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Winter flood significantly
changes salinity and nutrient
export from land to sea
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Flood events caused by high rainfall can have profound biogeochemical impacts
on riverine systems but also on the receiving coastal waters. The winter flood in
Germany in December 2023/January 2024 affected the Elbe and Weser River
systems. We obtained unique data during the peak of the flood and compared
these with the monthly means from previous years (2018-2023). Hydrographic
parameters and nutrients were determined by standard methods. Low salinity
values were observed in the Elbe estuary and the adjacent German Bight (part of
North Sea). At Helgoland the lowest average salinity was observed in January
2024 with 31.3 + 0.5 compared to an average salinity of 32.7 + 0.7 for the years
2016 to 2023. Nutrient loads (nitrate, phosphate) in the rivers showed a six- to 11-
fold increase in the Elbe and Weser rivers compared to years without flood
events. Enhanced concentrations of nitrate and silicate were found in the
German Bight in January. Nutrients were diluted with North Sea waters,
indicating a conservative behavior of nutrients in winter. Atypical prevailing
meteorological conditions in January 2024, with predominantly easterly winds,
potentially affect the dispersal of the river plume and the nutrients in the North
Sea. In March 2024 the chlorophyll-a concentration strongly increased to 2.9 +
1.8 ymol/L and was twice as high compared to only 1.5 + 0.7 ymol/L observed in
previous years. The observed intensified spring bloom in March in the German
Bight near the island of Helgoland indicates the impacts of the flood-derived
nutrient inputs three months after the flood event, as the timing of light and
nutrient availability was optimal. It is assumed that seasonality and magnitude of
flooding in the Elbe estuary and adjacent coastal region will change in future due
to climate warming. Thus, the timing of light and nutrient availability will also
change, with unconstrained impacts on primary producers and higher
trophic levels.

KEYWORDS
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1 Introduction

River networks connect terrestrial and marine environments
and transport considerable amounts of matter from land to ocean.
For instance, they export 60 million tons N and 9 million tons P per
year (Beusen et al., 2016) as well as 900 million tons organic C per
year (Cole et al, 2007). However, we know today that a high
proportion of the terrestrial load into the river networks may be
processed within these waters already. The magnitude of the
internal processing is dependent on discharge. For organic
carbon, the pulse-shunt concept predicts that terrestrial material
is largely processed along the river-estuary - ocean gradient during
low discharge conditions (active pipe), whereas rapid transport
processes dominate under high discharge conditions [passive pipe
(Raymond et al, 2016)]. A similar pattern applies for nutrient
cycling and retention: high turbidity and low retention time prevent
phytoplankton growth and its nutrient uptake under flood
conditions, while low water depth and high retention time
promote photosynthesis and autotrophic nutrient assimilation at
drought leading to a negative relationship between discharge and
phytoplankton production (Pusch and Fischer, 2006). Thus, the
export of nutrients and carbon from land to sea is enhanced during
flood events potentially perturbing ecosystems and their
functioning in coastal waters (Kennish et al., 2023).

Anthropogenic climate change is impacting weather and
climate extremes in every region across the globe. This leads to
widespread adverse impacts on food and water security, human
health, economies, and society, leading to related losses and
damages affecting nature and people (IPCC, 2023). Flood events
in river systems are occurring regularly due to seasonal variability in
precipitation and snow melt with possible negative impacts on
infrastructure in urban areas (Serinaldi et al., 2018).

Massive flood events in Europe (such as in August 2002 and
June 2013) have generated billions of euros in damage. As a
consequence, discussions about strengthening of dikes and levees,
and creating additional buffer areas, have intensified. Hydrological
extremes in the densely populated Elbe catchment system have
strong societal relevance, as they have the potential to create
substantial infrastructural damage and threaten human life and
livelihoods (Merz et al., 2014; Tonita et al., 2015). The rivers Ems,
Weser and Elbe enter the German Bight at southeastern part of the
North Sea. The mean annual long-term river runoft of Ems, Weser
and Elbe is ~80, 330, and 710 m%/s, respectively. The seaward
extension of the Elbe freshwater plume is much larger than that
of the Weser and Ems. The plume extent and the location of the
salinity front depend on seasonal and interannual discharge
variability (Stanev et al., 2019; Kaiser et al., 2023).

Flood events in the Elbe River have historically been observed
during all seasons. Our analysis of the events shows that there is a
tendency for floods to occur more frequently in spring and summer,
with the spring floods related to snowmelt. Table 1 lists historical
peak runoff events for winter months (December, January,
February) at the river gauge station Neu-Darchau at Elbe
kilometer 536 (German kilometer count). The mean discharge at
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TABLE 1 Flood events form the river Elbe with a winter discharge >
2500 m>/s; including the 2024 flood (in bold).

Max. Elbe runoff

Max. Elbe runoff

Date Date

(m>/s) (m?>/s)

28.01.1907 2550 16.12.1974 2575
14.01.1917 2538 17.01.1982 2540
22.01.1920 2975 10.01.1987 2630
12.02.1923 2743 10.01.2003 2680
11.12.1939 2660 17.01.2011 2600
21.02.1941 3250 11.06.2013 4071
18.02.1946 2790 04.01.2024 2471
19.02.1948 2610

The average winter runoff from 1903-2024 is 815 m*/s. Elbe runoff data from Neu-Darchau
(river kilometer 536) were supplied by the Federal Waterways Authority WSV in Magdeburg
(personal communication).

the Neu Darchau station is 689 m’/s and a flood event is defined
with a discharge > 2500 m*/s. A maximum runoff of 2471 m>/s on
January 04-2024 is in the range of typical winter flood events. The
flood event in June 2013 with 4071 m?/s is also presented in the
table, as an example.

A strong precipitation event, dubbed in the German press as the
“Christmas Flood” occurred in winter 2023/24 in various Northern
and Eastern German areas affecting the runoff volume in several
watersheds, most notably the Elbe and Weser rivers. The German
Weather Service (DWD) described the winter flood 2024 as follows:
“In the northern part of Germany, heavy precipitation occurred in
the period from 19.12.2023 to 5.1.2024, which brought double or
more than the usual average monthly rainfall amounts for December
and January (1991-2020). This led to widespread flooding in the
Ems, Weser and Elbe rivers and their tributaries. A prevailing
westerly current continuously brought low-pressure systems and
humid air masses from the Atlantic to Central Europe. ...... The
event was characterized by the relatively large region affected and
the long duration of 18 days in total with only a few interruptions in
the rain. The event was favored by the high sea surface temperatures
in the North Atlantic, which reached a new record level in 2023. An
attribution study provides preliminary evidence that climate change
has made the occurrence of comparable monthly averages more likely
for the affected region” (Kaspar et al., 2024).

In the present study, we assessed whether the “Christmas
Flood” event in winter 2023/24 agreed with the passive pipe,
pulse-shunt concept of (Raymond et al., 2016), causing a distinct
increase in the export of nutrients and carbon from land to sea
during the severe flood events. For that, we performed a
longitudinal sampling campaign following a Lagrangian approach
along the freshwater River Elbe, the Elbe estuary around Hamburg,
and the German Bight. We measured salinity and water
temperature, nutrient and chlorophyll concentrations after a
period of heavy rain and during the peak of the flood in winter
2023/2024.
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2 Data and methods

At the beginning of the study the important question was with
which data the current flood 2023/24 should be compared with. We
looked for several data sources and data availabilities and finally
decided to compare the monthly means of the flood months with
the monthly means from previous years. We included data from
research cruises as well as from fixed monitoring stations within the
rivers, estuary and coastal area.

2.1 River Elbe

In the freshwater stretch of the River Elbe, sampling was performed
in the middle of the river at eleven sites from bridges (Figure 1A).
Sampling started at Bad Schandau (river km 12 according to German
kilometer count) on December 28, 2023 and finished in Lauenburg
(km 570) on January 4, 2024. Sampling was performed shortly before
the highest water level at the respective sites (few cm or few hours) so
that the sampling followed the flood peak on its way downstream.

Water temperature, oxygen saturation, pH, conductivity, and
chlorophyll fluorescence were measured using a multiparameter probe
(EXO2, YSI). Cooled water samples were transferred to the laboratory
and analyzed the next day. Nitrite, nitrate, and silicate were
photometrically determined using the segmented flow technique. Total
and reactive phosphorous were measured using the ammonium
molybdate spectrometric method. Inorganic, organic and total carbon
concentrations in the filtered and unfiltered original water samples were
analyzed based on high temperature oxidation using Non-Dispersive
InfraRed -detection as described in (Kamjunke et al., 2013). Chlorophyll
a concentration was measured by high performance liquid
chromatography after calibration with commercial standards
(Kamjunke et al,, 2021). Data on river discharge were obtained from
the German Federal Waterways and Shipping Administration (WSV;
personal communication).

2.2 Elbe estuary

A boat provided by Hamburg Port Authority was used to take
water samples on January 10 and 11, 2024. On January 10, the ship
moved from the port of Wedel upstream towards the Elbe bridges in
the city of Hamburg and took six nutrient samples at roughly
equidistant locations. On the following day, we used the Elbe ferry
from Wischhafen to Gliickstadt where the crew allowed us to take
samples in mid-stream. A multiparameter probe was used to
monitor temperature and salinity, but due to a malfunction the
data could not be saved and are thus unavailable. The nutrient
samples were analyzed with a Seal autoanalyser.

2.3 River Weser

Discharge data from the Weser at Intschede were provided from
Wasserstraflen- und Schifffahrtsamt Weser (Hannoversch Miinden,
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personal communication). Nutrient data for the station in Hemelingen
were provided by the federal state of Bremen (Die Senatorin fiir
Umwelt, Klima und Wissenschaft der Freien Hansestadt Bremen,
Bremen, personal communication). Nutrients were analyzed as
described in (Akkreditierungsstelle, 2024). The station Intschede is
located at km 331 and 52.9636°N 9.1254°E ; the station Hemelingen is
located at km 361 and 53.0528°N 8.8745°E (Figure 1A).

2.4 Underwater station Helgoland
(MarGate)

The underwater station Helgoland features a 270 x 80 m area at a
depth of 5 to 10 m, located approximately 0.5 km north of the island of
Helgoland (54.183°N 7.867°E, Figure 1B) (Dummermuth et al.,, 2023).
This site includes a cabled underwater node system developed as part
of the COSYNA project (Baschek et al., 2017), providing power and
network access for long-term deployment of sensors and scientific
equipment. Key hydrographic parameters - such as temperature,
salinity, and chlorophyll-a fluorescence, - are measured at a
frequency of 1 Hz (Fischer et al, 2020). All parameters undergo
rigorous quality control procedure (Waldmann et al,, 2022) and are
available in the form of annual datasets on PANGAEA (https://
www.pangaea.de/?q=helgoland+fischer+margate).

2.5 Station Cuxhaven

At the estuarine mouth of the Elbe in Cuxhaven (53.877°N
8.705°E, Figure 1B) a stationary FerryBox system is operated. The
FerryBox system has a water inlet from which seawater is pumped
into the analyzer containing multiple sensors for temperature,
salinity, chlorophyll-a fluorescence (Petersen, 2014; Rewrie et al.,
2025). The data are collected with high frequency (10 min per data
set) and undergo rigorous quality control before being published at
the Helmholtz Coastal Data Center (HCDC).

2.6 Butendiek transects

As an extension north of our main research area, we included also
data obtained by the Butendiek Transects at the island of Sylt. Once per
month the RV Mya II starts from List (Sylt) and heads towards the
north-west at about 7.5°E. These cruises are conducted since 2020
(Bussmann et al,, 2021). On board is a FerryBox which measures
continuously hydrographic parameters (temperature, salinity,
chlorophyll-a fluorescence). Data are available at https://dship.awi.de/.

2.7 Ship cruises in January 2024

In anticipation of the flood wave from the rivers, we organized
two coastal surveys, with the RV Mya II (AWI) from 17 to
18.01.2024 followed by the RV Littorina (GEOMAR) from 25. to
29.01.24 (Figure 1B). On both ships, a laboratory container was
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FIGURE 1

Study area with sampling locations at the rivers (A) green dots indicate sampling from bridges in the river Elbe from 28.12.2023 - 04.01.2024, red
dots indicate sampling from ferry and HPA ships in the tidal Elbe from 10 and 11.01.2024. The Weser stations are depicted as diamond (Hemelingen)
and square (Intchede). Black triangles show the long-term fixed stations at Cuxhaven and at Helgoland (inverted triangle). Close up for the marine
study area (B) blue dots indicate sampling in January 2024, light blue for sampling with RV Littorina, dark blue for sampling with RV Mya. Indicated
are also the stations covered by the monthly transects (Elbe I, Elbe VIl and VIII). Black triangles show the long-term fixed stations at Cuxhaven and at
Helgoland (inverted triangle); the blue line shows the monthly transects off Sylt.
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installed with a FerryBox for temperature, salinity, chlorophyll-a
fluorescence. In addition, surface water samples were taken for
nutrients, as described previously (Bussmann et al., 2024). Nutrient
samples were analyzed according to (Grasshoft et al., 1983) and
chlorophyll a concentration was measured by HPLC (High pressure
liquid chromatographie, Wiltshire et al., 1998).

2.8 Helgoland transect cruises

Monthly surveys have been conducted in the German Bight
since the 1980s and are embedded in the long-term observatory
Helgoland Roads. In this framework, physico-chemical
oceanographic data are collected along a transect from Helgoland
Island to the Elbe estuary. To evaluate the Elbe flood in winter 2023/
24, the stations Elbe I, VII and VIII (Figure 1B) over the period
2015-2024 were included in this analysis. At all stations, surface
water was collected at 1 m depth using a rosette sampler with 5 L
Niskin bottles attached to a multiparameter probe (SST-CTD90, Sea
& Sun Technology, Germany). For determination of nutrients,
samples were analyzed according to (Grasshoft et al., 1983) and
chlorophyll-a by HPLC (Wiltshire et al., 1998).

2.9 Backtracking of water masses

We applied backward trajectories to acquire insight into the
origin of the marine water bodies and to check if they originated
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from the estuaries. Data were retrieved from the Hereon drift app
(https://hcdc.hzg.de/drift-now/). The calculations in this
application are based on simulations using the Lagrangian offline
transport program PELETS-2D (Callies, 2021) and 2D marine
currents extracted from the archived output of the 3D
hydrodynamic Federal Maritime and Hydrographic Agency
(Bundesamt fiir Seeschifffahrt und Hydrographie model,
BSHcmod). The data input into the model was marine currents
with 0.6% wind drag and travel time of 14 days in the top layer.

3 Results

In this study, sensor data and nutrient analyses from different
laboratories were used. Freshwater samples were analyzed
according well defined (German) regulations (DINs). The marine
laboratories regularly participated in cross-laboratory comparisons.
The sensors were calibrated by the manufacturers on a regular basis.
In addition, the data analyses compared data sets from different
years and not between different areas/laboratories.

3.1 Extension and duration of the flood
(physical dynamics)
The winter flood 2023/24 started in the rivers Elbe and Weser.

At the gauge in Neu-Darchau (Elbe) a maximum discharge of 2471
m*/s was measured on 04.01.2024. An average discharge for January
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2024 of 1860 + 424 m®/sec was determined, which is about three
times higher than the average January discharge for the years 2019-
2022. At the gauge in Intschede (Weser) a maximum discharge of
2640 m/s was measured on 30.12.2023 and an average discharge of
1133 + 525 m?/s for January 2024. This is about four times higher
than the average January discharges for the years 2019-2022
(Figures 2a, b). Data on the hydrography along the Elbe in winter
23/24 are shown in Supplementary Figure SI.

This high freshwater input from the Elbe and Weser resulted in
a decrease in salinity at the estuarine station Cuxhaven. The salinity
minima in Cuxhaven as represented in the dark blue boxes in
Figure 3, coincide with the high discharge events (Table 1) for the
river station of Neu-Darchau. The minimum in salinity at
Cuxhaven occurred on January 05 2024. The lowest salinity was
observed in January 2024 (11.2 + 5.4) compared to an average
salinity of 19.1 + 4.7 from January 2016 - 2023. However, strong

10.3389/fmars.2025.1599007

easterly winds in January pushed the Elbe plume offshore
influencing salinity values at the stations of Cuxhaven and
Helgoland. During March, the salinity values were again in
agreement with longer term conditions.

The marine station Helgoland is located at about 60 km
distance northwest from Cuxhaven (Figure 1B). In the period
December 2023 to May 2024, the water showed a lower salinity
(about 2 units) compared to previous years (2016 - 2023)
(ANOVA df=1, F=202, p<0.001). Over this time period, the
lowest average salinity was observed in January 2024 with 31.3 +
0.5 compared to an average salinity of 32.7 + 0.7 for the years 2016
to 2023 (Figure 4). In contrast to salinity, the average water
temperatures for the season 2023-2024 were significantly higher
compared to the average of 2016 to 2023 but only for the period
February to May (p < 0.01) and not in December and January

(Supplementary Figure S3).
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FIGURE 2
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Discharge of the River Weser at Intschede (a) and for the River Elbe (b) for the period 2019-2024. The flood is indicated by the blue line (end of

2023) and the pink line (beginning of 2024).
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FIGURE 3
Monthly mean salinity at Cuxhaven for the period 2010 to 2024. The data are also shown as box plots in Supplementary Figure S2.

The Butendiek Transects at the island of Sylt are located at the
northern boundary of our study area, at a distance of ca. 130 km from
Cuxhaven. From December 2023 to May 2024 the salinity was
significantly lower than in previous years (2020-2023) (ANOVA df=1,
F=5807, p<0.001, Figure 5). The lowest salinity was recorded in March
2024 with 26.0 + 2.9 compared to 30.0 £ 1.8 in previous years (Welch
df=790 t=33.6, p<0.001=). In April and May salinity was still lower, but
the difference was only 1 unit. Average monthly temperatures revealed
no clear differences between winter 2023/24 and previous years.

3.2 Inputs of nutrients

To determine the influence of the river floods on the ecosystems
through increased nutrient availability we focused on the three
main nutrients, nitrate, silicate, and phosphate.

In the Weser we observed a slightly lower concentration of
nitrate in January 2024 compared to the average January values for
2010-2023, (271 + 14 pmol/L versus 321 + 29 umol/L nitrate). The
concentrations of phosphate however were similar (1.29 + 0.65

years EZ 2016-2023 EF 2023-2024

34+

w
N

salinity

301

, Yg L,

'

Nov Dec Jan

FIGURE 4

Box plots for salinity at Helgoland station from November to May 2023/2024 (green) compared to the long-term average from November to May
from 2018/2019 to 2022/2023 (red). The box plots show the median (line), the 25 and 75 percentiles with lower and upper limits of the box and

outliers (dots).
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FIGURE 5

Box plots for salinity for the Butendiek Transects off Sylt from November to May 2023/2024 (green) compared to November to May 2020-2023
(orange). The box plots show the median (line), the 25 and 75 percentiles with lower and upper limits of the box and outliers (dots).

umol/L phosphate versus 1.61 + 0.97 pmol/L phosphate). No
silicate data is available for the Weser. As the maximum
discharge in January 2024 was much higher (2210 m?/sec) than
in previous years (262 m’/sec), the loads for nitrate and phosphate
from the river into the coastal waters increased by a factor of 10.

For the Elbe, we investigated the longitudinal dynamics
(Figure 6). While concentrations of particulate organic carbon, total
phosphorus and also chlorophyll a decreased from upstream to
downstream regions (Supplementary Figure S1) due to decreasing
flow velocity, concentrations of nitrate and dissolved silicate did not
change and that of phosphate increased only slightly. We compared
the data set from the fixed station at Magdeburg for the flood period
with the average values. In December 2023, nitrate concentrations
were higher (331 pmol/L nitrate) compared to previous years (269 +
41 umol/L in 2018/19-2022/23). The concentrations of phosphate
however were lower (1.58 umol/L phosphate) compared to 2.20 +
0.32 pmol/L phosphate in previous years. For silicate, concentrations
in 2024 were slightly higher than in previous years. As the maximum
discharge at Neu Darchau in January 2024 was much higher (2471
m®/sec) than in previous years (549 m>/sec, 2019 - 2223), the loads for
nitrate and phosphate increased 6-3 times.

In the estuary, we compared stations we visited on January 19
and January 29-2024 with the nearby stations Elbe VII and Elbe VIII
which are sampled by the Helgoland Transect cruises (Figure 1B). In
January 2024 the concentrations of nitrate were higher (210.2 and
126.1 umol/L) compared to previous years (59.6 + 22.3 umol/L). The
same pattern was obvious for silicate, with high concentrations in
January 2024 (130.7 and 61.0 umol/l) compared to previous years
(54.2 £ 18.6). In contrast, similar concentrations of phosphate were
observed in January 2024 (1.7 and 1.3 umol/L) and in previous years
(1.6 = 0.6 pmol/L). When relating the data from the estuary with
salinity, we observed a dilution of the nutrient rich(er) river water
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with nutrient-poor North Sea water (for phosphate, nitrate and
silicate) and the observed differences for nitrate and silicate
diminished within ten days (Supplementary Figure S4).

In the marine area (at Helgoland) we compared the data from
station Elbe I from previous years (2015 - 2023, n = 7) with the
survey in February 2024 (only one data point). In February 2024,
nitrate concentrations were much higher (25.9 pumol/L) than in
previous years (6.0 £ 2.5 pumol/L). By contrast, phosphate
concentrations in February 2024 (0.7 pumol/L) were similar to
those in previous years (0.6 + 0.3 umol/L). In February 2024,
silicate concentrations were much higher (15.5 pmol/L) than in
previous years (9.5 + 2.7 pmol/L; Figure 7).

Therefore, in winter 2024 we observed a strong supply of
nutrients from the rivers into the coastal waters, due to the
increased freshwater discharge and enhanced river concentrations
of nitrate and silicate. Within the estuary and coastal waters, the
nutrients were quickly diluted as shown in Supplementary Figure 54,
indicating that without significant modifications by biogeochemical
processes the nutrients were spread in the study area. However, the
elevated concentrations were still detectable in the marine area.

3.3 Effects on chlorophyll/biomass

In a next step we checked if the increased nutrient load was
detectable at the first trophic level, i.e., chlorophyll-a concentration
as a proxy for phytoplankton abundance. Unfortunately, there is
much less data available for chlorophyll compared to nutrient and
hydrographic data. Reliable data were available only from the UW
Station Helgoland node off Helgoland.

For the winter and spring period (November to May)
significant differences between the chlorophyll-a fluorescence in
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Chlorophyll a (Chl-a), dissolved silicate, phosphate, nitrate, particulate organic carbon (POC), and total phosphorus (TP) along the freshwater Elbe
between Bad Schandau and Lauenburg in 2023/2024 (black dots). The red squares are showing the average and SD values of the winter values

(Dec-Feb) at Magdeburg from 2018/19 - 2022/23.

the year 2023-2024 and in previous years (2016 - 2023) were
observed at Helgoland station (Figure 8, ANOVA, df=1, F06.65, p
= 0.05). In the winter months from November to February the
average chlorophyll-a fluorescence in 2023-2024 were
significantly lower (0.77 + 0.15) compared to the 2016-2023
period (1.03 £ 0.49). In contrast, in March 2024 the
chlorophyll-a fluorescence strongly increased to 2.9 + 1.8 pmol/
L and therefore almost twice as high compared to only 1.5 +/- 0.7
pumol/L observed in previous years. However, due to a high
variability especially in March to May 2024, no significant
differences could be detected (p > 0.05).

4 Discussion

In this study we show that the winter flood in the rivers Elbe and
Weser in Northern Germany in winter 2023/24 had a significant
impact on the coastal system of the German Bight (southern North
Sea) in spring 2024. To assess these effects, we compared recent data
with historical data provided by fixed monitoring stations and by

Frontiers in Marine Science

regular research cruises. Therefore, we used the monthly means of
the previous winter months as a sound baseline to compare the data
obtained during the flood months.

4.1 Effects on the hydrography of the
North Sea

The lowest salinity values were recorded during winter months
of 2023/24, indicating the strongest influence of freshwater inputs
from floodwaters. The strongest salinity reduction was observed in
Cuxhaven (8 PSU), near Sylt the difference was 4 PSU and at
Helgoland it was 1.5 PSU difference. This pattern mirrors the flow
of the Elbe (and Weser) river plume. At Cuxhaven the Elbe enters
the North Sea and then mainly flows along the coast in a northerly
direction passing the island of Sylt (Stanev et al., 2019). In contrast,
the water masses around Helgoland mostly originate from the
English Channel (Stanev et al., 2019). With the app (https://
hede.hzg.de/drift-now/), it is possible to simulate the water mass
origins for specific times and locations within the German Bight.
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January 2024 (31.4), while for Sylt this occurred 2 months later
(26.0), in March 2024. However, by April, salinity levels had
returned to typical values (32 and 29) at both locations,
suggesting the flood’s impact on water composition lasted for
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Average (+/- SD) of chlorophyll-a at Helgoland station from November to May 2023/2024 (green) compared to the long term average from

November to May from 2018/2019 to 2022/2023 (red).
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about 3 months from January to March. In contrast to salinity, no
significant differences were detected between water temperatures in
previous years and water temperature in winter 2023/24.

Winter floods have been observed in our study area also in
earlier times (Table 1) on a more or less regular decadal frequency.
Nevertheless, not much is known about the biogeochemical impacts
of such winter floods on the estuary and coastal waters. Flood
seasonality has changed over recent decades i.e. maximum
discharge occurs one month earlier and is seen as a decrease in
spring maximum discharge and increase in winter flood peaks (i.e.,
1987/88 versus 2021/22, for Latvian rivers flowing into the Baltic
Sea; Apsite et al., 2024). These alterations in annual flood
occurrence point towards a shift in flow regime from snowmelt
dominated to mixed snow-rainfall dominated run-off (Apsite et al.,
2024). Most river floods in northern Germany are controlled by a
mixture of recent (7 d) and previous precipitation events (up to 180
d, i.e excessive soil moisture). For this mixture, floods occur mainly
from January to April, with additional floods during the rest of the
year. However, an increase in floods controlled by recent heavy
precipitation has been observed for the last 70 years (Jiang et al.,
2022). A change in flood mechanisms may affect the seasonality and
magnitude of floods, which might ultimately impair the current
flood risk management measures (Jiang et al., 2022). Climate
warming is the primary driver of hydrological change, causing
shifts in runoff seasonality in the Krkonose Mountains (source of
the Elbe river; Langhammer and Bernsteinova, 2025). Thus,
seasonality and magnitude of floods in the Elbe estuary will also
change in the future.

4.2 Increased nutrient load

In Winter 2023/24 we observed an increased input of nutrients
into the German Bight, mainly due to the increased load of the
nutrients from the rivers. Along the Elbe River dissolved nutrient
concentrations were at a high level but stable. In contrast to other
seasons, we did not observe a longitudinal growth of phytoplankton
within the Elbe River during winter. Thus, no uptake of dissolved
nutrients by phytoplankton was detected, and the nutrient
concentrations remained high. This suggests that nutrient
transport, rather than transformation or uptake, was the
dominant biogeochemical process during this time. This is
consistent with the pulse-shunt concept, which predicts the
dominance of transport processes over matter transformation
along the river under high discharge conditions (Raymond et al.,
2016). However, due to the increased discharge from both the Elbe
and Weser rivers, the nutrient load—specifically nitrate—increased
dramatically, with loads increasing by 6 to 10 times their usual
values. For the whole of January 2024, a total of 57,280 tons of
nitrate and 620 tons of phosphate were discharged into the North
Sea from the two rivers. Within the estuarine regions, the nutrients
were diluted as they mixed with seawater. Despite this dilution,
nutrient concentrations remained elevated further offshore,
particularly around Helgoland, where enhanced nitrate and
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silicate concentrations were still detectable in February 2024. It is
possible that this is in part due to the meteorological situation
(predominantly easterly winds in January) as well as the limited
growth of phytoplankton at low irradiation in winter. A similar
situation is reported for the winter flood 1995 in the Elbe Estuary,
and based on the distribution of boron, it was concluded that
riverine water underwent simple mixing with North Sea water
(Barth, 1998). For a French macrotidal estuary in the Bay of
Brest, a high nutrient export is reported during winter floods
(93%), while the estuary normally acts as efficient filter for
nutrients (4 — 38%; (Raimonet et al., 2023).

4.3 Effects on phytoplankton growth of the
North Sea

Limited chlorophyll data are available in the coastal study area
to fully assess the impact of the flood on phytoplankton growth. The
data that do exist show that chlorophyll concentrations were low
during the winter months. However, in spring (March 2024),
chlorophyll concentrations at Helgoland increased to 2.9 + 1.8
pumol/L, which were higher than in previous years (1.5 + 0.7 pmol/),
suggesting an intensification of the spring bloom in 2024.

Flood events may affect phytoplankton biomass by supplying
nutrients during periods when growth is not limited by light. When
they occur in late winter, nutrient concentrations are maximal and
do not limit growth (Poppeschi et al., 2022). However, winter floods
may intensify light limitation due to increased turbidity and
turbulence (Poppeschi et al., 2022). Covering the last 50 years of
phytoplankton dynamics at Helgoland, reveals that phytoplankton
in spring is mainly light limited and this limitation usually ends
in the weeks 12 -16 (mid-March). Also, silicate is the main
limiting nutrient for diatom growth near Helgoland (Wiltshire
et al, 2015). In an experimental set-up with North Sea water,
pulses of nutrient-rich freshwater increased the growth rate of the
phytoplankton communities dependent on the initial community
structure (Grof? et al,, 2022). This supports the postulation that the
timing of the flood is essential. Therefore, we assume that the effects
of the flood were still evident in early March, when there was
enough light for a phytoplankton bloom to develop in the area
around Helgoland.

In the vicinity of the island Sylt, about 130 km north from the
river mouth, the lowest salinity was detected in March (26.0 +
2.9). Even though no chlorophyll data are available for that
region, we assume that the supplied nutrients together with the
elevated light levels would have resulted in an enhanced
phytoplankton growth. When nutrients are not utilized by
phytoplankton in coastal waters, e.g. due to light limitation of
primary production in winter, the fertilization effect may
potentially propagate further offshore (Kessouri et al., 2024).
Thus, we assume that for the German Bight the influence of the
nutrient inputs is coupled to the advection of the riverine plume,
and light conditions will determine the development of
phytoplankton blooms.
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The impact of summer floods differs from that of winter floods,
as evidenced by the Elbe flood in June 2013. This resulted in strong
stratification within the German Bight (Nguyen et al., 2024) and
subsequently enhanced primary production (Voynova et al., 2017).

Beside the impacts of the 2023/2024 flood on the
hydrochemistry and phytoplankton dynamics, it is likely that
carbon chemistry and pollution in the German Bight were also
affected. In the Elbe River, hydrological extremes have been
reported to affect water quality (Barth et al., 2006; Baborowski
et al., 2011; Wolschke et al., 2015; Baborowski and Einax, 2016).
These aspects, however, will be explored in further studies.

5 Conclusion and outlook

In this study we described and evaluated the effects of a winter
flood on the hydrography, nutrient load and phytoplankton
biomass of the Elbe-German Bight system.

- The data availability and quality of our hydrographic
parameters (temperature, salinity) was good, data
availability of nutrients was sufficient to compare our
recent data with previous data. In contrast, data
availability on biological data should be improved to
detect biogeochemical effects of winter floods. This may
be achieved by better, automated sensors for longer-term
monitoring of nutrients, carbon compounds, greenhouse
gases, phytoplankton and higher trophic levels, as e.g.
shown by Fischer et al., 2025 in an integrated underwater
monitoring approach in the Arctic Ocean. Another option,
at least for chlorophyll-a fluorescence could be remote
sensing. However, winters in Northern Germany
generally have only few days without cloud coverage and
thus few data would be gained.

- As the timing between nutrient concentration increase and
light limitation during a winter flood is crucial, the effects of
a flood may be seen in even more distant areas; depending
on advection of the flood plume and increasing
light availability.

- When the seasonality of river floods is changing due to
climate change this crucial timing may also change, and
effects on primary producers and further trophic levels are
as yet unconstrained.
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