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Impact of primary production
and net ecosystem metabolism
on carbon and nutrient cycling
at the land-sea interface
Louise C. V. Rewrie1*, Burkard Baschek2,
Justus E. E. van Beusekom3, Arne Körtzinger4,
Wilhelm Petersen1, Rüdiger Röttgers5 and Yoana G. Voynova1

1Department of Coastal Productivity, Institute of Carbon Cycles, Helmholtz Zentrum Hereon,
Geesthacht, Germany, 2Ocean Museum Germany, Stralsund, Germany, 3Department of Aquatic
Nutrient Cycles, Institute of Carbon Cycles, Helmholtz Zentrum Hereon, Geesthacht, Germany,
4Department of Chemical Oceanography, GEOMAR Helmholtz-Zentrum für Ozeanforschung Kiel,
Kiel, Germany, 5Department of Optical Oceanography, Institute of Carbon Cycles, Helmholtz
Zentrum Hereon, Geesthacht, Germany
Estuaries are typically net heterotrophic systems and a source of CO2 to the

atmosphere, while continental shelves are net CO2 sinks. Yet, primary production

and net ecosystem metabolism (NEM) are variable, and this has implications for

nutrient and carbon processing along the land-sea interface. To resolve this

variability, high-frequency dissolved oxygen and ancillary biogeochemical data

from a research station (FerryBox) located at the outflow of a temperate estuary

into a shelf sea, were used to quantify the gross primary production (GPP) and

NEM at the land-sea interface. In early and mid-spring in the outer Elbe Estuary

(Germany), we find that low GPP rates (155 ± 46 mg C m-2 d-1 in April 2020 and

74 ± 24 mg C m-2 d-1 in March to April 2021) were light limited, as a function of

elevated turbidity (31 ± 9 NTU and 35 ± 7 NTU) and solar irradiance. When

turbidity decreased in late spring (May), we observed elevated GPP rates, and

highest GPP rates in summer (June-August), with seasonal averages of 613 ± 89

mg C m-2 d-1 in 2020 and 558 ± 77 mg C m-2 d-1 in 2021. Primary production in

the outer Elbe Estuary waters was not nutrient-limited, since concentrations all

year-round exceeded the expected limiting levels of 5 µM Si, 0.5 µM PO4
3- and 2

µM NO3
-. Despite the high nutrient concentrations and estimated GPP rates, the

system was in near trophic balance, with seasonally averaged NEM estimates of

-2 ± 49 mg C m-2 d-1 and -149 ± 41 mg C m-2 d-1. A significant finding is that a

seasonal decrease in dissolved inorganic carbon of 125– 160 µmol kg-1 fromMay

to September, and in total alkalinity of 116 – 128 µmol kg-1 from December to

August, was likely driven by the concurrent and significant seasonal uptake of

inorganic carbon by primary producers in the upper estuary and upstream

regions. This highlights the heterogeneity of inorganic carbon patterns along

the land-sea continuum and the continuity of biogeochemical processing in the

upstream regions of a temperate estuary to sea.
KEYWORDS

primary production, net ecosystem metabolism, estuary, carbon cycling, land-
sea interface
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1 Introduction

Primary production and remineralization are two key

biological processes that can modulate carbon and nutrient

dynamics in coastal ecosystems. Carbon dioxide (CO2) and

inorganic nutrients are converted into labile organic matter via

phytoplankton primary production, thereby releasing oxygen

(Cloern et al., 2014). Microbial respiration of organic matter

produces inorganic nutrients and carbon in the form of CO2.

The net difference between primary production and respiration,

also known as net ecosystem metabolism (NEM), can be used to

assess whether aquatic ecosystems are net sources or sinks of

carbon (Gattuso et al., 1998; Caffrey, 2003; Cai, 2011). Primary

production can be used to assess ecosystem health (Padua et al.,

2023), extent of eutrophication (Smith, 2007) and nutrient

limitation (Rick et al., 2006).

Much of the biological activity varies along the coastal

transition region from land to sea, with seasons, tides, turbidity

levels, nutrient inputs and human interventions as the main driving

factors (Cloern, 1987; Kerner, 2007; Cai, 2011; Zhao et al., 2019).

Freshwater discharge transports nutrients and organic and

inorganic carbon to estuaries and coastal zones and can fuel

autochthonous primary production at the land-sea interface

(Mallin et al., 1993; Caffrey, 2004), but allochthonous organic

matter with marine origin can also be imported into estuaries,

facilitated by tidal flow (van Beusekom and Brockmann, 1998;

Voynova et al., 2015; Schulz et al., 2023). A change of trophic

state (Dodds and Cole, 2007) has been frequently observed along an

estuary-to-coastal-transition. Some rivers and shallow upstream

estuarine regions with high phytoplankton biomass were

autotrophic (King et al., 2014; Kamjunke et al., 2023), while

globally, estuaries are typically net heterotrophic (Gattuso et al.,

1998; Cai, 2011) with high turbidity, which reduces light availability

and limits primary production (McSweeney et al., 2017). At the

same time, strong stratification of an estuary, along with sufficient

nutrient concentrations, can be favorable for elevated primary

production (Humborg, 1997), and some estuaries have been

reported as net autotrophic (Caffrey, 2004; Maher and Eyre,

2012). Net heterotrophy tends to continue into the adjacent

coastal and inner shelf regions, but there can be shifts to

autotrophic conditions in the continental shelves (Cai, 2011;

Voynova et al., 2015). Estuaries worldwide are heterogeneous and

vary with latitude, geomorphology and tidal regime for example,

and nutrients and carbon dynamics are generally modulated by

metabolic activity along an estuary before entering the coastal shelf

sea as well as therein (Cai, 2011; Bauer et al., 2013). Therefore, a

detailed evaluation of the mechanistic understanding of how

metabolic processes control inorganic nutrients and carbon across

the land-sea interface would improve the assessment of

eutrophication in offshore regions and calculations of carbon

budgets (Cai, 2011).

In addition to this variability, since the beginning of the 20th

century, anthropogenic perturbations and land-use changes have
Frontiers in Marine Science 02
modified the metabolic activity along the land-sea continuum and

have resulted in differences to present day nutrient and carbon

fluxes and processing within estuaries and coastal zones (Garcıá-

Barcina et al., 2006; Sharp, 2010; Joesoef et al., 2017; Rewrie et al.,

2023a). The Elbe Estuary in Germany, for example, experienced

three distinctly different ecosystem states in the last four decades, a

polluted, transitional and recovery state (Rewrie et al., 2023a), due

to effects from heavy pollution in the 1980s (Kempe, 1988; van

Beusekom et al., 2019; Rewrie et al., 2023a). European management

strategies (Ehlers, 1990) and the reunification of Germany in 1990,

led to the implementation of wastewater treatment plants

(Netzband et al., 2002), closures in industrial and agriculture

companies, and finally to the ensuing transitional and following

recovery state. The major pollution and ensuing ecosystem state

changes significantly impacted primary production and respiration

processes over the last four decades, such that the carbon and

nutrient turnover and fluxes in the estuary and at the land-sea

interface near Cuxhaven, Germany, were significantly different in

the 1980s compared to present day (Rewrie et al., 2023a). Since

1997, during the recovery state, primary production and

respiration, and estuary function were reestablished within the

estuary and particulate organic carbon (POC) produced by

primary production in the upstream regions drives the generation

of dissolved inorganic carbon (DIC) in the estuary (Rewrie et al.,

2023b). However, the authors identified that in the lower and outer

estuary, DIC generation is instead potentially linked to organic

carbon produced in the coastal regions (also supported by Schulz

et al. (2023)), suggesting that primary production at the land-sea

interface is important to carbon cycling. To quantify primary

production and net ecosystem metabolism at the land-sea

interface, and their influence on carbon dynamics, this study was

conducted during the current recovery state of the Elbe Estuary

ecosystem, characterized by large seasonal changes in the carbonate

system and in the metabolic activity, regulated by upstream and

offshore primary production.

The Elbe Estuary and the adjacent coastal waters of the German

Bight in the North Sea experienced significant biogeochemical and

ecosystem state changes during the past 40 years, and an increase in

DIC at a rate of 11 μmol L-1 yr-1 since 1997 was documented during

the recovery state (Rewrie et al., 2023a). Therefore, this study

focusses on a recent 2-year period in the recovery state and uses

continuous high-frequency dissolved oxygen to estimate rates of

gross primary production, respiration and NEM in the outer Elbe

Estuary in 2020 and 2021. In an effort to quantify the role of

primary producers at the outflow of the estuary to the sea,

compared to upper estuary primary producers, located hundreds

of kilometers upstream (Rewrie et al., 2023b). Additional

biogeochemical and physical parameters were used to examine

the factors that regulate the metabolic rates in this dynamic

environment to identify the reasons for seasonal and inter-annual

changes in metabolic rates. The metabolic rates contribution to

carbon and nutrient uptake and cycling at the land-sea interface

was assessed.
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2 Methods

2.1 Study site

The North Sea is a large and relatively shallow shelf sea, linked

to the North Atlantic Ocean, reaching depths of 150 m in the

northern part and 400 m in the Norwegian Channel (Thomas et al.,

2005). The German Bight is located in the shallow (10 – 43 m)

southeastern part of the North Sea (Figure 1). The Wadden Sea

borders the German Bight and fringes the Dutch, German and

Danish coasts (van Beusekom et al., 1999; Figure 1). The Wadden

Sea is a shallow intertidal region, with bathymetry in general < 10 m,

containing the largest network of tidal flat areas in the world (Wang

et al., 2012). A counterclockwise residual current pattern dominates

the German Bight and carries Atlantic water and continental runoff,

mainly from the Elbe, Rhine and additional smaller rivers, causing

an inflow from the west into the German Bight and an outflow to

the north (Hickel et al., 1993; van Beusekom et al., 1999). The

combination of the residual circulation with nutrient influx from

the Ems, Weser, and Elbe rivers (van Beusekom et al., 1999),

promotes the accumulation of substances, such as organic matter

and nutrients, in the German Bight (Hickel et al., 1993) and into the

Wadden Sea (van Beusekom et al., 2019). The German Bight and

Wadden Sea areas are mainly well-mixed due to strong tidal

currents, contrasting to the seasonally stratified central North Sea

(Becker et al., 1999; Voynova et al., 2017).

The 1094 km long Elbe River, which has the fourth largest river

basin in Central and Western Europe, discharges into the North

Sea, and is the main source of freshwater to the inner German Bight

(Hickel et al., 1993). Other rivers such as the Weser and Ems have

smaller inputs in comparison. The source of the Elbe River is in

Czechia in the Giant Mountains, flowing at Schmilka into Germany
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(Scheurle et al., 2005). The river section extends to a weir in

Geesthacht, Germany (585.5 Elbe-km). From there, the river

flows into the tidal stretch of the river, the Elbe Estuary,

extending along 142 km, up to Cuxhaven, Germany (727 Elbe-

km). Elbe-km is the distance from the point where the Elbe passes

the border between the Czech Republic and Germany.

The estuary is typically well-mixed but can be partially mixed in

summer in the port region (zone 2 in Figure 1, Pein et al., 2021) and

a mesotidal coastal plain estuary (Amann et al., 2015). Based on the

zonation proposed by the TIDE project (Geerts et al., 2012), in

Rewrie et al. (2023a) the estuary was divided into seven zones to

differentiate spatial patterns of nutrient and carbon dynamics

(Figure 1). In the uppermost region, zone 1, primary production

generates dissolved oxygen supersaturation, high pH levels > 9 and

low concentrations of DIC (Kamjunke et al., 2023; Rewrie et al.,

2023a). Along the estuary, remineralization of labile organic carbon

leads to dissolved oxygen undersaturation, especially in the

Hamburg Harbour, described as the oxygen minimum zone in

the estuary, where nutrients are regenerated and DIC is produced in

zones 2 to 5 (Amann et al., 2012; Dähnke et al., 2022; Rewrie et al.,

2023a). The maximum turbidity zone (MTZ) extends from around

650 to 700 Elbe-km in zones 4 and 5 (Amann et al., 2015). Further

downstream along the salinity gradient in zone 6, oxygen levels

generally remain undersaturated, whereas in the adjacent coastal

regions in zone 7, oxygen supersaturation and elevated pH were

observed in late spring and summer (Rewrie et al., 2023a).
2.2 FerryBox in Cuxhaven

A research station hosting a stationary FerryBox (Petersen, 2014)

has been recording temperature, salinity, dissolved oxygen (DO),
FIGURE 1

Map of the German Bight, Elbe River, the Elbe Estuary from Geesthacht (black circle) and the surrounding continental regions and rivers. The
FerryBox (FB) measuring station at Cuxhaven (magenta circle) and the Neu Darchau gauging station (orange circle). The seven zones (z) each
separated with a green diagonal line as proposed by the TIDE project (Geerts et al., 2012) and the zones are sub-grouped into four regions (Rewrie
et al., 2023a; b). The Wadden Sea outline was obtained as the Wadden Sea Heritage shape file from Flanders Marine Institute (2024), and the dashed
line represents its boundary.
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chlorophyll a (chl-a) fluorescence, and turbidity since 2010 at a

station located in Cuxhaven, Germany (8.71°E, 53.88°N), at the Elbe

Estuary outflow into the German Bight. The station has also been

continuously measuring coloured dissolved organic matter

fluorescence, the partial pressure of CO2, pH and nutrients, and

while these parameters are not discussed in this study, they

contribute to the station reporting as an ICOS Pilot Estuarine

Station since 2023. The near-real time 10-minute averaged data of

raw one-second values, with initial checks for range and statistics, are

accessible through the data portal of the Coastal Observing System

for Northern and Arctic Seas (COSYNA; codm.hzg.de/codm;

Baschek et al., 2017). The present study uses one-minute averaged

data of raw one-second values from the sensors listed in Table 1,

resampled to 15-minute intervals for data processing and analysis.
2.3 Hydrological, weather and climate data

Sea level data were recorded at the Cuxhaven Pier (724 Elbe-km;

8.72°E, 53.87°N) and obtained from the German Federal Waterways

and Shipping Administration (WSV), communicated by the

German Federal Institute of Hydrology (BfG) (https://

www.pegelonline.wsv.de/gast/stammdaten?pegelnr=5990020;

WSV, 2024a), measured every minute. The nearest location to the

FerryBox at Cuxhaven that recorded water velocity was at

Otterndorf (MPM) Sohle (714.02 Elbe-km; 8.87°E, 53.84°N) by

WSV (https://www.kuestendaten.de/Tideelbe/DE/Service/

service_node.html; WSV, 2024b), measuring every five minutes.

There were no tributary influences between Otterndorf and

Cuxhaven (Amann et al., 2012). Wind speed at 10 m was utilized

from the E-OBS meteorological data for Europe (Cornes et al.,

2018) from the Copernicus Climate Data Store (https://

cds.climate.copernicus.eu) selected for the Cuxhaven region (8.65°

E, 53.85°N), provided as a daily mean wind speed. The

photosynthetically active radiation (PAR) was recorded at the

Cuxhaven Station (8.71°E, 53.87°N) of the German Weather

Service (Deutscher Wetterdienst (DWD) from https://

opendata.dwd.de/), measured over every 10 minutes and data were

converted from J cm-² to W m-2 (Avison, 2014). Daily freshwater

discharge data from Neu Darchau gauging station (536.4 Elbe-km;

10.89°E, 53.23°N) were obtained from the FGG Elbe data portal

(https://www.elbe-datenportal.de; FGG Elbe, 2023). A correction

factor of 1.21 for Cuxhaven was applied to the daily river discharge

to account for tributary inputs along the estuary (Amann et al., 2015).
2.4 Discrete sample collection and use for
parameter quality control

Discrete samples were collected between 2020 and 2021 to

verify the accuracy of the autonomous FerryBox measurements,

and for additional laboratory measured parameters. The FerryBox

(Petersen, 2014) works alongside a remotely controlled water

sampler unit (Teledyne ISCO, U.S.A) with 24 1-liter sampling

bottles. During the study period the auto-sampler was remotely
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programmed to fill the bottles over a 12 to 24 hour period, every half

hour or every hour, capturing the tidal cycle (12 hours) typically

once a month during Cuxhaven station maintenance times

(Supplementary Table S1). Samples were refrigerated in the dark

until processing (usually done within hours of sample collection).

During four maintenance visits (20. August 2020, 20. October 2020,

11. March 2021, 12. July 2021), discrete samples were collected

directly from the outlet of the FerryBox system. Subsamples were

collected for turbidity and salinity in 250 mL glass bottles (Duran,

Schott) and stored in the dark until analysis in the laboratory

(within 1–2 days of collection). Discrete salinity and turbidity

samples were measured with a high precision salinometer

(Optimare, Germany) and with a Turbidimeter (2100N IS, Hach,

Germany; ISO 7027), respectively.

For nutrients, samples were filtered through 47-mm GF/F glass

microfiber filters for the analysis of phosphate (PO4
3-), silicate (Si),

ammonium (NH4
+), and nitrate (NO3

-). Water samples were frozen

until analyzed using colorimetric methods in an autoanalyzer

(AA500, SEAL Analytical, Germany; Hansen and Koroleff, 1999).

In 2021, the autoanalyzer’s performance was verified through

analysis of QUASIMEME estuarine and seawater reference

samples (Aminot et al., 1997). For all inorganic nutrients (NH4
+,

NO2
-, PO4

3-, Si and NO3
-), 95% of values had z-scores <2,

suggesting that the autoanalyzer consistently measured accurate

reference values.

Samples for DIC were collected in 20 mL scintillation vials and

treated with 20 μL of saturated mercuric chloride solution (7%),

transported to the laboratory and stored in the dark at 4˚C until

analysis. An AIRICA DIC Analyser (Marianda, Kiel, Germany) was

used to measure inorganic carbon by acidifying the sample,

sparging, drying the produced CO2, and detecting it with an

NDIR detector (LI-COR 7000, LI-COR, U.S.A). The instrument

was calibrated using certified reference materials (CRMs)

provided by Andrew Dickson’s laboratory (Scripps Institute

of Oceanography), measured every 3 to 6 samples. Four

measurements were made for each sample, where the outlier was

rejected, and the coefficients of variation of standard measurements

ranged between 0.002% and 0.281%, or 0.044 μmol kg-1 and 6.10

μmol kg-1, with a median of 0.04% and 0.77 μmol kg-1. Samples for

total alkalinity (TA) were collected in 500 mL borosilicate glass

flasks and treated with 500 μL of saturated mercuric chloride

solution (7%), transported to the laboratory and stored in the

dark at room temperature until analysis. A titrator (848 Titrino

plus, Metrohm, Germany) was used to measure TA by open cell

titration. The instrument was calibrated using CRMs provided by

Andrew Dickson’s laboratory (Scripps Institute of Oceanography),

measuring every 2 to 4 samples. Based on the measured and the

expected CRM measurement a correction factor was calculated and

applied to each TA sample measurement (Supplementary Table S3).

For each CRM and TA sample, four measurements were made, and

the largest outlier was rejected; the standard deviations for CRMs

and TA samples ranged between 0 – 10 μmol kg-1 and 0 – 15 μmol

kg-1, respectively, which accounts for a mean TA error of up to

0.7%. Please refer to Supplementary Table S2 in the Supplementary

Online Material for additional quality control steps taken for DIC
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and TA samples. In 2021, a QUASIMEME proficiency testing

exercise for the AIRICA DIC analyser and Titrino Metrohm

titrator produced z’-scores of < 2 for 100% of the DIC and TA

reference samples, suggesting that both instruments produced

accurate measurements.
2.5 Processing, quality checks and
verification of FerryBox and sensors

The flow rate at the main inlet (Flow In) to the FerryBox system

and the flow rate within the system (Main Flow) were used to assess

the stability of the water flow in the FerryBox system, using 9 L min-1

as the required minimum Main Flow rate (Supplementary Figure S1,

Supplementary Table S4). The Main Flow and Flow In averages

between 2020 and 2021 were 14 ± 1 L min-1 and 29 ± 4 L min-1,

respectively (Supplementary Figure S1). The flow at the pump inlet of

100 L min -1 (not shown) was used to estimate that the time it takes

for the water to travel the 20 m from the pump inlet to the FerryBox

system that is 23 seconds, suggesting that there was no significant

delay between the pump inlet and FerryBox system, with limited

influence on the FerryBox measurements.

Salinity and temperature measurements recorded by the sensors

were checked for anomalous data (Supplementary Table S5). The

flow-through CTD sensor (SBE45, SeaBird Scientific, WA, USA) in

the FerryBox was calibrated regularly (every 1 – 2 years) by the

manufacturer (Table 1), with a reported temperature and salinity

measurement accuracy of ± 0.002°C and ± 0.005 PSU. An

additional check of the salinity measurements was conducted,

resulting in no significant difference (p > 0.05) between the

FerryBox measurements and the discrete samples (Supplementary

Figure S2), yielding a correlation with a slope of 1 (R2 = 0.99, p <

0.05). There was no significant difference between the SBE45 and

the intake temperature measurements at the pump inlet (PT100,

4H-JENA Engineering, SN 20320), on average -0.09 ± 0.09°C,

which were also significantly correlated (R2 = 0.99, p < 0.05;

Supplementary Figure S3), with a slope not different from 1

(1.005). This indicates that the SBE45 temperature measurements

were not significantly distorted during water pumping to the

FerryBox system, and no temperature offset correction needed to
Frontiers in Marine Science 05
be applied to the dissolved oxygen measurements. This confirms

that the FerryBox measurements should be representative of the in-

situ conditions at the Elbe Estuary outflow into the North Sea.

Linear regression between the discrete turbidity samples and

corresponding FerryBox turbidity values were used to evaluate the

performance of the Turner Cyclops 7-T turbidity sensor

(Supplementary Figures S4a–c). A correction was applied to the

Turner Cyclops 7-T turbidity data to be consistent with discrete

measurements (Supplementary Figure S5). To reduce noise, a 4-

hour running average was applied to turbidity. To verify the

stability and check for instrument drift in the chl-a sensors,

TriOS Fluorometer nanoFlu D315 and D3E9 (Table 1), solid

secondary material standards were used during maintenance visits

to the FerryBox system (Supplementary Table S6), and no

correction was applied to the chl-a fluorescence measurements.

There was an apparent drift in chl-a measurements between 16.

August 2020 and 20. August 2020, which were confirmed by

maintenance records (not shown), and this period of chl-a data

was removed (Supplementary Figure S6). The chl-a fluorometers

were also regularly calibrated by the manufacturer every 1 – 2 years.

The model 3835 and 4330F Aanderaa Optode sensors were used

to measure DO concentration between 2020 and 2021 (Table 1).

The internal software of the optode sensors uses a built-in

temperature sensor to measure the oxygen concentration. The

optode temperature measurement should accurately represent the

temperature of the sea surface measured at depths between 1 m and

8 m. To assess the performance of the temperature sensor in both

optodes, the temperature measurements were compared with the

SBE45 temperature measurements. Due to the average difference of

-0.63 ± 0.37°C (Supplementary Figure S7) between SBE45 and the

model 3835 optode temperature, the optode oxygen data were

calculated using the SBE45 temperature (Equations S1, S2 in the

Supplementary Material), in agreement with Thierry et al. (2021).

The difference between the SBE45 and optode 4330F temperature

was close to 0 (-0.01 ± 0.01°C, Supplementary Figure S7), and thus

the optode 4330F temperature measurements were deemed reliable

to use for the oxygen concentration calculations. The default output

of the optode assumes that the salinity of the surrounding water is

zero and thus the oxygen concentration for the model 3835 and

4330F optodes were corrected for salinity of the water with
TABLE 1 Measured parameters, units, sensor and respective serial number (SN) equipped in the FerryBox system at Cuxhaven.

Parameter Unit Sensor (Manufacturer) SN Method Sensor installation Sensor exchange

Dissolved oxygen μmol L-1 Optode 3835 104 Optical 27.11.2019 10.05.2021

Optode 4330F 367 10.05.2021 31.05.2023

Salinity PSU SBE45 MicroTSG
Thermosalinogr-aph

0693 Conductivity 02.03.2020 14.03.2023

Temperature °C

Turbidity NTU Turner Cyclops 7-T Nephelometry 26.03.2020 08.03.2024

Chlorophyll a μg L-1 TriOS Fluorometer nanoFlu 060-19-D315 Fluorometry 21.11.2019 (Data
from 06.2020)

30.06.2021

060-19-D3E9 30.06.2021 12.01.2024
The sensor installation and removal identified when sensors were changed.
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Equations S3, S4 in the Supplementary Material. Oxygen

concentration recorded by the 3835 and 4330F optode were

quality controlled and for more details please see Supplementary

Materials (Supplementary Figures S8, S9, Supplementary Table S7).

For instance, between June and September 2021, the 4330F optode

oxygen measurements revealed abnormal patterns and the periods

with anomalous oxygen concentration data were removed

(Supplementary Figures S9, S10, Supplementary Table S7). After

the data processing stage, to account for gaps in the data due to

short (≤ 2 hours) operational changes such as the cleaning cycle, all

data were linearly interpolated.
2.6 Winkler oxygen titrations and optode
oxygen measurements

The optode oxygen measurements were further checked with

discrete Winkler titrations (Supplementary Figure S11). Samples

were collected during maintenance visits of the FerryBox and were

measured with the Winkler titration method (Dickson, 1996). Per

visit, three discrete samples were collected, each BOD bottle was

flushed for one minute to remove bubbles and filled with sample

water. Dissolved oxygen was fixed by the addition of manganous

chloride and sodium iodide-sodium hydroxide solution, and

carefully stoppered. The sample bottles were submerged in water

collected from the FerryBox outlet in a sealed container (Zhang

et al., 2002), transferred to the laboratory and measured within 1 – 4

days of the sample collection date using Titrino Metrohm titrator

(848 Titrino plus, Germany). The closest two of every triplicate

measurement was used to calculate a mean Winkler oxygen

titration sample. The standard deviation of the averages ranged

between 0.00 μmol L-1 to 2.03 μmol L-1, for samples with oxygen

concentration range of 216 μmol L-1 to 337 μmol L-1.

A total of six pairs of Winkler titrations were used to quality

control the 3835 and 4330F optode (Supplementary Figure S11).

During the period when the model 3835 optode was installed

(Table 1), a calibration equation was (Equation 1) calculated using

the ordinary least squares (OLS) method between the optode oxygen

concentration deviation to the Winkler oxygen concentration and

time:

Estimated   deviation =  mx + c (1)

wherem is the estimated slope of -2.7e-6, x is the time in seconds

and c is the estimated y intercept of 4263 (Supplementary Figure

S12a). This method was used for the 3835 optode because of an

apparent linear drift in the difference between optode measurements

and the Winkler titrations, as visible in the estimated deviation of the

optode to Winkler oxygen concentration (Supplementary Figure

S12a). In contrast, we observed a consistent average difference of

40 ± 2 μmol L-1 between the Winkler oxygen measurements and the

4330F optode (Supplementary Figure S11), which was used to correct

the 4330F optode oxygen concentration. Both corrected optode

oxygen measurements were re-calculated in percent saturation

(Garcia et al., 2019).
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2.7 Gross primary production and
respiration estimates

Odum (1956) and Odum and Hoskin (1958) developed the

oxygen-based open water method to quantify the diurnal

oscillations in dissolved oxygen concentration to estimate daily

gross primary production (GPP), respiration, and net metabolism,

such that the rate of DO-change with time at a fixed position

represents a function of the gain by primary production, loss by

respiration, gain or loss due to air–sea exchange and gain or loss by

horizontal transport of oxygen due to movement of water and

mixing. More recently, Moore et al. (2009) and Collins et al. (2013)

presented that the use of continuous and high frequency DO

observations can be used to calculate rates of GPP and respiration

in estuaries. Voynova et al. (2015) distinguished between estuarine

outflow waters and the adjacent coastal waters to calculate daily

oxygen fluctuations specifically in the outer estuarine productive

region and this method was followed here to obtain daily oxygen

changes and GPP and respiration rates in the outer Elbe

Estuary waters.

The DO anomaly (DOA) was calculated as the difference

between the observed DO and the DO concentration (assumed to

be at equilibrium with the atmosphere) at the in situ seawater

temperature and salinity recorded by the FerryBox (Table 1). A

positive DOA in this case represents oxygen supersaturation with

respect to the expected oxygen based on in situ temperature and

salinity, when photosynthesis likely exceeds respiration and results

in net DO production. A negative DOA indicates oxygen

consumption, when likely respiration exceeds photosynthesis and

thus net respiration. To reduce noise, a 4-hour running average was

applied to DOA and salinity. A period of +3 h and -1 h of the peak

mean-centered water level (i.e. around the time of high tide) was

used to select the measurements associated with high salinity waters

(Supplementary Figure S13a, b), representing the outer Elbe Estuary

(nearshore coastal) waters (Voynova et al., 2015).

The extracted DOA and salinity data around each high tide were

linearly interpolated and smoothed (Savgol filter function in

Python) to obtain the daily variation between each high tide in

the outer Elbe Estuary (Supplementary Figures S13c, S14c). The

extracted and interpolated DOA at high tide were resampled to

hourly intervals, and the DOA finite difference derivative for the

timeseries was computed (Supplementary Figures S13d, S14d). The

average DOA finite difference derivative for the night period was

used to calculate the hourly respiration rate specific to each day

(Resp) in the outer Elbe Estuary. Night periods were defined as

times when the measured photosynthetically active radiation (PAR)

was ≤ 1 W m−2. The respiration rates were assumed to be the same

during daytime and nighttime (Odum, 1956; Voynova et al., 2015;

Collins et al., 2013). Each nighttime respiration rate was then

extrapolated to a 24-hour day using the fill function in Python

(Harris et al., 2020) to fill the hourly respiration rate for each day,

assuming these were uniform over 24 h.

To calculate hourly gross primary production (GPP), in the outer

Elbe Estuary, the equation from Voynova et al. (2015) was used:
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GPPDOA   (t) =  
DDOA

Dt
+   ka(t)  DOA   (t) − RespDOA   (t) (2)

where primary production (GPPDOA (t)) is related to DOA-

change with time (∂DOA/∂t), air–sea gas exchange (ka(t)DOA(t))

and respiration (RespDOA(t)). The ∂DOA/∂t was expressed as the

DOA finite difference derivative for each hour of measurement in

the outer Elbe Estuary (DDOA/Dt= (DOA(tn+1) − DOA(tn))/Dt),
where DDOA is the difference between two consecutive DOA values,

and Dt = 1 h (Supplementary Figures S13d, S14d). The respiration

term, RespDOA(t), was based on the hourly respiration rate specific

to each day. The air–sea gas exchange rate ka(t) was calculated using

Equation 3. The DOA(t) values were the extracted, linearly

interpolated and smoothed DOA between each high tide in the

outer Elbe Estuary (Supplementary Figures S13c, S14c). Voynova

et al. (2015) did not calculate a transport term, which was presented

in Moore et al. (2009), as the study assumed that the region of the

Delaware Bay was well-mixed. At the studied region, it was also not

possible to calculate the horizontal gradient, but in general the

German Bight waters near the outflow of the Elbe Estuary are

considered to be well-mixed in areas with < 15 m water depth

(Reimer et al., 1999) due to strong tidal currents (Becker et al.,

1999). Mean water depth was calculated as 12 ± 4 m (GPS nautical

chart, 2024; https://www.gpsnauticalcharts.com), which included

the channel depth, and this depth is also representative of the outer

Elbe Estuary, where water depth was shallower than 15 m, well-

mixed and the salinity was mainly constant. The hourly estimates of

GPP (GPPDOA (t)) and respiration (RespDOA(t)) were averaged for

each day and multiplied by 24 to calculate the daily rate. This study

quantifies metabolic processes in the water column, assuming that

benthic processes and sediment resuspension play a minor role. In

estuarine systems that are deeper than 10 m, there is the tendency

for the relative rates of benthic respiration to decrease (Hopkinson

and Smith, 2005). The outer estuary is on average 12 m deep,

suggesting that the measurements in the pelagic zone provide a

reliable approximation for ecosystem metabolism.

The results of the model used to estimate air–sea gas exchange

can impact the estimates of GPP and respiration rates in estuaries

(Raymond and Cole, 2001). Cerco (1989) found that the dominant

source of turbulence at the air–sea interface in estuaries can be due to

both wind and bottom shear, and can therefore depend on the water

depth, water speed and wind speed. In the present study, air-gas

exchange rates were calculated using an additive approach, in which

the contributions of wind and water speed were combined (Thomann

and Fitzpatrick, 1982; Moore et al., 2009; Voynova et al., 2015):

ka(t) =
1
24

3:93  
U0:5
t

H1:5 +
0:728U0:5

w − 0:371Uw + 0:0372U2
w

H

� �
(3)

whereUt is water speed, measured byWSV at Otterndorf (MPM)

Sohle (714.02 Elbe-km; 8.87°E, 53.84°N).Uw is the wind speed inm s-1

measured at 10 m height selected for the Cuxhaven region (8.65°E,

53.85°N) from E-OBS meteorological data for Europe (Cornes et al.,

2018 from https://cds.climate.copernicus.eu). H is the mean water

depth of 12 m from the Cuxhaven marine chart (GPS nautical chart,

2024; https://www.gpsnauticalcharts.com).
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The daily GPP and respiration were converted from μmol O2 L
-

1 d-1 (μM) to mg O2 L
-1 d-1 using the molar mass of 32.0 g O2 mol-1.

The daily GPP and respiration rates were converted from mg O2 L
-1

d-1 to mg C L-1 d-1 using the photosynthetic quotient (PQ), which is

the molar ratio of O2 released for every CO2 assimilated during

photosynthesis, 1.2 was used according to Wolfstein et al. (2000):

GPP(mg C L−1 d−1)

= GPP(mg O2 L
−1   d−1)� 1

1:2   (mol  mol−1)
� 12   (g  C)

32   (g  O2)
(4)

A respiration quotient of 1 was used, as the molar ratio of CO2

released to every O2 absorbed during respiration (Hopkinson and

Smith, 2005; Voynova et al., 2015):

Resp(mg C L−1   d−1)

= Resp(mg O2 L
−1   d−1)� 1(mol  mol−1)� 12   (g  C)

32   (g  O2)
(5)

The GPP and respiration rates were converted to volumetric

rates in mg C m-3 d-1. To obtain depth-integrated values, the daily

GPP and respiration volumetric rates were multiplied by the daily

averaged euphotic depth. Euphotic depth was calculated using the

formula in Kirk (1994):

Zeu =
4:61

Kd(PAR)
(6)

The Kd (PAR) is the light attenuation coefficient for

photosynthetically active radiation and was estimated using a

relationship with turbidity:

Kd(PAR) = 0:4539 + 0:0492Turb (7)

where Turb was turbidity measured near high tide (representing

the coastal end member) and interpolated using the method

described above for salinity and DOA. The empirical relationship

between Kd (PAR) and turbidity is based on a North Sea database of

optical and water quality properties (Röttgers et al., 2023). This data

was used as input to HYDROLIGHT (Mobley, 1994) to model Kd

(PAR). Euphotic depth was estimated from the 15-minute Cuxhaven

turbidity data and the values were averaged for each 24-hour day.

The calculated daily GPP and respiration rates based on

Equations 2–7 were expected to be positive. During the assessed

days, 46% of daily GPP rates and 25% of daily respiration rates were,

however, negative. Of the total negative daily GPP and respiration

rates, 89% and 86%, respectively occurred in April 2020, September

2020 to April 2021 and September 2021 to November 2021,

coinciding with periods when DO was undersaturated (Figure 2)

and DOA was negative (Supplementary Figure S13). The negative

GPP and respiration rates were set to zero as they predominantly

occurred during periods with low metabolic activity (Figure 2;

Supplementary Figure S13), indicating that there was a lack of

strong diurnal oxygen cycles (Caffrey et al., 2014; Engel et al., 2019).

Advection of different water masses can also overwhelm the weak

biologically driven dissolved oxygen signal (Kemp and Boynton,

1980; Caffrey, 2003). Omitting the negative GPP and respiration
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rates could thus upwardly bias estimates of metabolism (Caffrey

et al., 2014; Engel et al., 2019). The only significant discrepancy

when negative values were included and set to zero was in GPP rates

during the low metabolism periods (October 2020 to February 2021

and October to November 2021), as the mean monthly GPP rates

were at near zero instead of being negative (Supplementary Table

S9). Setting negative GPP rates to zero in May – August 2020 &

2021, as well as setting negative respiration rates to zero for the
Frontiers in Marine Science 08
entire studied period, resulted in no significant difference in

respective metabolic rates compared to when negative values were

included (Supplementary Table S9). The inclusion of days with

negative GPP rates, or setting GPP rates at these days to zero, had

no influence on the patterns of metabolic rates described in this

study (Supplementary Table S9). In this study, rates of GPP,

respiration and NEM were based on when negative daily GPP

and respiration rates were set to zero.
FIGURE 2

(a) Daily river discharge (Q) recorded from Neu Darchau gauging station (536.4 Elbe-km) with a 1.21 correction factor applied for Cuxhaven (Q*1.21)
in 2020 and 2021 (Amann et al., 2015). (b) Water level recorded by WSV and BfG at Cuxhaven Pier (724 Elbe-km; 8.72°E, 53.87°N) in 15-min intervals.
Quality controlled (c) salinity and temperature, (d) turbidity, (e) DO in percent saturation (% sat), and (f) chlorophyll a fluorescence (Chl a, µg L-1)
measured with the FerryBox (15-min intervals) at Cuxhaven (Figure 1) in 2020 and 2021. (g) PAR in 15-min intervals recorded at the Cuxhaven Station
(8.71°E, 53.87°N) by DWD in 2020 and 2021.
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2.8 Data and statistical analysis

Monthly means and corresponding standard errors were

obtained from daily river discharge. The Mann–Whitney U test

was applied to the test the significance of the difference between

respective annual and monthly river discharges in 2020 and 2021,

since the datasets presented a non-normal distribution from a

Shapiro–Wilk test (p < 0.05). Except August 2020 and 2021

(Shapiro–Wilk test; p > 0.05), the independent t-test was used to

test the difference between the datasets.

To determine the biogeochemical characteristics of the Elbe

Estuary outflow waters and the outer estuary coastal waters, the

ecosystem variables (DO, salinity, temperature, turbidity, chl-a) were

selected at times (+3 h and -1 h) around the lowest (trough of mean-

centered water level) and highest (peak of mean-centered water level)

salinity over a tidal cycle. To examine the importance of different

physical, chemical, and biological factors for metabolic rates,

correlations between primary production, respiration and daily mean

in situ temperature, turbidity and chl-a at high tide were analyzed with

an ordinary linear regression model (OLS), assuming they were

relatively constant throughout the day. Using the OLS method and

the coefficients of determinations (R2) the correlations were calculated

in Python (Seabold and Perktold, 2010). Daily metabolic rates were

correlated with the mean daily PAR using the OLS method.

To assess the monthly and seasonal dynamics in metabolic

activity, the primary production, respiration, and NEM rates were

averaged: March and April were used to obtain monthly rates for early

and mid-spring, May for late spring, June to August for summer,

September to November for autumn and December to February for

winter. Spring was separated into early/mid-spring and late spring, due

to the distinct change in primary production and respiration rates

throughout this season, observed in relation to turbidity. To test the

uncertainty of the averaged seasonal values, the standard error (SE) of

the mean was calculated. The variability in GPP and respiration rates

between seasons in each year (e.g. spring 2020 versus summer 2020),

and in GPP and respiration rates in the same season between each year

(e.g. spring 2020 versus spring 2021) were statistically assessed. In

summer 2021 (June to mid-September), anomalous oxygen

concentration data were observed and identified periods were

removed (Supplementary Table S7) as discussed above in section

2.6, and therefore no statistical comparison with metabolic rates in

summer 2021 were conducted. TheMann–WhitneyU test was applied

when datasets presented a non-normal distribution from a Shapiro–

Wilk test (p < 0.05) and the independent t-test was used when datasets

presented a normal distribution from a Shapiro–Wilk test (p > 0.05).
3 Results

3.1 Physical and biogeochemical
characteristics of the Elbe Estuary and
adjacent coastal waters

In 2020 and 2021, river discharge was highest in spring, with

monthly averages in March of 1023 ± 29 m3 s-1 and 1032 ± 36 m3 s-1
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(Figure 2a), and lowest by the end of summer and early autumn,

with a monthly average of 306 ± 5 m3 s-1 in August 2020 and 438 ±

2 m3 s-1 in October in 2021. This reflects a typical seasonal river

discharge pattern (Mudersbach et al., 2017). The annual river

discharge in 2020 was significantly lower than in 2021, and the

monthly river discharges in 2020 were significantly lower compared

to the respective months in 2021, except for March, October and

November (p < 0.05; Figure 2; Supplementary Table S11). Daily

maximum PAR values were lowest during winter at < 280 W m-2 in

December 2020 and January 2021 and were over 3 times higher in

May to August, exceeding 950Wm-2 each month (Figures 2g, 3e, j).

In the Elbe Estuary outflow and outer Elbe Estuary, water

temperature was lowest in February 2021 (0.2°C) and highest in

June and August (> 20 °C) in 2020 and 2021 (Figure 2c).

Distinct biogeochemical differences between the Elbe Estuary

outflow and outer Elbe Estuary water masses were reflected in

salinity, chl-a, turbidity, and DO (Figures 2–4) timeseries. The

Elbe Estuary outflow waters were characterized by a large salinity

range between 5 and 28. At high water, the salinity ranged between

13 – 30, which was in range of nearshore region of the German Bight

waters of 16 – 30 (Kamjunke et al., 2023). Therefore, the high-water

waters can be used to represent the outer Elbe Estuary coastal waters

(Rewrie et al., 2023a, b). In the Elbe Estuary outflow and the outer

Elbe Estuary, turbidity was highest in February and March at 53 ± 20

NTU and decreased to lowest values in summer at 19 ± 6 NTU in

2020 and 22 ± 6 NTU in 2021 (Figures 2d, 3b, g). Over a tidal cycle,

lower turbidity, on average by 1.4 to 1.7 times, typically characterized

the outer Elbe Estuary (for example in Figures 3b, g, 4b). DO was

mainly supersaturated (> 100%) within the outer Elbe Estuary

waters, from May to August in 2020 and 2021 (Figures 2e, 3c, h),

reaching 130% saturation on 27. June 2020 (Figure 4c). Chl-a varied

with salinity and was highest in the outer Elbe Estuary waters,

typically when DO was supersaturated (highlighted in red in

Figures 3c, d, h, i and shown in Figures 4c, d). In summary,

during flood tide, the outer Elbe Estuary waters were characterized

by higher salinity (13 – 30), lower turbidity, and that in late spring to

summer, DOwas supersaturated and chl-a doubled, compared to the

Elbe Estuary outflow waters.
3.2 Primary production, respiration and
NEM in the outer Elbe Estuary

The time series of GPP and respiration rates varied seasonally in

the outer Elbe Estuary waters. Lowest GPP and respiration rates were

found in autumn and winter during 2020 and 2021, at near zero

(Table 2; Figure 5). The GPP rates were low in early spring and mid-

spring, at 155 ± 46 mg C m-2 d-1 in April 2020 and 74 ± 24 mg C m-2

d-1 inMarch to April 2021, but significantly increased into late spring,

to 461 ± 62mgCm-2 d-1 inMay 2020 (p < 0.05, Supplementary Table

S12) and to 282 ± 56 mg C m-2 d-1 in May 2021 (p < 0.10,

Supplementary Table S12). Highest GPP rates were observed

between June and August, with summer seasonal averages of 613 ±

89 mg C m-2 d-1 and 558 ± 77 mg C m-2 d-1 in 2020 and 2021,

respectively (Table 2; Figure 5). Summer GPP rates were significantly
frontiersin.org

https://doi.org/10.3389/fmars.2025.1548463
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Rewrie et al. 10.3389/fmars.2025.1548463
higher than late spring 2020 (p < 0.05, Supplementary Table S12).

There was also an increase in respiration rates from spring to summer

(Table 2; Figure 5), with a significance in 2020 (p = 0.10,

Supplementary Table S12). The mean seasonal NEM rates were

negative to near to zero in all seasons, ranging between -2 ± 49 mg

C m−2 d−1 and -149 ± 41 mg C m−2 d−1 in 2020 and 2021

(Table 2; Figure 5c).

Daily GPP and respiration rates were significantly correlated

during the study period (R2 = 0.81, p < 0.05), and daily GPP and

respiration rates were both significantly positively correlated with

temperature, chl-a, and negatively correlated with turbidity

(Table 3). Daily GPP rates were significantly correlated with

mean daily PAR over the study period (R2 = 0.26, p < 0.05; Table 3).
3.3 Seasonal nutrient cycle at the land-
sea interface

Nitrate dominated dissolved inorganic nitrogen (DIN) and in

this paper nitrate and nitrite will be represented by nitrate (Schulz
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et al., 2023). Nitrate, silicate and phosphate had an inverse, and

relatively linear relationship to salinity (Figure 6). Ammonium

generally did not vary with salinity, except perhaps in April and

May 2021, when concentrations decreased in the high salinity region

(> 15). The mean nitrate concentration increased from November

2020 (66 ± 20 μmol L-1) until April 2021 (162 ± 42 μmol L-1),

followed by a decrease in concentration to 68 ± 25 μmol L-1 in

August 2021. A similar seasonal pattern was observed in

ammonium, except for May 2021, when ammonium

concentrations were higher than in April 2021. Phosphate

concentrations indicated minimal change within the study period,

with slightly elevated concentrations in July and August 2021 up to

2.1 ± 1 μmol L-1 in the latter month.
3.4 Seasonal cycle in the estuarine
carbonate system (DIC and TA)

Concentrations of DIC increased from autumn until winter

2020, then dropped in mid-spring (April 2021), followed by an
FIGURE 3

(a, f) Salinity (grey) and temperature (blue), (b, g) turbidity, (c, h) DO in percent saturation (% sat), and (d, i) chlorophyll a fluorescence (Chl a, µg L-1)
measured with the FerryBox (15-min intervals) at Cuxhaven (Figure 1) between 15. April and 1. September in 2020 and 2021 (grey). Black dots identify
the designated high tide waters representing the outer Elbe estuary waters. (e, j) PAR in 15-min intervals recorded at the Cuxhaven Station (8.71°E,
53.87°N) by DWD (grey), with the daily mean PAR (green dots). Red blocks highlight periods when DO > 105%.
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increase in May to 2234 ± 5 μmol kg-1, and a large decrease through

summer until end of August to 2097 ± 22 μmol kg-1 and beginning

of September to 2093 ± 16 μmol kg-1 in 2021 (Figure 7). The Elbe

Estuary outflow waters mainly contained lower DIC that increased

along the salinity gradient, except in May and early June 2021, when

the opposite occurred and DIC was lower in the high salinity region

(≥ 19 psu). In autumn, winter and spring, DIC significantly

correlated with salinity (R2 = 0.24 – 0.93, p < 0.05) but did not in

June and July 2021 (Supplementary Table S13), when DIC was

constant with salinity (Figure 7). Like DIC, TA concentrations were

seasonally variable and were highest in December 2020 at 2289 ± 37

μmol kg-1 and decreased through spring and summer until the end

of August 2021 to 2172 ± 43 μmol kg-1 (Figure 7). In all months,

except October 2021, TA significantly correlated with salinity (R2 =

0.83 – 0.99, p < 0.05 in Supplementary Table S13). It should be

noted that there were no TA measurements for May 2021 when the

highest DIC concentrations were recorded. Neither DIC nor TA

correlated with salinity in October 2020, and this was likely due to

the low sample size (n = 3 in Supplementary Table S13).

The ratio of TA: DIC (Joesoef et al., 2017) or the difference

between TA and DIC (Xue and Cai, 2020) can serve as an indicator

of the source of carbonate species. For instance, CO2 drawdown

from primary production and imbalances between production and

respiration in the nearshore region can increase the TA: DIC ratio
Frontiers in Marine Science 11
(Joesoef et al., 2017). Along the salinity gradient, the TA: DIC ratio

was slightly above 1.0 with monthly averages ranging between 1.03

± 0.01 and 1.05 ± 0.02 across all seasons in 2020 and 2021, which

significantly increased with salinity in all months (R2 = 0.85 – 1.0, p

< 0.05), except in April 2020, which was likely due to low sample

size (n = 3 in Supplementary Table S13).
4 Discussion

4.1 Factors controlling GPP and respiration
rates in the outer Elbe Estuary waters

In contrast to the lower Elbe Estuary, where dissolved oxygen

was undersaturated throughout the study period, the outer Elbe

Estuary waters adjacent to Cuxhaven were a biologically productive

ecosystem, with supersaturated dissolved oxygen in May to August,

in 2020 and 2021 (Figures 2–4). This was also noted in Rewrie et al.

(2023a) and Rewrie et al. (2023b), where a longer time frame from

1997 to 2020 from a different dataset was examined, and dissolved

oxygen supersaturation was observed in the outer Elbe Estuary

frequently in spring and summer.

The magnitude of GPP rates at the outflow from the Elbe

Estuary into the German Bight of the North Sea significantly
FIGURE 4

(a) Salinity (grey) and temperature (blue), (b) turbidity, (c) DO in percent saturation (% sat), and (d) chlorophyll a fluorescence (µg L-1) measured with
the FerryBox (15 min intervals) at Cuxhaven (Figure 1) during a representative 9-day period (24. June – 2. July 2020). Black dots in a – d identify the
designated high tide representing the outer Elbe Estuary waters. (e) PAR in 15-min intervals recorded at the Cuxhaven Station (8.71°E, 53.87°N)
by DWD.
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increased on average by 3- and 4-fold from early and mid-spring

into May 2020 and 2021, i.e. primary production rates were

significantly higher in late spring (Table 2; Figure 5a). The GPP

rates further increased by on average 1.3 – 2.0 times into the

summer, reaching maximum rates of 613 ± 89 mg C m-2 d-1 in

2020 and 558 ± 77 mg C m-2 d-1 in 2021(Table 2; Figure 5a). A high

degree of variability in the daily GPP rates was evident in spring and

summer (Table 2, Figure 5a), also suggested by the high standard

deviations respective to the monthly averages (Figure 5a). One

explanation for the short-term peaks of the daily GPP rates

(Figure 5a) could have been the 14-day spring-neap tidal cycle

(Domingues et al., 2010; Flores-Melo et al., 2018). The spring-neap

tidal cycle was identified as an important modulator of inorganic

and organic carbon levels in the outer Elbe Estuary and adjacent

coastal region (Chegini et al., 2020; Macovei et al., 2024). A detailed

analysis of the different tidal impacts on daily GPP rates is, however,

beyond the scope of this study. The high degree of variability in the

daily GPP rates indicated a very dynamic system, where primary

production, respiration and ecosystem metabolism in the outer

estuary can be quantified with high frequency measurements of

oxygen and ancillary ecosystem parameters.

Throughout the studied period, daily GPP rates and the

phytoplankton biomass (chl-a) in the outer estuary waters were

significantly correlated (Table 3), and this demonstrates that

phytoplankton blooms and biomass production in the coastal

zone were likely supported by in situ primary production and

thus the newly produced organic matter was l ike ly

autochthonous. Organic matter of marine origin was identified in

the high salinity region of the Elbe Estuary with enriched d13C of

particulate organic carbon values by Middelburg and Herman

(2007). More recently, production of labile organic matter is

supported by Schulz et al. (2023) who found particulate organic

matter with low carbon-to-nitrogen ratios and with relatively high

particulate nitrogen and carbon contents in the outer Elbe estuary

during the summer. This differs from the Humber Estuary for
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example, where the phytoplankton biomass has been suggested to

be rather allochtonous and transported into the coastal regions

from upstream regions (Macovei et al., 2024). Overall, we find the

highest primary production rates throughout the summer season,

suggesting that this season is essential for carbon sequestration and

turnover in the coastal region.

Despite the high nutrient concentrations in early and mid-

spring (Figure 6) and high solar irradiance, with daily maximum

PAR > 500 Wm-2 during 75% of the days (Figure 2g) and with long

days of 10 to 15 daylight hours, the GPP rates remained low in early

to mid-spring (Figure 5a). Elevated turbidity in early and mid-

spring at 31 ± 9 NTU in 2020 and 35 ± 7 NTU in 2021

(Supplementary Table S14) thus most likely limited primary

production in the nearshore waters. The elevated turbidity could

indicate a shift in the maximum turbidity zone (MTZ) from the

typical location in the mid-region of the Elbe Estuary (Figure 1,

Amann et al., 2015; Kappenberg et al., 2018) to the lower and outer

estuary (Figure 1, Kappenberg and Fanger, 2007) due to higher river

discharge (1023 ± 29 m3 s-1 in March 2020 and 1032 ± 36 m3 s-1 in

March 2021, Figure 2a). In winter and spring, strong wind and

subsequent faster surface currents, along with high wave energy,

generate turbulent mixing and induce sediment resuspension

enhancing turbidity levels in the coastal region (Dobrynin et al.,

2010; Su et al., 2015; Tian et al., 2009), which can also contribute to

the elevated turbidity in the outer estuary during winter and early to

mid-spring (Figure 2, Supplementary Table S14). Only when

turbidity fell to 21 ± 8 NTU in May 2020 and 23 ± 5 NTU in

May 2021 (Figures 2, 3, Supplementary Table S14) did GPP rates

respectively increase by on average 3 to 4 times, and thus revealing

the increased light availability to phytoplankton in the water

column. During summer, with highest GPP rates (Figure 5a), the

low river discharge (Figure 2a) could have allowed the MTZ to shift

upstream into the mid-region (Kappenberg and Fanger, 2007), and

this can help explain the lower turbidity in the outer Elbe Estuary

region (Figures 3b, g). Primary production in the outer Elbe Estuary
TABLE 2 Mean seasonal gross primary production (GPP), respiration (Resp), and net ecosystem metabolism (NEM) in mg C m−2 d−1, with one standard
error (SE) to the mean and number of samples per SE assessment (n), in the outer Elbe estuary waters.

Date Mean Seasonal GPP
(mg C m−2 d−1)

Mean Seasonal Resp
(mg C m−2 d−1)

Mean Seasonal NEM
(mg C m−2 d−1)

Mean SE n Mean SE n Mean SE n

Early and mid-spring 2020 155 46 4 184 31 4 -29 65 4

Late spring 2020 461 62 24 464 57 24 -2 49 24

Summer 2020 613 89 69 762 89 69 -149 41 69

Autumn 2020 53 15 66 159 24 66 -106 15 66

Winter 2020-2021 14 5 74 75 17 74 -61 14 74

Early and mid-spring 2021 74 24 31 147 41 31 -74 39 31

Late spring 2021 282 56 25 392 78 25 -110 45 25

Summer 2021 558 77 26 659 84 26 -101 38 26

Autumn 2021 29 6 66 103 13 66 -74 9 66
frontie
March and April are representative for early and mid-spring (only April in 2020), May for late spring, June to August for summer, September to November for autumn and December 2020 to
February 2021 for winter.
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FIGURE 5

(a) Daily gross primary production (GPP) and turbidity in the outer Elbe Estuary waters, (b) respiration (Resp) and temperature in the outer Elbe Estuary
waters, and (c) net ecosystem metabolism (NEM) in mg C m-2 d-1. Black circles (a–c) are the monthly mean for each metabolic rate (located at the mid-
point of each month) with the error bars representing one standard deviation to the mean. Red blocks highlight periods when DO > 105% in Figure 3.
TABLE 3 Correlation between daily rates of gross primary production (GPP; in mg C m-2 d-1) and respiration (Resp; in mg C m-2 d-1), as well as
temperature (Temp in °C), turbidity (Turb in NTU, negative correlation), chlorophyll-a fluorescence (Chl a), and daily photosynthetically active
radiation (PAR in W m-2) for the studied period (2020 – 2021), and in late spring to summer in 2020 and 2021.

Parameter Time frame

2020 – 2021 May – Aug 2020 May – July 2021

GPP Vs: Temp 0.20* 0.06* 0.15*

Turb 0.11* 0.20* 0.14*

Chl a 0.38* 0.34* 0.07#

PAR 0.26* 0.06* 0.09*

Resp 0.81* 0.78* 0.76*

Resp Vs: Temp 0.24* 0.13* 0.11*

Turb 0.12* 0.22* 0.11*

Chl a 0.40* 0.42* 0.09*
F
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August was excluded in summer 2021 due to lack of oxygen data (Figure 3). Significant correlation indicated at two levels of significance: p < 0.05 (*) and p < 0.10 (#).
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FIGURE 6

Nutrients versus salinity for 11 discrete tidal sampling periods from the FerryBox at Cuxhaven in 2020 and 2021. Nitrate and nitrite (NO3
- + NO2

-),
ammonium (NH4

+), phosphate (PO4
3-) and silicate (Si). Samples collected in autumn and winter in the left panels, in spring in the middle panels and

in summer in the right panels for the study period (Supplementary Table S1).

Rewrie et al. 10.3389/fmars.2025.1548463
waters was likely not nutrient-limited since silicate, phosphate and

nitrate concentrations (Figure 6) exceeded the limiting levels of 5

μM Si, 0.5 μM PO4
3- and 2 μM NO3

-, based on the half-saturation

constants for phytoplankton uptake (Fisher et al., 1988; Rick et al.,

2006), throughout the studied period. We can therefore deduce that

primary production in the coastal waters of the German Bight

adjacent to the Elbe Estuary was seasonally elevated in late spring

and summer and was limited by light availability, as a function of a

combination of turbidity and solar irradiance.

While the nutrient concentrations were above expected limiting

concentrations to primary production (Figure 6; Fisher et al., 1988;

Rick et al., 2006), the elevated GPP rates in late spring to summer

and subsequent fixation of inorganic nutrients most likely

contributed to the 58% and 68% nitrate and silicate decrease from

April until August (Figure 6). This is in line with findings by

Dähnke et al. (2008) who reported enrichment of d15N and d18O in

nitrate in the high salinity Elbe Estuary, which can indicate nitrate

assimilation during phytoplankton production. The highest GPP

rates occurred in the summer, with daily GPP rates >1900 mg C m-2
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d-1 at the end of June and in mid-August 2020 (Figure 5a), in line

with highest primary production in summer observed by Rick et al.

(2006) in the coastal Elbe andWeser waters between 1986 and 1996,

as well as by Tillmann et al. (2000) in the coastal Wadden Sea

region, who found similar magnitude of daily GPP rates of >2000

mg C m-2 d-1 in summer 1995 and 1996. The previously observed

GPP rates were also associated with limiting light conditions in

spring but also in summer (Tillmann et al., 2000; Rick et al., 2006).

Highest total phytoplankton biomass in summer was recorded at

Helgoland Roads in 2003 (refer to Figure 1 for location, Tian et al.,

2009). This demonstrates a similar pattern of pronounced

seasonality in primary production during the recovery state (1997

– 2020, Rewrie et al., 2023b) and likely prior (Tillmann et al., 2000;

Rick et al., 2006) in the coastal region adjacent to a large

estuary outflow.

Similarly to the daily GPP rates, respiration rates were elevated

in late spring and increased by 1.6 – 1.7 times to highest rates in

summer (Figure 5b), which are consistent with warmer

temperatures promoting higher metabolic rates (Allen et al.,
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2005), supported also by a significant correlation (R2 = 0.24, p <

0.05; Table 3). The concurrent peaks and similar magnitudes in

daily GPP and respiration rates (highlighted in red in Figure 5a, b),

combined with the significant correlation between daily GPP and

respiration rates over the study period (R2 = 0.81, Table 3),

indicated that a large fraction of the mineralized organic matter

in the outer estuary waters were most likely of autochthonous

origin. The suggested contribution of autochthonous organic matter

from high GPP in the outer estuary and adjacent coastal waters

agrees with Reimer et al. (1999), who reported remineralization of

75 % of locally produced organic matter in the surface waters of the

German Bight. Most likely, labile organic matter produced in the

coastal waters adjacent to the estuary was transported into the

estuary, where it was remineralized, as previously observed

(Wolfstein and Kies, 1999; Schulz et al., 2023). An enrichment in

d15N-SPM from the outer to lower estuary was found during

the research campaign in Schulz et al. (2023) and indicates

the remineralization of organic matter in the lower region of the
Frontiers in Marine Science 15
estuary (G. Schulz, personal communication, Feb 12, 2025).

Remineralization of organic matter in the lower estuary (Figure 1)

was indicated by the predominately positive excursions in DIC from

conservative mixing lines throughout the recovery state in late

spring and summer (Rewrie et al., 2023b), and the depletion of

d13CDIC over the modelled conservative mixing reported by Amann

et al. (2015) as CO2 production by respiration favours light C.
4.2 Influence of river discharge and light
on inter-annual primary production

The GPP rates were only significantly lower in late spring 2021,

by on average 1.6 times, compared to late spring 2020 (p < 0.05,

Supplementary Table S12). In May 2021, river discharge was

significantly higher (p < 0.05, Supplementary Table S11), with a

monthly average over double to that of the preceding May

(Figure 2a), likely driven by the intense rainfall across Germany,
FIGURE 7

Dissolved inorganic carbon (DIC), Total alkalinity (TA) and the TA: DIC ratio versus salinity from the FerryBox at Cuxhaven in 2020 and 2021. Samples
collected in mid to late autumn and winter in the left panels, in spring in the middle panels and in summer and the start of autumn in the right
panels (Supplementary Table S1). Refer to Supplementary Table S13 for the regression between DIC, TA or TA: DIC and salinity using the ordinary
least squares (OLS) method and the calculated coefficients of determination (R2).
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as the German Weather Service (DWD, 2021) reported

precipitation in May 2021 of 95 L m2 was around 33% higher

than the long-term average (1961 – 1990). While in May 2020, river

discharge was below 370 m3 s-1 (Figure 2a, Supplementary Table

S11), and this marks the end of a period of prolonged drought

between 2014 and 2020, during which lower than normal river

discharge was found especially in May (Rewrie et al., 2023b).

Therefore, the two examined years here represent two different

regimes: 2020 as drought and 2021 as a non-drought year. While

turbidity did not seem to differ between the two late spring seasons

(p > 0.05; Figures 3b, g, Supplementary Table S15), the mean daily

PAR and the water temperature in the outer estuary were

significantly lower in May 2021 compared to May 2020 (p < 0.05;

Figures 3a, f, e, j; Supplementary Table S15). This could suggest that

along with the heavy rainfall there was less light available for

primary producers, coupled with the reduced water temperature,

in late spring 2021 contributed to the lower GPP rates compared to

late spring 2020. Iriarte and Purdie (2004) showed that mean water

column irradiance, which was affected by cloud cover, rainfall levels,

and water turbidity, was the main factor controlling the spring

bloom timing based on 5 year observations of main spring bloom

events in the Southampton estuary. Our results highlight

interannual changes in the weather and environmental conditions

impact the spring primary production in the outer Elbe Estuary

coastal zone, as has also been demonstrated previously for the

adjacent coastal region by Kerimoglu et al. (2020).

In contrast to the lower GPP rates in May 2021, there was no

significant difference between respiration rates in late spring of 2020

and 2021 (p > 0.05, Supplementary Table S12). This suggests that an

additional allochthonous source of organic matter may have

supported the sustained respiration rates in late spring 2021 and

contributed to a seasonal high DIC in the outer region (Figure 7).

Elevated respiration rates during late spring 2021, supported by

internal remineralization processes, were indicated by elevated

ammonium and highest DIC in May 2021, with respective

averages of 6 ± 0.4 μmol L-1 and 2242 ± 27 μmol kg-1 along the

salinity gradient with 13 to 19 (Figures 6, 7). A peak in ammonium

associated with remineralization of organic matter was in line with

findings by Schulz et al. (2023) and the import of marine organic

matter into the Elbe Estuary and degraded therein was previously

reported by van Beusekom and Brockmann (1998).
4.3 Seasonal variations in net
ecosystem metabolism

Seasonally averaged NEM were slightly negative and near zero

in all seasons, ranging between -2 ± 49 mg C m−2 d−1 and -149 ± 41

mg C m−2 d−1. A high degree of variability in the daily NEM values

was evident during spring and summer (Figure 5c; Table 2), which

reflects the large fluctuations in the daily GPP and respiration rates

within each month (Figures 5a, b; Table 2). This indicated

transitions in trophic status between heterotrophy and autotrophy

at the sub-monthly scale (Table 2; Figure 5c). The observed

variability in the metabolic processes (weekly and bi-weekly
Frontiers in Marine Science 16
cycles) makes the seasonally averaged NEM estimates to fluctuate

around zero each month (Figure 5c) and season (Table 2). This

suggests that net metabolism was near balanced in the outer Elbe

Estuary during 2020 and 2021.

The near trophic balance in the outer Elbe Estuary waters is

located between the net autotrophic conditions that prevail in the

open German Bight (Reimer et al., 1999) and the North Sea as a

whole (Thomas et al., 2005). While the water column of the coastal

List Tidal Basin located in the northern Wadden Sea was also net

autotrophic (Loebl et al., 2007), instead the Wadden Sea as a whole

(Figure 1) was reported as net heterotrophic (Poremba et al., 1999;

van Beusekom et al., 1999) and so was the adjacent Elbe Estuary

(Amann et al., 2015). However, some of these studies (Poremba

et al., 1999; Reimer et al., 1999; van Beusekom et al., 1999) focused

on periods prior to the recent recovery state in the Elbe Estuary

since 1997 as defined in Rewrie et al. (2023a), and therefore such a

comparison to historical estimates should be cautioned due to the

shifts in ecosystem functioning in response to anthropogenic

pollution and cleanup activities that estuarine systems can

experience (Garcıá-Barcina et al., 2006; Sharp, 2010; Rewrie et al.,

2023a). The present study covered the coastal region adjacent to the

Elbe Estuary unlike larger areas covered in the previous studies

(Reimer et al., 1999; van Beusekom et al., 1999; Thomas et al., 2005;

Amann et al., 2015) and this highlights the spatial variability of

trophic status between the Wadden Sea and German Bight,

suggesting that studies trying to determine the NEM of a system

should consider small-scale variability (one that can resolve tidal

and daily to weekly cycles), particularly when extrapolating results

to larger geographical areas.
4.4 Seasonal inorganic carbon and total
alkalinity dynamics

The pronounced DIC decrease of 125 – 160 μmol kg-1 (Figure 7)

from late spring to the end of summer may suggest the uptake of

DIC by the elevated primary production in late spring and summer

at the nearshore region adjacent to the temperate estuary. This

would also suggest net autotrophy within the outer Elbe Estuary, or

adjacent nearby regions, although the seasonally averaged NEM

(Table 2) suggests that the system operated relatively close to a

balanced net metabolism. The reduction in DIC by summer may be

a function of seasonal changes in DIC concentration in the Elbe

Estuary. That is, Rewrie et al. (2023a) denoted that the large

seasonal changes in the estuary DIC concentrations were driven

by the reestablishment of primary production in the upstream

regions during the recovery state (1997 – present). In fact, Rewrie

et al. (2023b) pointed out that the along-estuary DIC concentrations

were a function of the DIC source concentrations in the upper

estuary, where a seasonal drop in DIC was observed, with lowest

concentrations < 1700 μmol kg-1 in summer was associated with a

DIC drawdown by autochthonous primary production and primary

producers in the Elbe River (Amann et al., 2015; Kamjunke et al.,

2021; Rewrie et al., 2023b). In the mid-estuary, the POC produced

upstream and imported in the estuary is predominantly composed
frontiersin.org

https://doi.org/10.3389/fmars.2025.1548463
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Rewrie et al. 10.3389/fmars.2025.1548463
of algal detritus originating from the upper estuary and Elbe River

upstream (Geerts et al . , 2017; Rewrie et al . , 2023b).

Remineralization of upper estuary POC was sufficient to support

the mid-estuary DIC production and hence DIC concentrations are

higher along the salinity gradient (Figure 7) compared to those

observed in the upper estuary. As has been previously observed, the

highest DIC concentrations occurred in winter along the Elbe

Estuary (Amann et al., 2015; Rewrie et al., 2023b) and in the

coastal waters (Figure 7).

The TA in the nearshore region decreased by 116 – 128 μmol

kg-1 from winter (December 2021) to the end of summer in August

2021 (Figure 7), like DIC, and as previously observed in Amann

et al. (2015). This resulted in a mean monthly TA: DIC ratio

between 1.03 ± 0.01 and 1.05 ± 0.02, which significantly increased at

higher salinity throughout the studied period (Figure 7,

Supplementary Table S13). Surprisingly, the ratio did not change

between autumn/winter and spring/summer, despite the seasonal

change in DIC and TA, of up to 160 μmol kg-1. This suggests the

influence of the upstream uptake of inorganic carbon and

subsequent remineralization and DIC production along the

estuary, coupled with the along-estuary TA increase, in part, due

to a speciation shift from the added pCO2 to bicarbonate (Rewrie

et al., 2023b). This can help explain the relatively stable ratio

between TA and DIC along the estuary salinity gradient. A TA:

DIC ratio > 1.0 in the outer Elbe Estuary region was also found by

Rewrie et al. (2023b) in late spring and summer throughout the

designated recovery state (1997 – present). An elevated TA: DIC

ratio, of about 1.15 in June 2019, was also observed in the high

salinity regions of Elbe Estuary by Norbisrath et al. (2022).

The increasing TA: DIC ratio with salinity indicates that TA

increased more than DIC in the outer estuary, and this was also

reflected in the significant TA increase with salinity and the absence

of DIC increase with salinity specifically in summer (June & July

2021 in Supplementary Table S13). This suggests that either DIC

was consumed by primary production in the coastal regions

(Reimer et al., 1999), with no impact on TA, or that TA was

controlled by conservative mixing along the salinity gradient

(Norbisrath et al., 2022), but there was likely a TA source in the

coastal regions in summer. For instance, the assimilation of nitrate

by primary producers can increase TA (Wolf-Gladrow et al., 2007;

Thomas et al., 2009), and this has been observed in spring in the

adjacent East Frisian Islands of theWadden Sea (Meyer et al., 2024).

The seasonal decrease in TA along the salinity gradient at Cuxhaven

was opposite to the seasonal TA increase of 100 to 150 mmol kg−1

from spring to autumn observed by Voynova et al. (2019) in the

North Sea coastal region adjacent to the Wadden Sea. The elevated

summer TA in the coastal North Sea (Voynova et al., 2019) could

therefore be a source of TA to the outer Elbe Estuary and contribute

to the increase in TA in the high salinity waters during summer

(Figure 7). Overall, the observed seasonal decrease in DIC (late

spring to summer) and TA (winter to summer) at the land-sea

interface was most likely driven by biological and biogeochemical

processes in the upper estuary, hundreds of kilometers upstream of

the mouth of the estuary at Cuxhaven, instead of in the

surrounding waters.
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4.5 Evaluation of the GPP estimates

The air–sea gas exchange is an important component of

metabolism calculations (Raymond and Cole, 2001). The mean

daily air–sea gas exchange rate (ka) was 0.14 ± 0.01 d-1, with water

velocity contributing an average of 0.08 ± 0.01 d-1 and wind speed

contributing an average of 0.06 ± 0.02 d-1. In the North Sea, westerly

and south-westerly winds prevail and blow along the coast and

towards the Elbe Estuary (Lefebvre and Rosenhagen, 2008), and

therefore the wind direction mostly aligns with the tidal phase at

flood tide and opposes it at ebb tide. With the latter increasing the

gas transfer velocity by up to a factor of 2 due to the increased

turbulent energy (Zappa et al., 2007). Thus, to assess the impact of

uncertainty in the calculations of daily GPP rates the daily ka was

varied by a factor of 2, which was considered the upper and lower

bound (Zappa et al., 2007; Wang et al., 2018). For the studied

period, a 2-fold increase and decrease in ka resulted in an average

change in the daily GPP rates with corresponding standard error of

13 ± 3 mg C m-2 d-1 and -14 ± 2 mg C m-2 d-1. This uncertainty

analysis suggests that the changes in wind and tide direction has a

minor influence on GPP rates during the biologically productive

period, for instance when daily GPP rates exceeded 1000 mg C m-2

d-1 in late spring and summer (Figure 5a). However, ka changes may

have a greater influence on daily GPP rates during periods of lower

metabolic activity, such as in autumn, winter and early to mid-

spring (Figure 5a), when physical processes may have dominated in

the water column. Although, using the factor of two range in ka
likely overestimates the uncertainty. The large difference in ka
between co-current and countercurrent water flow and wind

direction was observed at wind speeds > 6 m s-1 in a macrotidal

estuary (Zappa et al., 2007). Here, on 96% of the total days, wind

speed was < 6 m s-1 and the estuary is characterized by a mesotidal

regime (Figure 2b; Pein et al., 2023). Thus, the energetic tides and

stronger winds in Zappa et al. (2007) may have generated a larger

contrast in turbulence and subsequently in the ka values but can be

used as an upper bound estimate to determine the uncertainties. A

more detailed physical modeling of the Elbe Estuary coastal system

would help to constrain the air–sea gas exchange and lead to more

accurate and precise estimates of ecosystem metabolic parameters,

but this is beyond the focus of this study.

For comparisons with other studies that measure primary

production in carbon units, or have converted oxygen to carbon

units, the dissolved oxygen based GPP rates were converted to

carbon using a PQ of 1.2. This PQ of 1.2 was applied for production

of phytoplankton and microphytobenthos in surrounding regions

of the German Wadden Sea (Asmus, 1982; Wolfstein et al., 2000)

and is similar to the PQ of 1.25 used by Tillmann et al. (2000) and

1.3 applied in Loebl et al. (2007) for the surrounding region. An

averaged PQ to 1.21 was determined based on various aquatic plant

communities (Ryther, 1956). However, the PQ is also a function of

the utilization of ammonium or nitrate during primary production

(Ryther, 1956). The utilization of nitrate leads to higher PQ values

of 1.3 – 1.8 (Williams et al., 1979; Cullen, 2001; Hagens et al., 2015).

Alternatively, the energetically more favorable uptake of

ammonium, results in a lower PQ between 1.10 and 1.25
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(Williams et al., 1979; Laws, 1991; Cullen, 2001). However, nitrate

assimilation by primary production in late spring and summer was

indicated by the 58% decline in nitrate from April to August 2021

(Figure 6). Thus, there is a need to improve the understanding and

application of the PQ in the coastal German Bight region. For

example, measuring oxygen and CO2 simultaneously at the

monitoring station (FerryBox system) as an ICOS Pilot Estuarine

Station would provide empirical evidence of the PQ variation and

obtain an accurate conversion factor applicable for the

local environment.
5 Conclusion

From continuous high-frequency in situ measurements of

dissolved oxygen and a range of ancillary biogeochemical and

physical parameters, the present study identified a productive

ecosystem in the outer Elbe Estuary coastal waters during late

spring and summer in 2020 and 2021. However, with averaged

NEM ranging between -2 ± 49 mg C m−2 d−1 and -149 ± 41 mg C

m−2 d−1 suggested the system was close to a balanced trophic state.

Despite the high nutrient concentrations in early and mid-

spring, low GPP rates of 155 ± 46 mg C m−2 d−1 and 74 ± 24 mg C

m−2 d−1 occurred in April 2020 and March to April 2021, which

coincided with elevated turbidity of 31 ± 9 NTU and 35 ± 7 NTU

and limited primary production in the coastal waters through low

light availability. The onset of elevated GPP rates started in late

spring, and significantly increased to highest average rates in

summer of 613 ± 89 mg C m-2 d-1 and 558 ± 77 mg C m-2 d-1 in

2020 and 2021. Summer high GPP rates were due to improved light

conditions, with reduced turbidity down to 16 ± 5 NTU in 2020 and

19 ± 4 NTU in 2021, elevated PAR and longer daylight hours.

Primary producers in the outer estuary waters were not limited by

nutrient availability, as indicated by non-limiting nitrate, silicate,

and phosphate concentrations for this region. It was found that

sustained high summer GPP rates were characteristic of the

nearshore regions in the German Bight at the land-sea interface

to a temperate estuary, with a source of nutrients at the coast.

The GPP rates were significantly (on average 1.6 times) lower in

late spring 2021, when river discharge was normal, compared to late

spring 2020. The year 2020 was identified as a drought year and is

part of a drought period from 2014 to 2020 (Rewrie et al., 2023b).

Due to the lower PAR and water temperature in May 2021

compared to May 2020, we deduced that the reduced primary

production in late spring 2021 could be attributed to poorer weather

conditions with heavy rainfall, lower water temperatures, coupled

with less light available for primary production during this

productive season. This demonstrated that interannual changes in

river discharge, driven by drought conditions and intense rainfall,

and environmental conditions with repesct to temperature and light

availability were important factors modulating the spring primary

production in a nearshore region.

A seasonal decrease in DIC concentration of 125 – 160 μmol kg-1

fromMay to September, along with a TA drop of 116 – 128 μmol kg-1
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from December to August, was most likely driven by their concurrent

seasonal changes in the estuary observed throughout the recovery

state (Amann et al., 2015; Rewrie et al., 2023b). The seasonal

dynamics oppose the observed seasonal increase in TA of up to

150 mmol kg-1 in coastal waters of the North Sea. This highlights the

sensitivity of inorganic carbon at the land-sea interface to the

influence of seasonal changes in allochthonous primary production

and biogeochemical processing in a temperate estuary.
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