinciding with

warmer bottom water temperatures (by nearly 12°C) and an

increase in macrofauna biomass and its contribution to aerobic
B

C D

A

FIGURE 4

The staked bar chart in the upper panel depicts the rates of denitrification of nitrate produced via nitrification (Dn) and of nitrate diffusing into the
sediment from the water column (Dw) measured at the four sites in (A) spring and (B) summer. The staked bar chart in the below panel depicts total
DNRA rates divided into the DNRA coupled to nitrification (DNRAn) and DNRA of water column nitrate (DNRAw) measured at the four sites in (C) spring
and (D) summer. Averages (n=6) ± standard errors are reported. Note the different scales on y-axis in the two panels. The graph presents the results of
the pairwise comparison for the two-way PERMANOVA, investigating the interaction between season and site. Letters indicate statistically significant
differences among sites within season (p< 0.05).
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respiration. In summer, the sediment at site V10 was characterized

by the highest O2 consumption and OM content, which

significantly differed from the same site sampled in spring. This

suggests a strong seasonality in sediment transport or locally

different sedimentation rates in the Vistula River plume area

(Uścinowicz, 1997). Aerobic respiration rates reported in the

present study are in the same order of magnitude as those from

analogous studies carried out at similar temperatures in the

southern Baltic Sea (Thoms et al., 2018; Janas et al., 2019;

Kendzierska et al., 2020; Silberberger et al., 2022).
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In both seasons and at all sites, the d13C signature of

sedimentary organic carbon suggested the dominance of

terrestrial inputs and very weak trend of d13C along depth

gradient, slightly increasing at higher depths only in summer

(Table 2). Taken together, these results allow to deduce that

sediments from the analyzed sites are unstable during high

discharge and high-energy periods, such as spring, especially at

shallow depths. This instability can limit the development of

macrofauna communities. Indeed, the shallowest site displayed

low diversity and biomass of macrofauna and low aerobic
BA

FIGURE 5

Hourly rates of denitrification (µmol m-2 h-1) measured at the four sampling sites in (A) spring and (B) summer as a function of NO3
− concentration

(µM). The equation of the Michaelis-Menten model is reported for each site and season. Note different scales on the y-axis for the two seasons.
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respiration rates. This instability decreases during summer when

lower discharge, more stable sediment, and higher temperature

favor the development of macrofauna communities. Results also

suggest a minor effect of seasonality on the origin of the organic

matter, which is predominantly terrestrial, regardless of river

discharge and water temperatures. The slight increase in d13C
along depth recorded during summer is likely due to a small

contribution of marine phytoplankton growth and sedimentation

to the organic pool, coinciding with lower discharge and warmer

water temperatures (Thoms et al., 2018; Szczepanek et al., 2022).

Additionally, the values of d15N were rather conservative among

sites and seasons (Table 2).

The results from this study align with findings reported for other

coastal areas affected by freshwater plumes that are demonstrated to

stimulate the activity of meiofauna, macrofauna and microbial

communities (Manini et al., 2004; Hermand et al., 2008; Carstensen

et al., 2020). Such stimulation is expected due to the fertilization

exerted by plumes in the pelagic compartment, enhancing the activity

of primary producers and, consequently, the input of labile organic

matter to sediments (Cloern et al., 2014). However, it can also occur

through the direct supply to the sediment of organic matter and

inorganic nutrients from terrestrial sources (Voss et al., 2021). As our

data suggest, the area influenced by river plumes is highly dynamic

due to variable river discharge, resulting in different extensions of the

pelagic volumes and benthic surfaces affected by plume fertilization.

Previous studies have demonstrated that the benthic compartment

displays very rapid responses to variable nutrient inputs, either in

terms of sedimentary features (e.g., organic matter content and

macromolecular composition), distribution and composition of

meiofaunal and macrofaunal assemblages, bacterial biomass, and

associated enzymatic activities (Danovaro et al., 2000; Forrest et al.,

2007; Nasi et al., 2020; Voss et al., 2021). Manini et al. (2004)
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conducted microcosm experiments exposing sediments to inorganic

N-rich plume water, revealing that bacterial abundance in the

sediment doubled, and enzymatic activities increased by over 50%

within 12-24 h.
4.2 Seasonality of nitrate reduction rates in
sediments within the Vistula River
plume area

Denitrification rates in coastal systems exhibit significant spatial

and seasonal variability influenced by various factors. These include

the fluctuating availability of NO3
- in the water column, which

tends to be higher during colder periods, variations in macrofauna

diversity, abundance, and biomass, diverse organic matter inputs

from the water column, and varying water temperatures (Bonaglia

et al., 2014b; Bartoli et al., 2021; Zilius et al., 2022). Results from this

study suggest that the rise in water temperature played a significant

role in the elevated denitrification rates observed during the

summer in the Vistula plume area (Figure 4). This occurred even

in the presence of lower NO3
- availability in the water column. The

warmer temperatures of summer resulted in detectable

denitrification rates at shallower sites, where they were previously

undetectable in spring, and exhibited rates three times larger at the

deeper sites. A positive correlation between denitrification rates and

temperature was also found in other estuaries in the Baltic Sea

(Bonaglia et al., 2014b; Hellemann et al., 2017; Bartl et al., 2019).

Indeed, elevated water temperatures stimulate aerobic microbial

respiration, leading to a decrease in O2 penetration depth within

sediments and shortening the pathlength required for NO3
- to reach

the anaerobic horizon where denitrification takes place (Seitzinger,

1988; Piña-Ochoa and Alvarez-Cobelas, 2006; Deutsch et al., 2010).
TABLE 3 DistLM results between environmental and biological predictors and the combined oxygen and nutrient fluxes and processes rates as a
measure of ecosystem functioning for the study sites in spring and summer.

Spring Summer

Marginal
test

Sequential
test

Marginal
test

Sequential
test

OM 0.211*** 0.330*** 0.051*

C/N 0.365*** 0.365***

d13C 0.2** 0.131*** 0.229** 0.223***

Temperature 0.170* 0.050*

Biomass of shallow
burrowers

0.239*** 0.239*** 0.131*

Biomass of deep burrowers
(burrow/tube dwellers)

0.212** 0.158** 0.143*

Biomass of free-living deep
burrowers

0.100* 0.160**

Number of taxa 0.220*** 0.171*

Cumulative proportion explained 0.527 0.688
Significance level in marginal and sequential tests: *p< 0.05, **p ≤ 0.01, ***p ≤ 0.001. Cells with no numerical data in sequential test indicate that the predictor was not selected into the
distLM model.
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Increased respiration rates further contribute to higher

ammonification rates in sediments, leading to increased NH4
+

availability for the community of nitrifiers. The seasonal oxygen

fluxes reported in this study displayed a large summer increase,

exceeding spring values by a factor of 10. This significant increase

undoubtedly led to diminished O2 penetration depth in sediments,

particularly pronounced at site V10, and enhanced production of

NH4
+ and NO3

-.

In the sediments of the Vistula plume area, elevated temperatures

led to increased N loss via denitrification, primarily driven by a

stimulation of nitrification and coupled nitrification-denitrification

(Dn). This is supported by the NOx
-
fluxes measured at the 4 sites,

which showed an increase from spring to summer and consistently

flowed toward the water column, indicating the dominance of

nitrification over nitrate-consuming processes. In comparison, the

contribution of Dw to total denitrification was relatively minor at the

study site due to relatively low NO3
- concentrations in bottom water,

never exceeding 10 μM. In other coastal areas, the large dilution of

riverine nitrate inputs results in limited rates of Dw and the

dominance of Dn (Hietanen and Kuparinen, 2008; Zilius et al.,

2022). Dn has a complex regulation that depends on the availability

of O2 and NH4
+ in the pore water, which impacts nitrification rates

and the proximity of the denitrification zone. Moreover, it is

influenced by the quantity and quality of organic matter in

sediments, which in turn affects heterotrophic aerobic and

anaerobic microbial activity, including ammonification rates

(Seitzinger, 1994; Bartoli et al., 2021). Additionally, macrofaunal

activity may stimulate both Dw and Dn, by transporting water

column NO3
- or favoring its production and consumption in

subsurface sediments, where thin aerobic burrow walls are in close

proximity to anaerobic sediment layers (Pelegri and Blackburn, 1994;

Bartoli et al., 2000; Nizzoli et al., 2007; Moraes et al., 2018; Zilius et al.,

2022). Polychaetes such asMarenzelleria spp. andHediste diversicolor

can dig up to several centimeters into the sediment in the Gulf of

Gdańsk (Miernik et al., 2023). They impact the processes not only by

influencing sediment structure and pore water chemistry, but also by

affecting the microbial diversity, and also as holobionts (Dale et al.,

2019; Zilius et al., 2022). In spring, deep burrowers likely stimulated

Dw rates by increasing fluxes of water column NO3
- into the

sediments via bioirrigation (Pelegri and Blackburn, 1994; Bartoli

et al., 2000; Nizzoli et al., 2007; Moraes et al., 2018; Zilius et al.,

2022). Results of the DistLM model support such interpretation, as

both environmental and biological factors significantly explain the

seasonal and site-specific variability offluxes and N-related processes.

During summer, the coastal zones are generally characterized

by low NO3
- concentrations in the water column, and the main

source of NO3
- within sediments is nitrification of NH4

+ produced

by oxidation of organic matter (Seitzinger, 1988; Bartl et al., 2019).

Based on calculations of theoretical ammonification rates, we

reconstructed N cycling at the four sites in spring and summer

(Supplementary Figure S1). From this reconstruction of the benthic

N cycle, we infer that at all sites from 50 to 70% of NH4
+ produced

by ammonification within sediments was nitrified, with the

exception of site V10 in summer, where only 20% was nitrified.

The partial oxidation of the ammonified N is supported by net
Frontiers in Marine Science 12
NH4
+ effluxes measured at all sites in both seasons. In turn, only a

fraction of the produced NO3
- was denitrified, suggesting only

par t ia l ly coupled ammonifica t ion , n i t r ificat ion , and

denitrification. Indeed, part of the produced NOx
- was released to

the water column, resulting in positive NO3
-
fluxes measured at all

sites, in particular during summer. Some DIN recycling was also

evidenced in spring but to a minor extent. In both seasons,

denitrification efficiency was low, with dominance of DIN

regeneration to the water column against net N loss to the

atmosphere. In spring, denitrification at the shallowest sites V05

and V10 was not measurable and denitrification efficiency was 0,

suggesting 100% recycling of the oxidized organic N, released as

NH4
+ and NO3

- to the water column. The deepest sites V18 and

V24 instead were characterized by higher denitrification rates and

lower N recycling, resulting in DE of 17 and 38%, respectively.

However, the recycling of inorganic forms was dominant over N

removal. In summer, bottom water was always saturated with O2

and the high availability of NH4
+ produced by the mineralization of

organic matter enhanced the process of nitrification (Canfield et al.,

2005). However, NH4
+ effluxes were measured at all sites, with

values up to 452.2 ± 86.3 μmol m-2 h-1 at site V10 (Figure 3B). This

efflux was not sustained by macrofauna excretion or bioturbation,

as in summer the biomass of invertebrates at this site was lower than

at V18 and V24 (Figure 2). We can assume that factors other than

those we measured are responsible for this high flux, such as the

macromolecular quality of organic matter (Pusceddu et al., 2009).

Overall, site V05 displayed the lowest denitrification rates in both

seasons, likely due to the combination of the highest O2 penetration

depth in sediments (up to 10.3 mm measured in spring, data not

shown) and lowest OM content, whereas V24 showed the highest

denitrification rates and the thinnest oxidized layer (2.3 mm) with

the highest OM content. In both seasons, coupled denitrification-

nitrification was the main process of NO3
- reduction, and likely

driven by environmental features such as O2 availability, NH4
+

concentration in pore water, and quality and quantity of organic

matter (Bartoli et al., 2021). Dn rates could also be driven by the

presence of shallow burrowing (i.e., Peringia ulvae) and deep free-

living macrofauna (M. baltica and M. arenaria), affecting

microorganisms and increasing the oxic-anoxic microniches

within sediment layers (Gilbertson et al., 2012; Moraes et al.,

2018; Camillini et al., 2019). Total denitrification rates found in

this study are similar to those found by Bartl et al. (2019) in the

same estuary (3-15 μmol m-2 h-1), with the dominance of Dn over

Dw. Furthermore, rates reported in this study are comparable to

those found at similar depths by Deutsch et al. (2010) in the open

Baltic Proper (from 0.5 to 28.7 μmol m-2 h-1). Comparatively

analyzing the microbial processes that reduce NO3
-, DNRA was

less relevant than denitrification at the study sites, with the highest

contribution at site V10 in summer (37% of the total measured

NO3
- reduction, Figure 4D). DNRA rates reported in this study

(range < 0.5 to 10.1 μmol m-2 h-1) are comparable to those

measured in other sediments from the Baltic Sea (Bonaglia et al.,

2014b; Hellemann et al., 2020; Zilius et al., 2022). Sediments

collected from the four sites in the two seasons always appeared

rather oxidized, with light brown to grey color in the upper 10 cm,
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and never smelled sulphides. This, together with the net production

of nitrate both in spring and summer, suggests oxidized conditions

in the upper sediment layers and no accumulation of anaerobic

metabolism end-products. In turn, low organic C content and

absence of free sulphides in pore water can explain the low rates

of DNRA measured in these sediments (Burgin and Hamilton,

2007; Kessler, 2018). However, despite the dominance of

denitrification over DNRA, the analyzed sediments recycled a

large amount of DIN and acted as weak N buffers.

Denitrification and DNRA measured in the Vistula plume area

displayed low rates compared to inner lagoon areas, either due to

high dilution of NO3
- loads, resulting in low water column

concentrations, low organic matter content in sediments and

much larger availability of other electron acceptors like O2 (Dong

et al., 2000; Bartoli et al., 2012, 2021; Magri et al., 2022). In both

sampling periods, dissolved O2 in bottom water was close to

theoretical saturation, with concentrations averaging 400 and 280

μM in spring and summer, respectively. Nitrate concentrations in

bottom water averaged 10 and 2 μM, resulting in O2 to NO3
- ratios

of 40 and 140 in spring and summer, respectively. At the four

investigated sites, the ratios between O2 respiration and

denitrification were generally lower in summer than in spring,

contrary to O2 and NO3
- concentration ratios. This is likely due

to different diffusion pathlengths to reach the anaerobic zone and

much higher nitrification rates in sediments during summer. The

lowest O2 respiration to denitrification ratio was nearly 50,

calculated in the summer for the deepest site where denitrification

peaked. Such a ratio suggests that even in the highly reactive

sediment area affected by the Vistula River plume, under a low

salinity regime, denitrification as a respiratory process is responsible

for a minor fraction of organic carbon oxidation. This result aligns

with other studies in the coastal zone of the Baltic Sea, where the

ratios between O2 consumption and N2 production are in the range

of 30-60 (Bonaglia et al., 2014b; Zilius et al., 2022).
4.3 The denitrification potential and
saturation of Vistula plume sediments
under varying NO3

- availability

The addition of labelled nitrate to final concentrations largely

exceeding those measured in situ produced contrasting results at the

four sites (Figure 5). At the shallowest sites V05, denitrification rates

of labelled NO3
- were from negligible to low in both seasons, likely

due to the limited availability of organic matter and large O2

penetration within sediments. At site V10, the response of the

community of denitrifiers to NO3
- addition varied significantly

between seasons. Possible explanations for such different seasonal

responses include water temperature, organic matter content and

quality, and O2 penetration in surface sediments. At sites V18 and

V24, the denitrification potential was higher in both seasons,

especially in summer, and the process was stimulated by NO3
-

addition. While in situ rates are limited by low water column nitrate
Frontiers in Marine Science 13
concentrations, at deeper sites the organic matter pool and the

presence of burrowing macrofauna provide the potential for higher

N removal rates.

Taken together, these results suggest that hydrological extremes

leading to larger NO3
- inputs in colder months would result in a

limited increase in NO3
- removal via denitrification, whereas larger

inputs during summer would produce much larger N removal.

They also suggest that any increase in NO3
- production in

sediments would stimulate summer denitrification at all sites and

in 3 out of 4 sites during spring, as sediments have a higher, partially

expressed, denitrification potential (Figure 5). We remark that these

experiments were carried out by adding NO3
- to final

concentrations that largely exceed any realistic in situ increase in

NO3
- even under extreme conditions. The reasons for the

concentration-series experiments are to address the response of

the community of denitrifiers, its limiting factors, and its NO3
-

reduction potential and saturation. In the Gulf of Gdańsk, the

plume from the Vistula River can display much higher NO3
-

concentrations during winter and spring (up to 200 μM of NOx
-)

compared to those measured in the present study but much lower

than those simulated (Bartl et al., 2018). However, monitoring

agencies and the international literature report NO3
-

concentrations in the Vistula River seasonally varying between

<50 and >300 μM, with peaks up to 1,000 μM (Dojlido, 1997).

Concentrations >1,000 μM are also reported for other European

rivers (Dong et al., 2000) and are of the same order of magnitude as

the highest concentrations tested in this work.

Rates of DNRA along variable NO3
- availability in the water

column were also measured but are not reported, as they

consistently remained much lower to negligible when compared

to denitrification rates and did not display any significant trend.

This result is supported by the hypothesis by Tiedje (1988), who

suggested the inhibition of DNRA in presence of high NO3
-

concentration. The only exception is represented by site V10 in

summer that displayed potential DNRA rates up to 200 μmol m-2

h-1, likely due to higher rate of O2 consumption and C content in

the sediments of this site.
5 Conclusions

Results from this study confirm that sediments influenced by

river plumes are unstable and dynamic systems. The sedimentary

environment of 4 sites within the Vistula River plume area

underwent pronounced seasonal changes in their metabolism and

N cycling, reflecting variations in water temperatures, sedimentary

variables and macrofauna biomass. During spring, generally

characterized by high discharge and low temperatures, nitrate

concentrations were 5-fold higher than in summer when

discharge halved, and water temperatures increased. Low

temperatures limited microbial activity, including O2 and NO3
-

respiration. Simultaneously, high discharge affected sediment

features and limited the development of macrofauna community,
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in particular in shallower areas closer to river inputs. During

summer, O2 and NO3
- respirations increased significantly at all

sites, despite lower O2 and NO3
- concentrations in bottom water.

Lower discharge likely favored the development of more structured

and abundant macrofauna communities at all sites. Warmer

temperatures and higher metabolic rates resulted in large rates of

ammonification, partially coupled with nitrification. The latter was

also partly coupled with denitrification, and the net result of such

uncoupling was the simultaneous regeneration of both NH4
+ and

NO3
- to the water column, decreasing the efficiency of

denitrification. Climate change, among other effects, can lead to a

significant increase in water temperature and the results of the

present study suggest a stimulation of both N removal and N

recycling under higher temperature regimes, with the latter process

showing a comparatively greater level of stimulation than the

former. Climate change can also produce sudden increase in

NO3
- inputs to the coastal zone, and results from the present

study suggest an increase in denitrification rates under increasing

NO3
- levels. Indeed, denitrification potentials are saturated at NO3

-

concentrations that largely exceed in situ nitrate levels. Results also

suggest that, in the Vistula plume area, sedimentary DNRA is a

minor NO3
- reduction pathway compared to denitrification. We

deduce that the response of sediments in terms of denitrification

rates to sudden NO3
- inputs and efficiency varies seasonally and

between shallower and deeper sites. More experimental studies are

needed, together with biogeochemical models capable of upscaling

these results. This investigation, despite being limited to two

seasons and to four sites within a single plume area, suggests

higher N recycling under higher temperature regimes and lower

N removal under cold, high discharge periods.
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SUPPLEMENTARY FIGURE 1

Graphical representation of benthic N cycle in (A) spring and (B) summer at
the four sampling sites. Solute fluxes and rates are derived from direct

measurements and calculations, and have been rounded to the unit. Net
O2 fluxes were converted into theoretical rates of organic N ammonification

(TA). TA was obtained by the conversion of dark O2 fluxes into organic carbon
oxidation rates using site-specific respiratory quotients calculated from

surface sediment C/N molar ratio, as detailed in Jørgensen et al. (2022).

The obtained carbon oxidation rates were then divided by the sediment C/N
ratio to calculate TA. Nitrification rates were estimated from the sum of NOx

-

effluxes, Dn and DNRAn. Mean rates (averages ± standard errors) are
expressed in mmol m-2 h-1. Denitrification efficiency was calculated as the

ratio between dinitrogen (N2) flux and the sum of N2 and DIN effluxes. See
materials and methods section for more details.

SUPPLEMENTARY TABLE 1

Macrofauna retrieved from the intact cores collected at each site in the two

seasons expressed in gDW m-2. Averages ± standard errors are reported.
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