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Abstract. The current status of intertidal waters in the wake of ongoing global change was assessed in a baseline study with 

a 36 month time series of water level, temperature, and salinity measurements from Bottsand lagoon on the Baltic Sea coast, 

and on the mudflats off Schobüll at the North Sea coast of Schleswig-Holstein, Germany. Extreme events, storm surges and 10 

heat waves were also recorded in a temporal resolution of 20 minutes. At Bottsand lagoon, the temperatures followed the air 

temperatures in winter, and were higher than the air temperatures in spring and summer. The annual averages varied from 

12.1 to 12.6°C, the air temperatures varied from 11.1 to 11.2°C. The salinities showed one or two months periods of 

consistently higher or lower values in winter and spring. The annual averages ranged from 14.7 to 16.9 units. The lagoon 

showed a different variability than that of the open Baltic surface waters, where the temperatures and salinities were lower in 15 

summer and higher in winter. The seasonal salinity differences were less developed in the mid 1960s, when the connectivity 

of the lagoon with the Baltic Sea was less restricted, and a sandy shoal in the lagoon was not present. In Husum Bight off 

Schobüll, water temperatures were lower than the air temperatures in winter and higher in spring and summer. The annual 

average water temperatures ranged from 10.8 to 11.4°C, and the air temperatures from 9.9 to 10.2°C. High waters were 

warmer during the day than at night-time in spring and early summer only. The annual average salinities off Schobüll ranged 20 

from 24.0 to 27.2 units. The values were higher in summer and lower in winter. This seasonal cycle was related to variations 

in the Elbe river runoff, which largely influences the salinity in the south-eastern German Bight. The same seasonal cycle 

was recorded in the Sylt Roads time series. Cross-correlations of the records revealed that it takes seven weeks for an Elbe 

river freshwater pulse to reach Schobüll, and three weeks more to proceed to Sylt. On average, the salinities were 2.7 units 

lower off Schobüll than off Sylt, which mirrors a pervasive gradient of landward decreasing salinities in the Wadden Sea. 25 

They were induced by a local, low-salinity lens on top of tidal waters, fed by groundwater seepage or by freshwater runoff. 

A cross correlation with the precipitation record revealed salinity decreases about one week after high precipitation. The 

cumulative salt marsh submergence times per period of observation, i.e. inundation frequencies, were very variable at the 

lower boundaries of the lower and upper salt marsh vegetation zones. The inundation frequencies were consistently higher at 

Bottsand than at Schobüll, where the same halophyte assemblages prevailed. As the average salinity was 10 units higher at 30 

Schobüll, the differences of inundation frequencies suggest that a certain salinity has to be maintained in the soils to sustain 
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specific halophyte assemblages. A mass occurrence of small Pacific oyster shells was observed before the vegetation 

boundary off Schobüll in spring 2024. The data suggested an oyster spatfall triggered by the North Sea heat waves in 

summer 2023, with temperatures exceeding 23°C, and a subsequent wipe-out during a period of salinities lower than 18 units 

after an Elbe river discharge event in January 2024. The biotic responses to environmental extremes highlighted the 35 

vulnerability of Wadden Sea ecosystems at times of Global Change. 

1 Introduction 

Marginal marine environments, including tidal flats, salt marshes, coastal lagoons and adjoining wetlands are characterised 

by unique faunal and floral assemblages (Halls, 1997). Most species are widely distributed, breaching bioprovincial 

boundaries (Lübbers and Schönfeld, 2018), and blooms of invasive species are an increasing threat to indigenous 40 

communities (Occhipinti-Ambrogi, 2021). A high tolerance to diurnal and seasonal variations in temperature, precipitation, 

inundation, pore water content, oxygenation, and chemistry of salt marsh soils, and the salinity of tidal waters was 

considered as reason for the formation of marginal marine assemblages (Adam, 1990). Despite their tolerance to 

environmental variability, many species showed a distinct range of distribution in the tidal frame (Scott and Medioli, 1978; 

Bockelmann et al., 2002; Balke et al., 2011). They commonly inhabit bands displaying the optimum conditions for growth 45 

and prevalence (Petersen et al., 2014; Kim et al., 2023). The limits of species' distribution were ascribed to threshold values 

of inundation frequency, desiccation, freshwater influx, salinity, soil oxygenation, pH and carbonate system parameters of 

pore waters (Elsey-Quirk et al., 2009; Snedden et al., 2015; van Regteren et al., 2020; Schönfeld and Mendes, 2022). They 

appeared to be variable among different regions and also depend on the properties of the tidal waters (Balke et al., 2016; Li 

et al., 2018). The seasonal and inter-annual variability of abiotic environmental parameters is less constrained (Costa et al., 50 

2003), even though this is crucial for an assessment how the assemblages may respond to Global Change (Carrasco et al., 

2021; Dowling et al., 2023). 

The current climate change in Central Europe has effected an increase in annual mean temperatures of 1.2°C since the 

beginning of the 20th century (Anders et al., 2014), and by a mean sea level rise of 24 cm in the south-eastern North Sea 

(Dangendorf et al., 2013). Although the annual changes are very small, the effects of seasonal, multi-year variability and 55 

extreme events, such as the drought of 2018, on flora and fauna are much more serious (Schuldt et al., 2020). Marginal 

marine habitats are particularly affected. We observed the immigration of new species, the fragmentation and shifting of 

distribution areas and changes in the reproductive cycle of many organisms during the last decades. Specific causes and 

triggering events can rarely be identified or related to instrumental records (Schönfeld, 2018). This is mainly due to the small 

number and hydrographical stations and their settings. 60 

The thirteen Marine Environmental Measuring Network (MARNET) stations of the Federal Maritime and Hydrographic 

Agency (BSH) are located far from the North Sea and Baltic coasts. Academic institutes operate three near-shore 

oceanographic and marine biological time series stations that are operated on a weekly or monthly basis at Helgoland, Sylt, 
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and Eckernförde Bay. In contrast, the German Weather Service (DWD) operates 22 weather stations in the northern German 

State of Schleswig-Holstein recording meteorological parameters every hour. The present investigation was therefore driven 65 

by a null hypothesis, i.e. temperatures and salinities of intertidal waters show the same variability than those of surface 

waters further off shore. 

This paper presents the first continuous time series of water level, temperature, and salinity from Bottsand lagoon, located at 

the Baltic Sea coast, and from the mudflats off Schobüll, located at the North Sea coast, covering three annual cycles from 

September 2021 to October 2024. The objectives of our study were (i) to constrain the processes affecting the salinity 70 

variability tidal and receiving waters (ii) to decipher the effects of extreme events on water temperatures and salinities, (iii) 

to assess what has changed since the 1960s, and (iv) to demonstrate by the example of a bloom of the Pacific oyster in 2023, 

how time series data can be used to develop scenarios of multi-year changes in the species composition and distribution of 

faunal and floral communities. 

1.1 Geographical and environmental setting 75 

1.1.1 Bottsand 

The nature reserve Bottsand includes a coastal lagoon, which is situated north of the village Wendtorf, Plön District, 

Schleswig-Holstein, Germany (Hammann and Zimmer, 2014). The lagoon is about 0.5 km wide, 1.5 km long, and up to 1 m 

deep. It is confined to the south by Wendtorf Marina, to the east by a dyke, and to the north by a 1.4 km long beach ridge 

with dunes (Schönfeld, 2018). The successive westward progradation of the spit since 1870 has almost completely closed off 80 

the lagoon from the Baltic Sea (Schrader, 1990; Knief, 2013). The bottom sediment of the lagoon is fine to medium sand 

(Grabert, 1971). Bogs developed through aggradation at the northern and eastern margin of the lagoon and later developed 

into an extensive salt marsh (Wolfram, 1996). They have tapered the northern part of the lagoon to a narrow ditch (Lutze, 

1968). 

The flora in the lagoon is dominated by macroalgae (Fucus vesiculosus, Zostera marina), the pondweed Potamogeton 85 

pectinatus, and sea rush (Bolboschoenus maritimus), which is found in near shore areas (Hammann and Zimmer, 2014). The 

latter is considered as pioneer vegetation. The salt marsh commences with a distinct two step brink of up to 40 cm height in 

total. A narrow zone with saltmarsh grass (Puccinellia maritima) and seaside plantain (Plantago maritima) is recognised on 

the bench of the first step at 0.04 to 0.10 m above German Ordnance level (NN, related to Amsterdam Peil; since 1992 NHN, 

related to the geoid surface going through Amsterdam Peil). This strip is recognised as lower salt marsh. A hummocky red 90 

fescue lawn (Festuca rubra) commences on the top of the second step at 0.32 m NHN. The flora of this upper saltmarsh 

includes blackgrass (Juncus gerardii), salt marsh asters (Tripolium pannonicum), brackish reed (Phragmites australis), 

silverweed (Potentilla anserina), and prickly saltwort (Salsola kali) (Wolfram, 1996). The red fescue lawn is dense up to 

0.62 m NHN and passes into a strip of semi-dry flood lawn at 0.75 m NHN, above which quitch grass (Elymus laxus), 

glaucous bluegrass (Poa humilis), creeping bentgrass (Agrostis stolonifera), and catsear (Hypochaeris radicata) occur 95 
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(Christensen, 2021). Red fescue is recognised up to a height of 0.97 m NHN. A dry grass land follows at approximately 1.0 

m NHN. The dry lawn, dunes and beach of the nature reserve is an area of high floral and faunal diversities, and an 

important breeding and resting place for birds (NABU, 2020). 

The hydrography of Bottsand lagoon is characterised by a high variability. Salinities ranging from 8 to 19 units, and 

temperatures from -1 to 24°C were reported (Lutze, 1968). The salinity variations are mainly driven by precipitation, minor 100 

ground water seeping, and incursions of Baltic surface water during high waters (Schönfeld, 2018). Wind-driven water level 

changes are an important environmental parameter for the ecosystems at Bottsand lagoon (Baerens et al., 2003). The winds 

may raise the water level up to 2 to 3 m NHN, and they may fall to 1.5 m below NHN (Sztobryn et al., 2009), whereas the 

northern part of the lagoon never falls dry (Schönfeld, 2018). The range of astronomical tides is approximately ±0.12 m, 

depicting a microtidal regime in the lagoon (Hayes, 1979; Schönfeld, 2018; https://gezeiten.bsh.de/kiel_holtenau, last access: 105 

20th March 2025). 

 
Figure 1. Overview map of northern Germany with the locations mentioned in this paper. Red dots: intertidal time series stations, 
white dots: long term monitoring stations, triangles: tide and river gauges. Coastline, rivers and border line adapted from © 
Google Maps.  110 

1.1.2 Schobüll 

The village of Schobüll is located on the north-eastern side of Husum Bight, a northward embayment of the Heverstrom tidal 

channel system in the Wadden Sea on the west coast of Schleswig-Holstein, Germany (Fig. 1). The northern part of Husum 

Bight is characterised by extended mud flats, which are surrounded by salt marshes. They are grazed and managed on the 

western and northern side of the bight before the dikes of the isle of Nordstrand and Nordstrand Dam, connecting Nordstrand 115 

and the main land. No dyke was built on the eastern side, because the Saalian moraine hill of Schobüll directly adjoins the 
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Wadden Sea over a distance of 2.9 km. Since the construction of Nordstrand Dam in 1933 to 1935, the hydraulic and 

sedimentary regime has changed in northern Husum Bight (Stock, 2013). Mud accumulated on near-shore sands, and a salt 

marsh with a natural succession developed off Schobüll (Lindner, 1952; Lorenzen, 1956). The succession is only biased in 

the pioneer vegetation zone and adjoining mud flat, where ditches and groynes for land claims were built and maintained 120 

since the 1970s. These measures were reduced since the foundation of the Wadden Sea National Park in 1985, and the salt 

marsh off Schobüll was abandoned in the 1990s (Stock, 2003). Groynes are only maintained before the vegetation boundary 

as protection measure. Selected ditches were kept open to facilitate drainage of freshwater springs and wetlands at the foot of 

the moraine hill. 

On the tidal flats off Schobüll, clayey silts accumulate during summer and in calm areas behind groynes. Sandy silts are 125 

deposited during winter, and they prevail areas with strong exposure to waves and currents (Unsöld, 1974). In particular, a 

belt of sandy mud rich in shell debris is developed along the outward groynes and before the vegetation boundary. 

The pioneer vegetation zone is characterised by dense meadows of cordgrass (Spartina anglica, Sporobolus anglicus of 

authors) commencing at 1.02 to 1.05 m NHN. Saltwort (Saliconica stricta) is less common in the pioneer zone at Schobüll 

since the introduction of cordgrass in 1927 (Reinke, 1903; Kolumbe, 1931). The lower saltmarsh extends from 1.7 m to 2.2 130 

m NHN and shows patchy occurrences of saltmarsh grass (Puccinellia maritima) among a variety of other halophytes, e.g. 

sea purslane (Halimione portulacoides), spear-leaved orache (Atriplex prostrata), and salt marsh aster (Tripolium 

pannonicum). The latter may cover up to 20 % of the lower saltmarsh area (Stock, 2013). Cordgrass is also common, in 

particular in depressions. The upper salt marsh between 2.2 and 2.5 m NHN begins with the first patches of red fescue 

(Festuca rubra). It continues landwards through dense thickets of brackish reed (Phragmites australis). Sea rush 135 

(Bolboschoenus maritimus) was common on the landward side of the reed fields (Stock, 2013) and is now confined to 

depressions or areas with groundwater seepage. On elevated areas and on both sides of the pier at Schobüll, a dense, 

homogenous canopy of sea couch (Elymus athericus) has been established, which suppressed other saltmarsh plants. The 

landward limit of red fescue and wheatgrass marks the highest high-water level around 2.8 m NHN. The salt marsh off 

Schobüll provides habitats, food and shelter for many sea bird species, invertebrates, insects, spiders, gastropods, amphipods, 140 

and a rich foraminiferal fauna (Lehmann, 2000). 

The hydrography of the tidal waters in Husum Bight is sparsely known. Gridded data sets indicate monthly mean surface 

water temperatures ranging from 3°C in February to 18°C in August, and salinities ranging from 28 to 29 units in winter 

(December to April) to 29 to 30 units in summer (May to November) for the period of 1900 to 1996, even though the 

Wadden Sea is not sufficiently resolved and has a poor data coverage in the northern part (Janssen et al., 1999). Water level 145 

data provided a more detailed picture. The mean astronomical tidal range at Husum was 3.51 m, with a mean low water level 

of -1.81 m and a mean high water level of 1.70 m NHN (Bundesamt für Seeschiffahrt und Hydrographie, 2023). Husum tide 

gauge is in operation since 1867 (Jensen et al., 1991). Historical tide gauge data analyses revealed a rise in mean sea level of 

2.2 mm a-1 for the period of 1937 to 2008 (Jensen et al., 2011), while the mean high water levels raised by 3.6 mm a-1 on 

average from 1934 to 1983 at Husum (Jensen, 1984). The mean high water levels showed an inter-annual variability of 150 
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±0.075 m during the period of 2000 to 2022 (Bundesanstalt für Gewässerkunde, 2024), which is effected by the prevailing 

weather conditions and wind force (Schelling, 1952).  

2 Material and Methods 

2.1 Hydrographical measurements 

The data for the present study include observations and measurements that were carried out in addition to the annual 155 

monitoring of the foraminiferal fauna at Bottsand lagoon (2012-2019) and at Schobüll (2014-2019). A subset of these data 

from Bottsand lagoon and the methodology has been published by Schönfeld (2018). The hydrographical measurements 

were resumed in 2021 at the same sites and continued until 2024.  

As in earlier studies, Odyssey® data loggers (Dataflow Systems Ltd., Christchurch, New Zealand) were used to measure 

water level (P/T), temperature, and salinity (C/T). Xylem Ebro EBI-20T data recorders (Xylem Analytics Sales GmbH & 160 

Co. KG, Weilheim, Germany) were used to measure the air temperature at Bottsand and Schobüll. The Odyssey loggers 

were attached to pressure-impregnated posts or boards with specially designed brackets (utility model DE 20 2020 100 677 

U1; German Patent and Trademark Office, 2020). The C/T loggers recording at Bottsand lagoon were mounted to an 

application-specific holder, a small cylinder with an insert, which was pushed into the bottom sediment. The insert in the 

cylinder fixed the data logger in an upright position, in that the device is bathed in lagoonal water and does not get in contact 165 

with the ambient sediment. Once the logger is to be replaced, only the insert has to be removed. Two P/T and two C/T 

loggers were used at each measuring point. Likewise, two EBI 20 temperature loggers were in operation at the air 

temperature measuring point at Bottsand. All data loggers recorded the current measured value every 20 minutes. They were 

regularly in operation for four months. At intervals of approximately eight weeks, one P/T, C/T and EBI 20 logger was 

replaced at each measuring point while the other continued recording. All loggers were inspected and cleaned from biofilms 170 

and barnacles every fourth to sixth week from April to October. 

The measuring point at Bottsand lagoon was operated from the 18 September 2021 to 12 October 2024. It was located at 54° 

25.610' N, 10° 17.695' E, 1.5 meters off the western bank of the terminal ditch. The assembly consists of two 60 mm 

diameter posts for attaching the holders and air valves for the P/T loggers. The air valves were mounted to 25 mm 

polyvinylchloride tubes with a 1 cm graduation for reading of the pressure sensor immersion depth. Next to the posts, the 175 

C/T logger holders were placed in the bottom sediment. The measuring point for the air temperature was established on the 

edge of the north-western, lower roof beam of the warden's shelter hut, about two metres above ground. The coordinates 

were 54° 25.517' N and 10° 17.158' E.  

The measuring point off Schobüll was operated from the 24 September 2021 to 9 October 2024. It was located at the 

seaward end of a groyne, 200 m south of the old pier, at 54° 30.648' N and 8° 59.403' E. The measuring point consisted of a 180 

1 m long board and two fishing rods holding the air valves for the P/T loggers. The fishing rods were inserted into sleeves 

made of 40 mm polypropylene pipes and fixed with cable ties in order to keep them in a vertical position, even under strong 
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wind force. Holder for the C/T and P/T loggers and the sleeves were attached to the board and posts on the northern side of 

the groyne in that they were not exposed to direct sunlight. The holders were fastened with SPAX® INOX screws made of 

stainless steel A2, 1.4567, an alloy proven not to be corroded by seawater (Mendes et al., 2025). A supplementary measuring 185 

point was installed under the board walk of the old pier at 54° 30.763' N and 8° 59.467' E. Only one C/T logger was installed 

here with a sensor height of 1.83 m NHN. Immersion of this C/T logger served as independent control of the accuracy of 

water levels recorded by the P/T loggers. Another supplementary measuring point was installed in the salt marsh at 54° 

30.817' N and 8° 59.573' E, where an EBI 20 temperature logger was mounted to a wooden post at 1.50 m above ground and 

covered with a white polypropylene beaker. This data logger recorded the immediate air temperature above the salt marsh, 190 

which may differ from the temperature at the private meteorological station in the village of Schobüll. 

The heights of the data logger holders and sensors were determined after installation by using a Leica Na728 surveyor's level 

(Supplement Table S1). At Bottsand, the levels were tied to a geodetic reference point at the building Schleusenweg 2 (1.350 

m NN; Schönfeld, 2018). At Schobüll, the geodetic point at Schobüll parish church door (12.512 m NN) was used as height 

reference. The accuracy of levelling was <±3 to ±5 mm.  195 

The P/T and C/T loggers were recalibrated each time before deployment. A linear regression was used as calibration 

function to correct the measured values that were recorded with the respective logger during the next four months. The 

calibration with standard solutions revealed a sensor accuracy of 0.00 to 2.48 cm, on average 0.26 cm for immersion depth, 

0.00 to 0.53 K, on average 0.13 K for temperature, and 0.00 to 2.30, on average 0.16 units for salinity (mean of residuals). 

The external reproducibility of the P/T and C/T loggers was checked at Bottsand lagoon with regular visual inspections and 200 

manual measurements on site by using a WTW LF320 conductimeter with a TetraCon 325 probe. The mean difference of 

manually measured and logger-recorded values at Bottsand lagoon was 0.03 m for water depth, 0.3 K for temperature, and 

0.5 salinity units (n = 26; Supplement Table S2).  

For the WTW LF320 device, the manufacturer specifies a precision of <0.5 % for conductivity and <0.1 K for temperature. 

Salinities measured with the LF320 deviated on average by 0.1 units, and in two cases by 0.2 units, from the target value of 205 

seawater standards with salinities ranging from 4.91 to 34.72 ‰ (Supplement Table S3). The temperatures may deviate by 

0.1 K, which is in agreement with the manufacturer's data sheets. For the EBI-20T temperature loggers, a constant correction 

was applied as provided by the manufacturer's calibration certificate. The accuracy of EBI-20T loggers was given to be 

±0.1°C.  

2.2 Data processing 210 

The water levels were recorded in centimetres above the logger's pressure sensor and converted into meters above NHN 

using the levelled heights of the data logger sensors. Measurements that indicate an obvious malfunction of the sensor were 

skipped. From the calibrated and plausibility-checked water level, temperature, and salinity data, mean values were 

calculated from the measurements of the loggers used in parallel at Bottsand, and for the measurements during high tide off 

Schobüll. For the temperatures, only the values recorded by the C/T loggers were averaged off Schobüll, because the devices 215 
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were located 27 cm above the P/T loggers. At Bottsand, mean values were calculated from the temperature measurements of 

all P/T and C/T loggers, because their sensors were approximately at the same height. The difference between the individual 

temperature, salinity and water level measurements, or the difference between the highest and lowest temperature 

measurements in Bottsand lagoon, was calculated as the sensor deviation, which depicts the accuracy of individual 

measurements on site. For further analyses of the Bottsand data, daily averages were calculated and related to 12:00 CET of 220 

the respective day. For the measurements off Schobüll, mean values were calculated from the recordings at high water. The 

high water times were determined by using the water level measurements from the P/T loggers.  

Spring and neap tides were assigned to the high waters according to the lunar calendar. The period of spring tides was 

defined by the Federal Maritime and Hydrographic Agency as four days from the day of the full or new moon, and the 

period of neap tides as four days from the day of the half moon. Instead of the day of the lunar phase, the exact time for 9° E 225 

was used. The times and numbering of the new moon phases (lunations) were retrieved from online resources (e.g., 

https://www.calendar-12.com, https://timeanddate.de). Annual averages for the mean high tide, spring and neap tides were 

calculated for 12 lunar months between the lunations 1222 (6 October 2021, 12:05 CET) and 1234 (25 September 2022, 

22:54 CET), 1235 (25 October 2022 11:48 CET) and 1247 (14 October 2023 18:55 CET), and between lunation 1247 and 

1259 (2 October 2024 19:50 CET) (Supplement Tables S4, S5). Storm surges, during which the high tide level is more than 230 

1.5 m above the long-term Mean High Tide at Husum, were also taken into account. Storm surges and individual, significant 

floods were assigned to the dominating low-pressure areas (https://page.met.fu-berlin.de). The annual mean values of 

temperature and salinity were calculated over a period of 365 days and included five days before and five or six days after 

the respective lunar year. The inundation frequency in the salt marshes at Bottsand and Schobüll was defined as percent 

submergence time during one lunar year (Li et al., 2018). The submergence times were calculated for levels above the height 235 

of the P/T logger sensors by applying the histogram function of Microsoft® Excel® to all water level measurements in the 

respective lunar year (Schönfeld and Mendes, 2022) (Supplement Table S6).  

A cross correlation was applied to constrain the time lag between different data sets. They were brought to the same 

resolution before the calculation was performed. The program PAST 3.16 was used for cross correlation (Hammer et al., 

2001). 240 

2.3 Other data sources 

Water levels from Holtenau or Husum tide gauges were considered once both P/T loggers at Bottsand lagoon or off Schobüll 

failed (Fig. 1). The tide gauge data were accessible in real time every minute. They were kept available for 30 days as 

uncorrected raw values (http://www.pegelonline.wsv.de, last access: 16 August 2024). For the designation of high-water 

times and levels at Schobüll, measurements from every 20 minutes were extracted and evaluated. 245 

The hydrographical measurements at Bottsand lagoon were compared to Boknis Eck time series data of surface water 

salinity and temperature (Bange et al., 2011; Lennartz et al., 2014; Hepach et al., 2024). The Boknis Eck time series station 

is located at 54° 31’ N and 10° 2’ E, 19.7 km to the northwest of Bottsand, and 2.14 km off shore (Fig. 1). The station has 
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been operated on a monthly basis since 1957. The surface water parameters were measured at a standard depth of 0.5 or one 

m with an electrical thermometer and salinometer mounted to a CTD, at around 10:00 in the morning. The data from 1957 to 250 

2023 were published in the PANGAEA data base (doi: 10.1594/PANGAEA.855693, 10.1594/PANGAEA.973020). 

The measurements at Bottsand lagoon were also compared to previous measurements from December 1964 to May 1967 in 

course of the monthly foraminiferal sampling at Station 381 (Lutze , 1968). According to the maps drawn from aerial 

photographs, Station 381 was situated at 54° 25.402' N and 10° 17.607'E, i.e. 398 m south of our measuring point in the 

terminal ditch of the lagoon. The temperature and salinity data were digitised from Figure 19 in Lutze (1968). The 255 

methodology of hydrographic measurements was not reported.  

The measurements off Schobüll were compared to Sylt Roads time series data of surface water and salinity from 2014 to 

2024 (de Amorin et al., 2023; Rick et al., 2023). The monitoring station is located in the Lister Ley tidal channel system in 

the western part of Sylt-Rømø Bight, Wadden Sea, off the borough of List on the isle of Sylt, Germany, at 55° 1.80' N and 8° 

27.60' E. It is about 67 km north of Schobüll, and 1.6 km off the isle (Fig. 1). The station is sampled twice a week since 260 

1973. Sea surface temperatures were measured with a reversing thermometer on site. The salinity of surface water samples 

was measured with a Guildline Autosal 8400B salinometer on shore. The data up to May 2019 were published in the 

PANGAEA data base (Rick et al., 2023, there Table 5). 

Meteorological data used for comparison are daily mean air temperatures at two m height above ground, daily precipitation, 

and solar radiation recorded at Schobüll private weather station (https://www.schobuell-wetter.de/monats-jahresdaten-265 

02.php#a4232, last access: 12th March 2025). Fluvial discharge data from the river Elbe measured at Neu Darchau river 

gauge (Measuring point 5930010) were made available for the years 2014 to 2024 by Wasserstraßen- und Schifffahrtsamt 

Elbe, Magdeburg, Germany. Weekly mean values were calculated from the daily mean discharge data provided. 

3 Results 

3.1 Bottsand lagoon 270 

The 37 months data record from Bottsand was almost complete, no total failures occurred or instruments were lost. 

However, both C/T loggers were recovered from beneath the ice on the terminal ditch on 14 December 2022 as precaution 

measure to prevent damage or loss of the instruments. They were deployed again on 26 December 2022 after the ice melted. 

The temporary removal effected a gap of 1.06 % of the total salinity record. Short periods when the C/T loggers fell dry at  
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  275 
Figure 2. Daily mean salinity (a), temperature (b), and water level (c) at Bottsand lagoon. 

low water levels resulting in an additional loss of 0.08 % of the salinity record. Failure of single instruments occurred several 

times due to loose contacts of the conductivity sensor, blocking of the P/T logger air valve or pressure sensor tubing. This 

also includes the centennial high water on 20 October 2023, when the water level exceeded the height of the air valves at 

1.67 m NHN. Consequently, 12.2 % of the water level and 18.6 % of the salinity data were based on the record of a single 280 

device. Double measurements revealed a mean sensor deviation of 0.03 m for water level (n = 70861), 0.9 salinity units (n = 

64894), 0.8 K for water temperature (n = 80670), and 0.2 K for air temperature (n = 80655).  

The water level recorded at Bottsand lagoon ranged from -0.09 to 1.67 m NHN (Fig. 2), with a mean value of 0.15 ± 0.18 m 

NHN (1 sigma, n = 80673). The mean of a lunar year ranged from 0.13 m NHN in 2022/2023 to 0.19 m NHN in 2023/2024. 

The record showed a pronounced seasonality. The cold seasons from October to April were characterised by a high 285 

variability and frequent high waters culminating in January to February, and attenuating in April to May. Many high waters 

lasted less than 24 hours and hence are insufficiently displayed by the daily averages. Three to six high waters per season 

exceeded the upper limit of the semi-dry flood lawn at 1.0 m NHN. The warm season from May to September showed low 

and tidally-driven water level variations with rather constant daily means (Fig. 2). The daily mean values generally rise 

during the summer.  290 
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The salt marsh submergence times were very variable among the tree lunar years of the investigation period. They ranged 

from 74.8 to 60.4 % of observation time for the base of the lower salt marsh at 0.04 NHN, from 17.9 to 8.9 % of the time for 

the base of the upper salt marsh red fescue lawn at 0.32 m NHN, from 0.8 to 2.4 % of the time for the base of the semi-dry 

flood lawn at 0.75 m NHN, and from 0.2 to 1.1 % for the top of the flood lawn and highest halophyte occurrence at 1.0 m 

NHN.  295 

The lagoonal temperatures ranged from -0.7°C to 31.8°C, with a mean value of 12.4°C ±7.6 K (1 sigma, n = 80674). The 

annual mean ranged from 12.1°C in 2021/2022 to 12.6°C in 2023/2024. The temperature fluctuations are small and follow 

the daily mean values of the air temperature during the winter months. In spring and summer, fluctuations are higher, and the 

daily means of the water temperatures are usually higher than those of the air temperatures (Fig. 2). A consistent feature of 

the temperature records are three to eight days periods of moderate to severe air frost in late November to December every 300 

year, during which the water temperatures fell to 0.6 to -0.2°C. One or two short intervals of light air frost may occur in 

January or February as well, during which the water temperatures fell to 0.4°C on just one day, as in mid-January 2024. Ice 

on the lagoon was observed in December 2022 only. The annual mean air temperatures ranged from 11.1°C ±7.1 K (1 

sigma) in 2021/2022 to 11.2°C ±7.3 K (1 sigma) in 2022/2023. 

The salinities ranged from 5.4 to 22.3, with a mean value of 15.6 ±2.3 units (1 sigma, n = 79756). The annual mean ranged 305 

from 14.7 in 2023/2024 to 16.9 in 2022/2023. The strongest salinity fluctuations were recognised in winter, with generally 

high values in November and December, and low values in January and February. After high values in March and low values 

in April to May, the salinities increased again. The summer trend was interrupted by one to two month minima that did not 

occur at the same time every year (Fig. 2). 

3.2 Schobüll 310 

The 36.5 months data record from Schobüll was almost complete, 2126 high waters were recorded and 19 (0.9 %) were 

missed due to water levels of less than 0.67 m NHN. Failures of both P/T loggers occurred during four periods of 10 to 41 

days during winter. The fishing rods holding the air valve broke off, topped over, and the air valves were immersed in the 

mud. Differences between atmospheric and water pressure could not be measured anymore and no water levels were 

recorded. Tide gauge records from Husum were used to fill these gaps, which comprise 193 high waters (9.1 %). Failure of 315 

single instruments or sensors occurred several times due to loose contacts of the conductivity sensor, leaks in the logger 

casing, battery failures, and aging of electronic components. These failures effected that 376 of 1936 high water levels 

measured. In addition, 691 of 2091 high water salinity and temperature data were based on the record from a single device. 

The salinity and temperature of 27 high waters could not be measured because the water level was lower than 0.96 m NHN. 

Double measurements, when both devices were in operation, revealed a mean sensor deviation of 0.05 m for water level, 0.7 320 

salinity units, 0.4 K for water temperature. 
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Figure 3. High water salinity (a), temperature (b), and water level off Schobüll and at Husum (c). "Zeynep" and "Zoltan" refer to 
the two ranked storm surges during the investigation period.  

A regular pattern of spring and neap tides is clearly visible during spring and summer from March to September. Long term 325 

variations with high amplitudes during the equinoxes and low amplitudes in December and June were not recognised. The 

winter months from October to March were rather characterized by very strong, irregular fluctuations in high water levels 

(Fig. 3). Month-long phases of comparatively high water levels alternated with short intervals of very low levels. The mean 

high water level off Schobüll increased from 1.78 m NHN during the lunations 1222 to 1234, to 1.80 m NHN during the 

lunations 1235 to 1247, and to 1.86 m NHN during the lunations 1247 to 1259. The mean high water levels exceeded the 330 

ten-year average of 1.72 m NHN at Husum tide gauge (1 November 2011 to 31 October 2020) in all three lunar years. 

The salt marsh submergence times at the vegetation boundary at 1.03 m NHN increased from 33.1 % of the observation time 

during the 2021/2022 study period to 37.2 % during the 2023/2024 period. At the beginning of the lower salt marsh at 1.70 

m NHN, the flooding time increased from 10.1 % in 2021/2022 to 14.0 % in 2023/2024. At the beginning of the upper salt 

marsh at 2.20 m NHN, the submergence time increased from 2.2 % in 2022/2023 to 3.5 % in 2023/2024. The flooding time 335 

remained relatively constant at the top of the upper salt marsh at 2.50 m NHN, where it varied from 0.8 % to 1.4 % of the 

time in the three lunar years investigated. 
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During the entire study period, 19 storm surges were recorded. The two strongest events occurred during storm "Zeynep" on 

19 February 2022, with a maximum water level of 5.18 m NHN, and during the storm "Zoltan" on 22 December 2023, with a 

maximum water level of 4.15 m NHN. 340 

The salinities of the high waters off Schobüll showed a distinct seasonal pattern, with low and strongly fluctuating values in 

winter and steadily increasing but less variable values in summer (Fig. 3). After one or two maxima between July and 

September, the salinity decreased again during autumn. Smaller, multi day fluctuations are superimposed on the seasonal 

salinity cycle. These smaller fluctuations were found to match neap or spring tides in a few cases only. Particularly during 

the winter months, profound short-term minima were recorded, during which salinity drops to values as low as 6 units. 345 

Annual mean values ranged from 24.0 ± 3.5 units (1 sigma, n = 689) in 2023/2024 to 27.2 ± 3.1 units (1 sigma, n = 682) in 

2022/2023. Maximum values varied between 30.8 and 34.2. The additional measuring point below the board walk of the old 

pier at 1.83 m NHN showed that the salinities of flood waters were on average 2.5 ± 2.9 units (1 sigma, n = 801) lower at the 

surface than at depth, as recorded at the regular measuring point at 0.94 m NHN. 

The water temperatures showed profound seasonal cycles with minimum values of up to -2.6°C in December to maximum 350 

temperatures of 26.2 and 26.9°C in June to August. An exceptionally high temperature maximum of 32.5°C was recorded in 

June 2023 (Fig. 3). In autumn and winter, the water temperatures were in good agreement and often slightly lower than the 

daily mean air temperatures, although the latter showed a higher variability. Moderate to strong air frost only occurred 

during single, short periods in November to January. From March or April onwards, the high water temperatures were often 

higher than the daily mean air temperatures. The water temperatures showed marked differences between warm daytime and 355 

colder night-time floods, especially in spring and early summer (Fig. 3). From September onwards, these differences in the 

daily cycle diminish. The annual mean water temperatures were relatively constant at 10.8 to 11.4°C. The annual mean air 

temperatures showed an even lower variability at 9.9 to 10.2°C. 

3.3 Extreme events 

3.3.1 The Centennial Flood 360 

A flood with an extreme high water level occurred in the western Baltic from 18 to 21 October 2023. The flood was the 

second-ranked storm surge since 200 years (Nöthel et al., 2024), and caused damages to the local infrastructure, dikes, boats, 

and homes in the order of 200 million € (Kieler Nachrichten, 2023). The flood was recorded by the P/T loggers at the 

measuring point in the terminal ditch of Bottsand lagoon up to a level of 1.69 m NHN, which corresponds to the height of 

the air valves of the assembly (Fig. 4). The water level rise and fall was almost synchronous with the record of Holtenau tide 365 

gauge, where the highest level was 1.95 m NHN on 20 October 2023, at 21:40 CET. The water temperature in the terminal 

ditch of Bottsand lagoon followed the usual diurnal pattern before and after the flood. During the flood event, the 

temperature followed the course of the salinity. The salinity showed two sudden increases (Fig. 4). The first increase took 

place on 18 October, after 15:00 CET, when the water level rose above 0.36 m NHN. The second salinity rise was recorded 
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shortly after the peak water level on 20 October, at 22:40 CET. The first rise can be linked to the submergence of the 370 

extensive salt marshes at that level. The second rise can be related to the flooding of the beach ridges and former point bars 

in the nature reserve, which are about two m high.  

 
Figure 4. Water level (a), temperature, and salinity (b) during the Centennial Flood at Bottsand and Holtenau. The red arrows in 
(a) mark the salinity rises. 375 

3.3.2 Storm surges Zeynep and Zoltan 

The storm surge "Zeynep" occurred on 19 February 2022. A peak level of 5.10 m NHN was recorded by Husum tide gauge 

and 5.18 m NHN off Schobüll, i.e. 3.46 m above mean high water level at Husum. "Zeynep" was as high as the Great Hallig 

Flood on 3 to 5 February 1825 and thus is recognised as a significant event. A comparison of the water level data from 

Schobüll and the tide gauge record from Husum revealed that the tide raised earlier and fell almost simultaneously off 380 

Schobüll (Fig. 5). During the high waters after "Zeynep", the tide raised earlier and fell later off Schobüll than at Husum. 

The constant water level measurements off Schobüll during low tide were due to a large tidal pool that was situated before 

the western end of the groyne of our measuring point. The waters could not flow out completely due to the wind stress, and 

the level in the tidal pool was even higher by about 0.1 m after the storm surge (Fig. 5). The salinity of the storm surge water 

was in line with a longer trend of successively decreasing values. In detail, the salinities increased during each flood until a 385 

maximum around high water and decreased again when the water level fell again. The high water with a markedly low level 

before the storm surge followed an exceptionally low ebb period. This high water showed an irregular salinity pattern and a 

peak value lower by three units than the main surge (Fig. 5). The water temperatures showed a similar pattern as the salinity 

values, in particular at night time when the air temperatures were lower than the water temperatures.  

The storm surge "Zoltan" showed a double high water maximum on 21 and 22 December 2023. They reached a water level 390 

of 3.83 and 4.15 m NHN off Schobüll, which was 0.18 and 0.22 m higher than at Husum tide gauge and 2.11 and 2.43 m 
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Figure 5. Water level (a, c), temperature and salinity (b, d) during the storm surges "Zeynep" and "Zoltan" off Schobüll and at 
Husum (water level "Zeynep" after Bundesamt für Seeschiffahrt und Hydrographie, 2023). The dots mark the measurements of 
temperature and salinity at high water times. 395 

above mean high water at Husum. "Zoltan" was a less severe event in the historical context of storm surges on the North Sea 

coast. While the water level raised almost simultaneously and fell slightly later during the second, higher surge off Schobüll 

as compared to Husum, it fell much earlier during the first surge after a sudden drop in water level off Schobüll (Fig. 5). 

During the preceding and following high waters, the water level raised earlier and fell later off Schobüll with reference to 

Husum tide gauge records, similar as after "Zeynep" storm surge. The tidal pool off Schobüll impeded the backflow of ebb 400 

waters on the 23 December 2023 only, after the main storm surge. The salinity of tidal waters followed a longer trend with a 

broad maximum during the second surge of "Zoltan" (Fig. 5). The individual dynamics of rising salinity values until a 

maximum shortly after high water and a decrease afterwards was less developed than during the high waters around 

"Zeynep". The high water before the first surge of "Zoltan" showed a stronger, internal variability and reached a lower peak 

value than during the next high water. The temperature curve revealed that the surficial flood water was warmer than at 405 
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depth during this particular event, which was preceded of an exceptionally low ebb tide (Fig. 5). During all other high waters 

around "Zoltan", the surficial waters were cooler than at depth. 

3.3.3 North Sea heat waves 

Three events were recognised in summer 2023 when the temperature of tidal water reached or exceeded 25°C, namely from 

22 to 25 June, 20 to 22 August, and 6 to 8 September (Fig. 3). These high waters occurred in late afternoon between 16:00 410 

and 19:20 CET. The preceding high waters, which occurred early in the morning, were cooler by 7.8 K on average. The 

mean temperature difference between day and night high waters, or those in the morning and in the evening, was 2.6 K 

before and after the warm events. The water temperatures followed the trend of the air temperature in the salt marsh (Fig. 6).  

 
Figure 6. Temperatures and solar radiation during the North Sea heat wave off Schobüll in June 2023 (solar radiation after 415 
https://www.schobuell-wetter.de). The dots mark the water temperature measurements at high water times. 

They were same as high in the morning and much warmer in the afternoon or at night. In particular during the first event in 

late June, the water temperatures exceeded the maximum air temperatures on days with a high solar radiation, i.e., with a 

long period of sunshine (Fig. 6). No covariance with the high water level, spring or neap tide intervals was recognised. 

4 Discussion 420 

4.1 Seasonal dynamics of temperature and salinity in Bottsand lagoon 

The lagoonal temperatures showed a clear seasonal cycle. They followed the air temperatures in winter, and were higher than 

the air temperatures in spring and summer. The lagoonal temperatures are compared with the surface water record from the  
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Figure 7. Mean monthly salinity (a, b) and temperature (c, d) differences between Bottsand lagoon and Boknis Eck. Dots: mean 425 
values, error bars: range of values. 

Boknis Eck time series station northwest of Bottsand, which served as a reference for the conditions in the southwestern 

Baltic Sea (Bange et al., 2011). The seasonal temperature cycle at Bottsand lagoon during the 2021 to 2024 investigation 

period was in agreement with the seasonal variability observed at Boknis Eck (Bange et al., 2011; Lennartz et al., 2014), 

even though the Boknis Eck time series has a monthly resolution (Supplement Table S7). On the Boknis Eck sampling day, 430 

the daily mean temperatures from Bottsand lagoon were higher by 0.4 to 4.4 K than in the surface water at Boknis Eck from 

March to August. In autumn and winter, the surface temperatures were up to 5.1 K higher at Boknis Eck than at Bottsand 

lagoon (Fig. 7).  

The salinities at Bottsand showed no seasonal cycle but one- or two-months periods of higher values in November, 

December and March, and low values in January, February, April and May. Bottsand is the westernmost in a series of 435 
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lagoons on the southern Baltic coast. Their hydrology is considered to be governed by freshwater influx, precipitation and 

evaporation, and seawater incursions (Lehmann et al., 2022). In general, the salinity is lower and the water level is higher in 

the lagoons than in the adjacent Baltic Sea. This is also mirrored by the mean water level of Bottsand lagoon, which was 

0.11 m higher during the investigation period than the 10 years mean water level at Holtenau tide gauge. The salinity of 

Baltic Sea surface water is mainly driven by freshwater discharge of the major rivers shedding into the central and eastern 440 

Baltic Sea (Bergström and Carlsson, 1994; Rohde and Winsor, 2002), which usually peaks in early spring. Consequently, the 

surface water at Boknis Eck shows a pronounced salinity minimum in April to June (Lennartz et al., 2014, there Fig. 3). At 

Bottsand lagoon, a short minimum in April and May was recognised. None-the-less, the salinities were higher by 0.3 to 2.1 

units at Bottsand from April to August during the 2021 to 2024 investigation period. In winter, the salinity was higher by up 

to 5.4 units at Boknis Eck (Fig. 7). This seems to be contradictionary as Bottsand lagoon was flushed more often by high 445 

waters during the cold season. The salinity record from the Centennial Flood depicted in detail how the high water 

replenished the salinity of the lagoon by the inundation of barriers, and that the effect of this flush was of limited duration. 

The salinity maximum was counterbalanced by rainfall or groundwater seepage within days. Earlier investigations revealed 

that short term, tidally driven water level fluctuations and evaporation at high temperatures were crucial for the salinity of 

Bottsand lagoon, while the diluting effect of ground water seepage was also recognised (Lutze, 1968; Schönfeld, 2018).  450 

Situation was different in the mid 1960s (Lutze, 1968, there Fig. 19). The mean temperatures at Bottsand lagoon were lower 

by 0.4 K and salinities were lower by 0.6 units during two annual cycles from December 1964 to January 1967 than during 

the three annual cycles from early October 2021 to late September 2024 that were investigated in the present study (Fig. 7). 

At Boknis Eck, the surface water temperatures were on average 1.2 K lower in the mid 1960s than in the early 2020s, while 

the salinity was lower by 0.1 unit. These differences are in agreement with earlier estimates of 0.2 K warming per decade, 455 

while the Baltic Sea surface water salinity did not change during the 20th century (Lennartz et al., 2014). In the mid 1960s, 

the temperatures in Bottsand lagoon were consistently higher than at Boknis Eck by 1.5 to 11.5 K from May to September, 

hence the warm season was delayed by one month as compared to the early 2020s. The salinities were mostly higher at 

Boknis Eck than at Bottsand lagoon in the mid 1960s, with an outlier in November. Only in June and July, the salinities at 

Boknis Eck and Bottsand lagoon were similar. The differences of Boknis Eck and Bottsand temperature and salinity showed 460 

much more scatter in the 1960s than in the 2020s, which allowed only limited conclusions. The scatter may be due to the fact 

that the temperatures from Bottsand were single, hand held measurements or water samples, and that they were not taken on 

the same day as at Boknis Eck (Supplement Table S8). The average time difference of sampling at both locations was six 

days. On the other hand, the geographical setting and lagoonal bottom morphology was different before Marina Wendtorf 

and the adjacent resort was built in 1972 (Gemeinde Wendtorf, 1990). The access to the lagoon from the Baltic Sea was 465 

much wider before the construction, and a shoal separating the inner lagoon from the marina and port entrance was not 

present in 1966 (Lutze, 1968, there Fig. 1; Schönfeld, 2018). In particular the shoal is deemed pivotal for the salt enrichment 

in the inner lagoon during the warm season, which is effective today. 
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4.2 Temperature and salinity dynamics in Husum Bight 

The water temperatures recorded in Husum Bight off Schobüll showed a seasonal cycle and followed the air temperature 470 

record. The water temperatures were often lower than the air temperatures in winter and higher in spring and summer. The 

high waters were warmer during the day than at night-time in spring and early summer.  

The high water temperatures off Schobüll during the 2021 to 2024 investigation period were supplemented by earlier 

measurements since 2014. The record displayed the same pattern of seasonal cycles as in Lister Ley off Sylt (Rick et al., 

2023). Individual, short term fluctuations showed a higher amplitude off Schobüll than off Sylt (Fig. 8). They may be 475 

attributed to the differences between day and night time high water temperatures, at least in spring and summer. The 2023 

heat waves were not recorded in Lister Ley, neither a similar event of 25.4°C on 8th September 2016. This may be due to the 

 

 
Figure 8. High water temperatures off Schobüll and surface water temperatures at Lister Ley monitoring station during the years 480 
2014 through 2024. 

fact that the exceptionally high flood temperatures were recoded off Schobüll in late afternoon while the measurements in 

Lister Ley surface waters were taken in the morning. The air temperatures above the salt marsh off Schobüll showed no 

response to the submergence with flood waters. Instead, the water temperature rather followed the trend of the air 

temperature, in particular in the morning and in the afternoon (Fig. 6). It is therefore conceivable that the heat waves were 485 

mainly effected by air temperature and amplified by solar radiation. Conductive heating by the warm surface of the dark-

coloured tidal flats could also have contributed to the flood water temperatures in the afternoon. However, sediment 

temperatures were not taken to further constrain their influence. 

An increase in temperatures over the years, which has been indicated as a trend toward higher winter temperatures in Lister 

Ley since 2017 (de Amorim et al., 2023), was not recognised off Schobüll. Instead, we recorded an increase in 490 
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Figure 9. Weekly average Elbe river discharge at Neu Darchau gauge (a; by courtesy of Wasserstraßen- und Schifffahrtsamt Elbe, 
Magdeburg, Germany), high water salinities off Schobüll, and surface water salinities recorded at Lister Ley monitoring station 
(b) during the years 2014 through 2024. 495 

annual mean temperatures by 0.6 K from the 2021/2022 to the 2022/2023 investigation period. This increase is in good 

agreement with the 0.4°C rise in the mean surface temperature of the North Atlantic from 2022 to 2023 (Kuhlbrodt et al., 

2024, there Figure 1). The covariance could be accidental, because an increase in the mean surface water temperature from 

the same 2021/2022 to the 2022/2023 investigation period was not recognised in Lister Ley. The mean water temperatures 

decreased by 0.1 and 0.2 K in the 2023/2024 period off Schobüll and in Lister Ley. The mean air temperatures at the private 500 

weather station Schobüll were 9.9°C, 10.1°C, and 10.2°C during the same periods, a variability, which neither fits to the 

water temperatures off Schobüll nor in Lister Ley.  

The salinities off Schobüll exhibited a profound seasonality during the 2021 to 2024 investigation period. High salinities 

prevailed in summer and low values in winter. The same seasonality was observed in Lister Ley, where the salinities were on 

average 2.7 units higher than off Schobüll (Fig. 9). They were also higher by 0.6 to 3.9 units in Lister Ley than off Schobüll 505 

in autumn 2014, 2017, and 2018. The seasonlity of salinity variations in Lister Ley from 2014 to 2024 is mirrored by the 

Elbe river runoff, which is deemed to control the salinity in the south-eastern German Bight (Fig. 9). Discharge maxima 

occurred during the months December to April (Klein and Frohse, 2008), while the strongest peak in the last 140 years 

happened in June 2013 (Merz et al., 2014; Voynova et al., 2017). The fluvial runoff effected that the waters were haline 

stratified throughout the year off the Weser and Elbe estuaries, whereas the waters were vertically mixed in the Wadden Sea 510 

throughout the year (Frey and Becker, 1987). Even there, a pervasive gradient of landward decreasing salinities was 

recognised (Janssen et al., 1999), which was mirrored in the offset between Husum Bight and Sylt Roads tidal waters. A 

cross correlation between weekly average salinities in Lister Ley and off Schobüll for the 2021 to 2024 investigation period 

showed the highest correlation coefficient of r = 0.843 (p = 4.5 x 10-43) at a lag of three, i.e. it takes more than 20 days until a 
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water body of lower salinity is transported from the Heverstrom tidal channel system northwards to Lister Ley. Similarly, a 515 

cross correlation between the weekly averaged Neu Darchau gauge Elbe discharge record and the salinities off Schobüll 

showed the most significant correlation of r = -0.592 (p = 1.3 x 10-15) at a lag of seven, which suggested that it takes more 

than 45 days for an Elbe river freshwater pulse to reach Husum Bight and Schobüll. This time lag compares well to the 

spreading of the Elbe peak discharge in June 2013, which was recognisable after 14 days off Büsum, and covered the entire 

south-eastern German Bight up to the isle of Helgoland 28 days after the discharge event (Voynova et al., 2017).  520 

Short-term variations and the amplitude of seasonal fluctuations were higher off Schobüll than in Lister Ley (Fig. 9). While 

salinity levels remained constant there over the last 10 years, they have decreased by an average of 2.9 units off Schobüll. 

This decrease in salinity is unlikely to be due to increasing freshwater input from the rivers, because their discharge actually 

decreased during the same period (Philippart et al., 2024). It neither mirrors an annually increasing precipitation, which 

showed no consistent trend at the private weather Station Schobüll during the last decade. It is yet unclear to which extend 525 

groundwater seepage results in regionally varying salinities. At the edge of the moraine hill Schobüll Geest, the influence of 

groundwater seepage on the flora of the salt marsh has been documented (Stock, 2013). This water drained along the ditches 

at low tide and spread across the mudflats in front of the vegetation boundary at low tide, where a salinity of 6 to 9 has been 

measured by the author on unnumbered visits at Schobüll. Another evidence for a local, low-salinity lens on top of tidal 

waters was provided by continuously rising and falling salinity levels at the onset and termination of high tides. Furthermore, 530 

exceptionally low salinities were recorded after profound low tides before storm surges (Fig. 5), during which the stronger 

hydraulic gradient between drainage ditches and sluices and the receiving waters in tidal channels effected a higher 

freshwater runoff. 

Evidence for another influencing factor was provided by a comparison of the daily mean salinities with the daily 

precipitation measured at the private weather station in Schobüll. Most short-term salinity minima coincided with periods of 535 

high precipitation lasting several days (Fig. 10). A cross-correlation of salinities and precipitation yielded the highest 

correlation coefficient of r = -0.185 and the highest significance level (p = 6.8 x 10-10) at an offset of six. This means, the 

salinity decreased substantially about one week after persistent high precipitation or heavy rain events at Schobüll. This time 

lag is in good agreement with data from the Netherland's Wadden Sea, where a time lag of 5.5 days has been observed 

between discharge flow rate from the outlet sluices of Kornwerd and Den Oever and the salinity in the Marsdiep 540 

(Zimmermann, 1976; van Aken, 2008). As in the Netherland's Wadden Sea, the high water salinity off Schobüll increased 

again a few days after the precipitation stopped, presumably due to mixing processes in the tidal current.  
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Figure 10. High water salinity off Schobüll and daily precipitation recorded at the private weather station Schobüll (after 
https://www.schobuell-wetter.de). 545 

4.3 Boundary levels of salt marsh vegetation zones 

The ecology of salt marshes was often related to flooding frequencies, i.e., number of submergence events per observation 

time (e.g. Nolte et al., 2013; Lange et al., 2019; Reents et al., 2021). Inundation frequencies, i.e. cumulative submergence 

time per period of observation, were rarely reported in the literature, even though they provided a more comprehensive 

picture (Silvestri et al., 2005; Li et al., 2018; Schönfeld and Mendes, 2022). The inundation frequencies were very variable at 550 

both, Bottsand and Schobüll during the 2021 to 2024 investigation period (Supplement Table S6). They ranged from 60.6 to 

76.1 % of the one lunar year observation time at the base of the lower salt marsh vegetation zone with Puccinellia maritima 

at Bottsand, and 10.1 to 14.0 % at Schobüll. The base of the upper salt marsh vegetation zone with Festuca rubra was 

submerged during 8.5 to 17.9 % of the time at Bottsand and during 2.7 % to 3.5 % of the time at Schobüll. Even though the 

same halophyte species are concerned, the cumulative submergence times were longer at Bottsand than at Schobüll. The 555 

general difference of water level variability between both study areas was a microtidal regime and an irregularly submerged 

salt marsh at Bottsand, while the regime was mesotidal and the salt marsh was regularly flooded twice a day at Schobüll. As 

the average salinity was higher at Schobüll (25.9 units) than at Bottsand (15.9 units), the differences of inundation 

frequencies suggest that a certain salinity of pore waters has to be maintained in the soils, on a long term and against the 

counteracting dilution by precipitation (Costa et al., 2003), to sustain the lower and upper salt marsh floral associations. It 560 

has to be emphasised that halophytes are adapted to but do not require a certain soil salinity for growth or reproduction. 

Under non-saline conditions, the salt marsh species are not competitive. Their adaptive mechanisms give them an advantage 

to sustain against other plants at higher soil salinities. On the other hand, high salinities and long submergence times may 

impede the seed germination of halophytes (Phleger, 1971; Baldwin et al., 1996; Elsey-Quirk et al., 2009).  

The lower boundary of the pioneer vegetation zone was submerged during 33.1 to 37.2 % of the time at Schobüll. These 565 

figures are in agreement with the outward limit of Spartina alterniflora along the Jiangsu coast in China, which was flooded 
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during 32 to 40 % of the observation time (Li et al., 2018). Higher inundation frequencies of the vegetation boundary were 

reported from North Inlet, South Carolina, USA (43 %) or from the Virginia Coast Reserve, USA (51 %; Li et al., 2018). 

The base of the pioneer vegetation zone was found to occur successively lower in the tidal frame at higher tidal amplitudes 

(Balke et al., 2016), which suggests a longer submergence period during each tidal cycle. However, the tidal ranges are 1.4 570 

and 0.8 m at North Inlet and in the Virginia Coast Reserve, and thus much lower than in China (3.0 to 4.5 m) or at Husum 

tide gauge close to Schobüll (3.51 m). These figures corroborate the results from Patos Lagoon, Brazil (Costa et al., 2003), 

that a longer submergence time is necessary at low water level variations to sustain the salt marsh pioneer vegetation. In a 

global scope and despite the settings in Patos Lagoon, submergences times in the pioneer vegetation zone were seldomly 

higher than 50 %. It has been invoked that the vegetation boundary rather matches the Mean Neap Tide level (Adam, 2002). 575 

This level offers a reasonable chance of a couple of days without submergence during which seedlings of Spartina spp. can 

dry, germinate, and anchor in the substrate (Balke et al., 2014). Off Schobüll, the Mean Neap Tidal level varied from 1.53 to 

1.66 m NHN, which is much higher than vegetation boundary at 1.03 m NHN. These data have to be taken with caution, 

however, because not all neap tides were recorded during the 2021 to 2024 investigation period of the present study. Another 

proliferation mechanism of Spartina spp. is clonal integration, which even enhances the flood tolerance of daughter ramets 580 

(Xiao et al., 2010). 

4.4 A biotic response to extreme events 

Crassostra gigas (Magallana gigas of authors) was cultured off List, Sylt, since 1986, spread in 1991, and was recognised as 

invasive species in the Wadden Sea thereafter (Nehls et al., 2006). The first specimens were recorded off Schobüll in 

November 2011 (own observations). Empty shells and single, living specimens were occasionally found under the old pier 585 

and before the seaward groynes since 2019. A mass occurrence of minute Crassostrea gigas shells was observed in spring 

2024 in the sandy mud before the vegetation boundary off Schobüll. The low number of growth stripes and a shell size of 

less than half a cm inferred that these oysters have grown for some months only. A temperature of 23 to 25°C has been 

considered as optimal for larval development and recruitment of this species (Quayle, 1988; Kobayashi et al., 1997). As 

such, it is conceivable that a successful proliferation event has been taken place during the heat waves in summer 2024, 590 

similarly as in the early 2000s off Sylt (Diederich et al., 2005). The reason why they all died off is probably rooted in their 

salinity requirements: oyster embryos can not tolerate salinities of less than 18 units (Wiltshire, 2007). Such low salinities 

were recorded off Schobüll in November 2023 and, more importantly, between 16 and 23 February 2024, after the peak Elbe 

river discharge event in early January 2024 (Fig. 3). 

5 Conclusions 595 

This paper presents the first continuous time series of water level, temperature, and salinity from Bottsand lagoon at the 

Baltic Sea coast, and from the mudflats off Schobüll at the North Sea coast of Schleswig-Holstein, covering three annual 
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cycles from September 2021 to October 2024. The data characterised the properties and inundation frequencies of tidal 

waters submerging the salt marshes at high temporal resolution. A short term variability and extreme events were captured, 

which were not recorded by the off-shore time series stations  Boknis Eck in the southwestern Baltic Sea and Sylt Roads in 600 

the North Sea. The initial hypothesis is therefore rejected. 

The deployment of hydrographic instruments in intertidal environments in an appropriate, environmentally friendly manner 

imposed technological challenges and compromises, which were also reflected in data coverage and measurement accuracy. 

The mean difference of on-site manually measured and data logger recorded values was 0.03 m for water depth, 0.3 K for 

temperature, and 0.5 salinity units, an accuracy which is deemed acceptable with reference to the profound environmental 605 

dynamics observed.  

At Bottsand lagoon, the temperatures followed the air temperatures in winter, and were higher than the air temperatures in 

spring and summer. The salinities did not follow a seasonal cycle. Instead, they showed one or two months periods of 

consistently higher or lower than average values in winter and spring. The lagoon showed an individual dynamics in 

comparison to Boknis Eck, where the temperatures and salinities were lower in summer and higher in winter. The seasonal 610 

salinity differences were less developed in the mid 1960s, when the connectivity of the lagoon with the Baltic Sea was less 

constricted and a sandy shoal separating the inner part of the lagoon from the Marina Wendtorf port entrance was not 

present. The key function of this shoal for the salt enrichment in the inner lagoon during the warm season was corroborated 

by the present study. In particular, the salinity record of the Centennial Flood in October 2023 depicted discrete salinity rises 

when certain barriers were flooded. 615 

In Husum Bight off Schobüll, water temperatures were often lower than the air temperatures in winter and higher in spring 

and summer. The high waters were warmer during the day than at night-time in spring and early summer only. Observations 

made during the major North Sea heat wave in June 2023 revealed in detail how the water temperature followed the air 

temperature and how it was further amplified by solar radiation. Supplementary, conductive heating by the warm, dark-

coloured tidal flats must not be excluded. The salinities off Schobüll were higher in summer and lower in winter. The 620 

seasonal cyclicity was related to the Elbe river runoff, which largely influences the salinity in the south-eastern German 

Bight. Discharge maxima occurred during the months December to April. The same seasonal cycle was recorded in the Sylt 

Roads time series. Cross-correlations of the records revealed that it takes seven weeks for an Elbe river freshwater pulse to 

reach Schobüll in Husum Bight, and three weeks more to proceed to the Lister Ley tidal channel system off Sylt. The 

salinities were on average 2.7 units lower off Schobüll than off Sylt. This offset mirrors a pervasive gradient of landward 625 

decreasing salinities in the Wadden Sea. The detailed records obtained during the storm surges "Zeynep" and "Zoltan" in 

February 2022 and December 2023 and other observations provided compelling evidences for the presence of a local, low-

salinity lens on top of tidal waters, which is not sufficiently constrained to date. It may be fed by groundwater seepage or by 

freshwater runoff through drainage ditches and sluices in a wider area. A cross correlation with the precipitation record from 

Schobüll weather station revealed that the salinity decreased substantially about one week after persistent high precipitation 630 

or heavy rain events. This time lag is in good agreement with data from the Netherland's Wadden Sea. 
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The salt marsh inundation frequencies, i.e. cumulative submergence time per period of observation, were very variable in 

both locations among the three years. At the lower boundaries of the lower and upper salt marsh vegetation zones, the 

inundation frequencies were consistently higher at Bottsand than at Schobüll, even though the same halophyte assemblages 

were present in both areas. As the average salinity was 10 units higher at Schobüll than at Bottsand, the differences of 635 

inundation frequencies suggest that a certain salinity has to be maintained in the soils to sustain the lower and upper salt 

marsh floral associations. The high inter-annual variability of submergence times seems to be tolerated by the perennial 

plants. A longer monitoring and detailed investigations of sedimentary pore waters are necessary to further constrain this 

conclusion.  

A mass occurrence of small Pacific oyster shells before the vegetation boundary off Schobüll was observed in spring 2024. 640 

With reference to literature data, it could be related to an oyster spatfall triggered by water temperatures of more than 23°C 

during the North Sea heat waves observed off Schobüll in summer 2023. The reason why they all died off after half a year is 

probably related to a short period of salinities lower than 18 units in late February 2024, after the Elbe river peak discharge 

event in early January. These unfortunate circumstances in course of environmental extremes demonstrated how vulnerable 

the Wadden Sea biota are, and that it is a matter of resilience of both, fauna and flora, to sustain at times of Global Change.   645 

Data availability 

All raw data are made available through the open-access data repository PANGAEA. This also includes data retrieved from 

online resources. Derivated data are provided in the Supplement. 

Supplement 

The supplement related to this article will be made available online. 650 

Author contributions 

JS conceptualised the study, performed the data collection and conducted the fieldwork. HWB, HH and SR contributed 

further data sets to the study. JS conducted the data analysis and wrote the original draft. All authors were involved in the 

interpretation of the results and the writing of the manuscript. 

Competing interests 655 

Hermann W. Bange is a member of the editorial board of Biogeosciences. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



26 
 

Acknowledgements 

Christian Wiedemann (Landesbetrieb für Küstenschutz, Nationalpark und Meeresschutz Schleswig-Holstein, 

Nationalparkverwaltung Tönning), Marieke Ruge (Amt für Umwelt, untere Naturschutzbehörde des Kreises Plön), and 

Carsten Harrje (NABU Schleswig-Holstein, Fachreferent für das NSG Bottsand) permitted access to the conservation areas. 660 

Anke Dettner-Schönfeld helped during fieldwork and did the levelling. Daniela Supper-Nilges (Bundesanstalt für 

Gewässerkunde, Koblenz) and Mark Raschewski (Wasserstraßen- und Schifffahrtsamt Elbe, Magdeburg) provided tide 

gauge data from Husum and Elbe river discharge data from Neu Darchau gauge, which were not accessible online. Sonja van 

Leeuwen (NIOZ, Texel, The Netherlands) gave advice on riverine influx in the North Sea, which is gratefully 

acknowledged. The Boknis Eck Time-Series Station is run by the Chemical Oceanography Research Unit of GEOMAR. 665 

Helmke Hepach was supported by the BMBF-funded project “CREATE” (project number: 03F0910A; research mission 

“sustainMare” of the Deutsche Allianz Meeresforschung). We thank Hans-Peter Hansen, Frank Malien and Kastriot Qelaj 

for providing CTD data from Boknis Eck. We thank the captains and the crews of the FK Littorina and FB Polarfuchs. 

References 

Adam, P.: Saltmarsh Ecology, Cambridge University Press, Cambridge, United Kingdom, 461 pp., https://doi.org/10.1017/ 670 

CBO9780511565328, 1990. 

Adam, P.: Saltmarshes in a time of change, Environmental Conservation, 29, 39–61, https://doi.org/10.1017/ 

S0376892902000048, 2002. 

Anders, I., Stagl, J., Auer, I., and Pavlik, D., Climate Change in Central and Eastern Europe, in: Managing protected areas in 

Central and Eastern Europe under Climate Change, edited by Rannow, S., and Neubert, M., Advances in Global 675 

Change Research, 58, 17–30, https://doi.org/10.1007/978-94-007-7960-0_2, 2014. 

Baerens, C., Baudler, H., Beckmann, B.R., Birr, H.D., Dick, S., Hofstede, J., Kleine, E., Lampe, R., Lemke, W., Meinke, I., 

Meyer, M., Müller, R., Müller-Navarra, S.H., Schmager, G., Schwarzer, K., and Zenz, T.: Die Wasserstände an der 

Ostseeküste. Entwicklung – Stumfluten – Klimawandel [Water levels at the Baltic Sea coast. Trends – storm surges – 

climate change], Die Küste, 66, 1–331, ISBN 3-8042-1057-0, 2003. 680 

Baldwin, A.H., McKee, K.L., and Mendelssohn, I.A.: The influence of vegetation, salinity, and inundation on seed banks of 

oligohaline coastal marshes, American Journal of Botany, 83, 470–479, https://doi.org/10.2307/2446216., 1996. 

Balke, T., Bouma, T., Horstman, E., Webb, E., Erftemeijer, P., and Herman P.: Windows of opportunity: Thresholds to 

mangrove seedling establishment on tidal flats, Marine Ecology Progress Series, 440, 1–9., https://doi.org/10.3354/ 

meps09364., 2011. 685 

Balke, T., Herman, P.M.J., and Bouma, T.J.: Critical transitions in disturbance-driven ecosystems: Identifying windows of 

opportunity for recovery, Journal of Ecology, 102, 700–708, https://doi.org/10.1111/1365-2745.12241, 2014. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



27 
 

Balke, T., Stock, M., Jensen, K., Bouma, T.J., and Kleyer, M.: A global analysis of the seaward salt marsh extent: the 

importance of tidal range, Water Resources Research, 52, 3775–3786, https://doi.org/10.1002/2015WR018318, 2016. 

Bange, H. W., Hansen, H.-P., Malien, F., Lass, K., Dale, A., Karstensen, J., Petereit, C., and Friedrichs, G.: Boknis Eck 690 

Time Series Station (SW Baltic Sea): Measurements from 1957 to 2010, LOICZ-Affiliated Activities, Inprint 2011/1, 

16–22, 2011. 

Bergström, S., and Carlsson, B.: River runoff to the Baltic Sea: 1950-1990, Ambio, 23, 280–287, 1994. 

Bockelmann, A.-C., Bakker, J.P., Neuhaus, R., and Lage, J.: The relation between vegetation zonation, elevation and 

inundation frequency in a Wadden Sea salt marsh, Aquatic Botany, 73, 211–221, https://doi.org/10.1016/S0304-695 

3770(02)00022-0, 2002. 

Bundesamt für Seeschiffahrt und Hydrographie: Nordsee-Sturmflutwoche vom 17.02.2022 bis 22.02.2022. 9 pp, 

https://www.bsh.de/DE/THEMEN/Wasserstand_und_Gezeiten/Sturmfluten/_Anlagen/Downloads/Nordsee_Sturmflut 

_20220217.pdf, Date of last acces: 22-April-2025, 2023. 

Bundesanstalt für Gewässerkunde: DGJ Wasserstände Eider, W Tiede, Pegel Husum 9530020, 2013-2022. https://dgj-700 

daten.bafg.de/Nordsee/Husum/9530020_W.pdf. Date of last access: 26-April-2024, 2024. 

Carrasco, A.R., Kombiadou, K., Amado, M. and Matias, A.: Past and future marsh adaptation: lessons learned from the Ria 

Formosa lagoon. Science of the Total Environment 790, 148082, 15 pp, https://doi.org/10.1016/j.scitotenv. 

2021.148082, 2021. 

Christensen, E.: Flora und Vegetation des NSG „Bottsand“, Monographie zur Flora (und Avifauna) ausgewählter Gebiete 705 

des Kreises Plön, 17, 24 pp., 2021. 

Costa, C.S.B., Marangoni, J.C., and Azevedo, A.M.G.: Plant zonation in irregularly flooded salt marshes: relative 

importance of stress tolerance and biological interactions, Journal of Ecology, 91, 951–965, https://doi.org/10.1046/ 

j.1365-2745.2003.00821.x, 2003. 

Dangendorf, S., Mudersbach, C., Wahl, T., and Jensen, J.: Characteristics of intra-, inter-annual and decadal sea-level 710 

variability and the role of meteorological forcing: the long record of Cuxhaven, Ocean Dynamics, 63, 209–224, 

https://doi.org/10.1007/s10236-013-0614-4, 2013. 

de Amorim, F.D.L.L., Wiltshire, K.H.,  Lemke, P., Carstens, K., Peters, S., Rick, J., Gimenez, L., and Scharfe. M.: 

Investigation of marine temperature changes across temporal and spatial Gradients: Providing a fundament for studies 

on the effects of warming on marine ecosystem function and biodiversity, Progress in Oceanography, 216, 103080, 21 715 

pp., https://doi.org/10.1016/j.pocean.2023.103080, 2023. 

Diederich, S., Nehls, G., Van Beusekom, J.E., and Reise, K.: Introduced Pacific oysters (Crassostrea gigas) in the northern 

Wadden Sea: invasion accelerated by warm summers? Helgoland Marine Research, 59, 97–106, https://doi.org/ 

10.1007/s10152-004-0195-1, 2005. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



28 
 

Dowling, T.M., Travis, S.E., Morgan, P.A., and Zogg, G.P.: Can the marsh migrate? Factors influencing the growth of 720 

Spartina patens under upland conditions, Wetlands Ecology and Management, 31, 887–897, https://doi.org/10.1007/ 

s11273-023-09958-9, 2023. 

Elsey-Quirk, T., Middleton, B.A., and Proffitt, C.E.: Seed flotation and germination of salt marsh plants: the effects of 

stratification, salinity, and/or inundation regime, Aquatic Botany, 91, 40–46, https://doi.org/10.1016/j.aquabot.2009. 

02.001, 2009. 725 

Frey, H., and Becker, G.: Long term variation of the hydrographic stratification in the German Bight, ICES Council Meeting 

1987, ICES, Copenhagen, 22 pp., 1987. 

Gemeinde Wendtorf: Chronik der Gemeinde Wendtorf. Wendtorf, Kreis Plön, 346 pp., https://www.wendtorf.com/wendtorf/ 

wendorfer_anzeigen/1990_Wendtorfer_Chonik.pdf, last access: 24 May 2025, 1990. 

German Patent and Trademark Office: Gebrauchsmusterschrift 20 2020 100 677.0, Halter für Unterwassersensorik, 730 

https://register.dpma.de/DPMAregister/pat/PatSchrifteneinsicht? docId=DE202020100677U1&page=1&lang=de, last 

access: 23-March-2025, 2020. 

Grabert, B.: Zur Eignung von Foraminiferen als Indikatoren für Sandwanderung, Deutsche Hydrographische Zeitschrift, 24, 

1–14, https://doi.org/10.1007/BF02226169, 1971. 

Halls, A.J. (Ed.): Wetlands, Biodiversity and the Ramsar Convention: The role of the convention on wetlands in the 735 

conservation and wise use of biodiversity, Ramsar Convention Bureau, Gland, Switzerland, 168 pp., ISBN 2-940073-

22-8, 1997. 

Hammann, S., and Zimmer, M.: Wind-driven dynamics of beach-cast wrack in a tide-free system, Open Journal of Marine 

Science, 4, 68–79, http://dx.doi.org/10.4236/ojms.2014.42009, 2014. 

Hammer, Ø., Harper, D. A. T., and Ryan, P. D.: PAST: Paleontological Statistics Software Package for Education and Data 740 

Analysis, Palaeontologica Electronica, 4, 1–9, https://palaeo-electronica.org/2001_1/past/past.pdf, last access: 28 May 

2025, 2001. 

Hayes, M.O.: Barrier island morphology as a function of tidal and wave regime, in: Barrier Islands from the Gulf of St. 

Lawrence to the Gulf of Mexico, edited by Leatherman, S.P., Academic Press, New York, 1–29, 1979. 

Hepach, H., Piontek, J., Bange, H.W., Barthelmeß, T., Jackowski, A. von, and Engel, A.: Enhanced warming and bacterial 745 

biomass production as key factors for coastal hypoxia in the southwestern Baltic Sea, Scientific Reports, 14, 29442, 14 

pp., https://doi.org/10.1038/s41598-024-80451-w, 2024. 

Janssen, F., Schrumm, C., and Backhaus, J.O., A climatological data set of temperature and salinity for the Baltic Sea and 

the North Sea, Deutsche Hydrographische Zeitschrift, 51 (Suppl. 9), 5, 245 pp., https://doi.org/10.1007/BF02933676, 

1999. 750 

Jensen, J.: Änderungen der mittleren Tidewasserstände an der Nordseeküste, Mitteilungen Leichtweiß-Institut der TU 

Braunschweig, 83, 441–550, 1984. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



29 
 

Jensen, J., Mügge, H.-E. , Schönfeld, W., and Visscher G.: Abschlussbericht zum KFKI - Forschungsprojekt: "Wasser-

standsentwicklung in der Deutschen Bucht“ -Anlagenband-, Hamburg, 138 pp., https://izw.baw.de/ publikationen/kfki-

projekte-berichte/0/027_2_2_e29537-1.pdf, last access: 6 March 2025, 1991. 755 

Kieler Nachrichten: Ostsee-Sturmflut in SH: Wiederaufbaufonds über 200 Millionen geplant, https://www.kn-

online.de/schleswig-holstein/ostsee-sturmflut-sh-plant-wiederaufbaufonds-mit-200-millionen-euro-

Y5RNDYEPZNDPFM5ICCQMSSZ5AI.html, last access: 1 June 2025, 1 November 2023. 

Kim, S., Yu, C., Ruesink, J. and Hong, J.-S.: Vertical distribution of the salt marsh invader Spartina alterniflora and native 

halophytes on the west coast of Korea in relation to tidal regimes, Aquatic Invasions, 18, 331–349, https://doi. 760 

org/10.3391/ai.2023.18.3.104556, 2023. 

Klein, H., and Frohse, A.: Oceanographic Processes in the German Bight, Die Küste, 74, 60–76, https://hdl.handle.net/ 

20.500.11970/101594, last access: 3 March 2025, 2008. 

Knief, W.: Wiesenvogelmonitoring in Schleswig-Holstein: Ergebnisse einer einjährigen Brutvogelkartierung im NSG 

Barsbeker See und Umgebung/Probsteier Salzwiesen, Corax, 22, 293–301, https://www.zobodat.at/pdf/Corax_22 765 

_0293-0301.pdf, last access: 20 November 2017, 2013. 

Kobayashi, M., Hofmann, E.E., Powell, E.N., Klinck, J.M., and Kusaka, K.: A population dynamics model for the Japanese 

oyster, Crassostrea gigas, Aquaculture, 149, 285–321, https://doi.org/10.1016/S0044-8486(96)01456-1, 1997. 

Kolumbe, E.: Spartina townsendii – Anpflanzungen im schleswig-holsteinischen Wattenmeer, Wissenschaftliche 

Meeresuntersuchungen, 21, 67–73, 1931. 770 

Kuhlbrodt, T., Swaminathan, R., Ceppi, P., and Wilder, T.:A glimpse into the future. The 2023 ocean temperature and sea 

ice extremes in the context of longer-term climate change, Bulletin of the American Meteorological Society, 105, 

E474–E485, https://doi.org/10.1175/BAMS-D-23-0209.1, 2024. 

Lange, G.,  Bininda-Emonds, O.R.P., Hillebrand, H., Meier, D., Moorthi, S.D., Schmitt, J.A., Zielinski, O., and Kröncke, I.: 

Elevation gradient affects the development of macrozoobenthic communities in the Wadden Sea: A field experiment 775 

with artificial islands, Journal of Experimental Marine Biology and Ecology, 523, 151268, 13 pp., https://doi.org/ 

10.1016/j.jembe.2019.151268, 2019. 

Lehmann, A., Myrberg, K., Post, P., Chubarenko, I., Dailidiene, I., Hinrichsen, H.-H., Hüssy, K., Liblik, T., Meier, M., Lips, 

U., and Bukanova, T.: Salinity dynamics of the Baltic Sea, Earth System Dynamics, 13, 373–392, 

https://doi.org/10.5194/esd-13-373-2022, 2022. 780 

Lehmann, G.: Vorkommen, Populationsentwicklung, Ursache fleckenhafter Besiedlung und Fortpflanzungsbiologie von 

Foraminiferen in Salzwiesen und Flachwasser der Nord- und Ostseeküste Schleswig-Holsteins, Dissertation, Christian-

Albrechts-Universität Kiel, Germany, 218 pp., https://nbn-resolving.org/urn:nbn:de:gbv:8-diss-4139, last access: 24 

May 2025, 2000. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



30 
 

Lennartz, S.T., Lehmann, A., Herrford, J., Malien, F., Hansen, H.-P., Biester, H., and Bange, H.W.: Long-term trends at the 785 

Boknis Eck time series station (Baltic Sea), 1957–2013: does climate change counteract the decline in eutrophication? 

Biogeosciences, 11, 6323–6339, https://doi.org/10.5194/bg-11-6323-2014, 2014. 

Li, R., Yu, Q., Wang, Y., Wang, Z., Gao, S. and Flemming, B.: The relationship between inundation duration and Spartina 

alterniflora growth along the Jiangsu coast, China, Estuarine, Coastal and Shelf Science, 213, 305–313, 

https://doi.org/10.1016/j.ecss.2018.08.027, 2018. 790 

Lindner, G.: Über die Vegetationsverhältnisse des Schobüller Strandes. Diplomarbeit, Christian-Albrechts-Universität Kiel, 

Germany, 101 pp., 1952. 

Lorenzen, J.M.: Gedanken zur Generalplanung im nordfriesischen Wattenmeer, Die Küste 5, 9–48, 1956. 

Lübbers, J., and Schönfeld, J.: Recent saltmarsh foraminiferal assemblages from Iceland, Estuarine, Coastal and Shelf 

Science, 200, 380–394, https://doi.org/10.1016/j.ecss.2017.11.019, 2018. 795 

Lutze, G.F.:Jahresgang des Foraminiferen-Fauna in der Bottsand Lagune (westliche Ostsee), Meyniana, 18, 13–30, 1968. 

Mendes, I., Lübbers, J., Schönfeld, J., Baldermann, A., Carrasco, A. R., Cravo, A., Gomes, A., Grasse, P., and Stamm, F.M.: 

Novel field experiment on alkalinity enhancement in intertidal environments—a trailblazer for natural climate 

solutions, Journal of Geophysical Research: Biogeosciences, 130, e2024JG008591, 13 pp., https://doi.org/10.1029/ 

2024JG008591, 2025. 800 

Merz, B., Elmer, F., Kunz, M., Mühr, B., Schröter, K., and Uhlemann-Elmer, S.: The extreme flood in June 2013 in 

Germany, La Houille Blanche 1, 5–10, https://doi.org/10.1051/lhb/2014001, 2014. 

NABU: Naturschutzgebiet Bottsand. Natur hautnah erleben! 60 Jahre Schutzgebietsbetreuung durch den NABU. 

https://schleswig-holstein.nabu.de/imperia/md/content/schleswigholstein/schutzgebiete/flyer_bottsand_korr_ 2024.pdf, 

last access: 23 April 2025, 2020. 805 

Nehls, G., Diederich, S., Thieltges, D.W., and Strasser, M.: Wadden Sea mussel beds invaded by oysters and slipper limpets: 

competition or climate control? Helgoland Marine Research, 60, 135–143, https://doi.org/10.1007/s10152-006-0032-9, 

2006. 

Nöthel, H., Neemann, V.,  Hausmann, L.,  Bauerhorst, H., and Schwuchow, N.: Ablauf der Ostseesturmflut vom Oktober 

2023, Die Küste, 94 - Online First, https://doi.org/10.18171/ 1.094109, 2024. 810 

Nolte, S., Koppenaal, E.C., Esselink, P., Dijkema, K.S., Schuerch, M., De Groot, A.V., Bakker, J.P., and Temmerman, S.: 

Measuring sedimentation in tidal marshes: a review on methods and their applicability in biogeomorphological studies, 

Journal of Coastal Conservation 17, 301–325, https://doi.org/10.1007/s11852-013-0238-3, 2013. 

Occhipinti-Ambrogi, A.: Biopollution by invasive marine non-indigenous species: a review of potential adverse ecological 

effects in a changing climate. International Journal of Environmental Research and Public Health 18, 4268, 20 pp., 815 

https://doi.org/10.3390/ijerph18084268, 2021. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



31 
 

Petersen, J., Kers, B., and Stock, M.: TMAP-typology of coastal vegetation in the Wadden Sea area, 1 ed. Common Wadden 

Sea Secretariat (CWSS), Wilhelmshaven, Germany, pp. 1–90, https://www.waddensea-worldheritage.org/ 

sites/default/files/2014_Ecosystem32_salt%2520marsh%2520typology.pdf, last access: 26 May 2025, 2014. 

Philippart C.J.M., Baptist M.J., Bastmeijer C.J., Bregnballe T., Buschbaum C., Hoekstra P., Laursen K., van Leeuwen S.M., 820 

Oost A.P., Wegner M., and Zijlstra R.: Climate change, in: Kloepper S. et al. (eds.), Wadden Sea Quality Status Report, 

Common Wadden Sea Secretariat, Wilhelmshaven, Germany. Last updated: 01.02.2024, https://qsr.waddensea-

worldheritage.org/ reports/climate-change-2024, last access: 28-November-2024, 2024. 

Phleger, C.F.: Effect of salinity on growth of a salt marsh grass, Ecology, 52, 908–911, https://doi.org/10.2307/1936042, 

1971. 825 

Quayle, D.B.: Pacific oyster culture in British Columbia, Canadian Bulletin of Fisheries and Aquatic Sciences, 218, 1–24, 

https://publications.gc.ca/collections/collection_2019/mpo-dfo/Fs94-218-eng.pdf, last access: 26 May 2025, 1988. 

Reents, S., Mueller, P., Tang, H., Jensen, K., and Nolte, S.: Plant genotype determines biomass response to flooding 

frequency in tidal wetlands, Biogeosciences 18, 403–411, https://doi.org/10.5194/bg-18-403-2021, 2021. 

Reinke, J.: Botanisch- geologische Streifzüge an den Küsten des Herzogtums Schleswig. Wissenschaftliche 830 

Meeresuntersuchungen, Neue Folge 8, 1–411, 1903. 

Rick, J.J., Scharfe, M., Romanova, T., van Beusekom, J.E.E., Asmus, R., Asmus, H., Mielck, F., Kamp, A., Sieger, R., and 

Wiltshire, K.H.: An evaluation of long-term physical and hydrochemical measurements at the Sylt Roads Marine 

Observatory (1973–2019), Wadden Sea, North Sea, Earth System Science Data, 15, 1037–1057, https://doi.org/ 

10.5194/essd-15-1037-2023, 2023. 835 

Rohde, J., and Winsor, P.: On the influence of the freshwater supply on the Baltic Sea mean salinity, Tellus, 54A, 175–186, 

https://doi.org/10.3402/tellusa.v54i2.12134, 2002. 

Schelling, H.: Die Sturmfluten an der Westküste Schleswig-Holsteins unter besonderer Berücksichtigung der Verhältnisse 

am Pegel Husum, Die Küste 1, 63–146, https://hdl.handle.net/20.500.11970/100568, last access: 24 May 2023, 1952. 

Schönfeld, J.: Monitoring benthic foraminiferal dynamics at Bottsand coastal lagoon (western Baltic Sea), Journal of 840 

Micropalaeontology, 37, 383–393, https://doi.org/10.5194/jm-37-383-2018, 2018. 

Schönfeld, J., and Mendes, I.: Benthic foraminifera and pore water carbonate chemistry on a tidal flat and salt marsh at Ria 

Formosa, Algarve, Portugal, Estuarine, Coastal and Shelf Science, 276, 108003, 25 pp., https://doi.org/ 

10.1016/j.ecss.2022.108003, 2022. 

Schrader, E.: Dünengenese im Raume des Bottsandes – Kieler Außenförde, Schriften des Naturwissenschaftlichen Vereins 845 

Schleswig-Holstein, 60, 29–69, https://nwvsh.de/wp-content/uploads/2021/09/Schrader_60_29-69.pdf, last access: 26 

May 2025, 1990. 

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., Gharun, M., Grams, T.E.E., Hauck, M., Hajek, 

P., Hartmann, H., Hilbrunner, E., Hoch, G., Holloway-Phillips, M., Körner, C., Larysch, E., Lübbe, T., Nelson, D.B., 

Rammig, A., Rigling, A., Rose, L., Ruehr, N.K., Schumann, K., Weiser, F., Werner, C., Wohlgemuth, T., Zang, C.S., 850 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



32 
 

and Kahmen, A.: A first assessment of the impact of the extreme 2018 summer drought on Central European forests, 

Basic and Applied Ecology, 45, 86–103, https://doi.org/10.1016/j.baae.2020.04.003, 2020. 

Scott, D.B., and Medioli, F.S.: Vertical zonation of marsh foraminifera as accurate indicators of former sea-level, Nature, 

272, 538–541, https://doi.org/10.1038/272528a0, 1978. 

Silvestri, S., Defina, A., and Marani, M.; Tidal regime, salinity and salt marsh plant zonation, Estuarine, Coastal and Shelf 855 

Science, 62, 119–130, https://doi.org/10.1016/j.ecss.2004.08.010, 2005. 

Snedden, G.A., Cretini, K., and Patton, B.: Inundation and salinity impacts to above- and belowground productivity in 

Spartina patens and Spartina alterniflora in the Mississippi River deltaic plain: Implications for using river diversions 

as restoration tools, Ecological Engineering, 81, 133–139, https://doi.org/10.1016/j.ecoleng.2015.04.035, 2015. 

Stock, M.: Salzwiesenschutz im Schleswig-Holsteinischen Wattenmeer, Vogelkundlicher Bericht Niedersachsen, 35, 115–860 

124, https://www.researchgate.net/profile/Martin-Stock/publication/298317276_Salzwiesenschutz_im_Schleswig-

Holsteinischen_Wattenmeer/links/56e7ecad08aec65cb45e675b/Salzwiesenschutz-im-Schleswig-Holsteinischen-

Wattenmeer.pdf, last access: 26 May 2025, 2003. 

Stock, M.: Der Schobüller Strand und seine Pflanzenwelt – früher und heute, Kieler Notizen zur Pflanzenkunde, 39, 40–53, 

https://www.zobodat.at/pdf/Kieler-Notizen-zur-Pflanzenkunde_39_0040-0053.pdf., last access: 26 May 2025, 2013. 865 

Sztobryn, M., Weidig, B., Stanislawczyk, I., Holfort, J., Kowalska, B., Mykita, M., Kanska, A., Krzysztofik, K., and Perlet, 

I.: Negative Surges in the Southern Baltic Sea (Western and Central Parts), Berichte des Bundesamtes für 

Seeschifffahrt und Hydrographie, 45, 1–71, https://doi.org/10.57802/3758-ws81, 2009. 

Unsöld, G.: Jahreslagen und Aufwachsraten in Schlicksedimenten eines künstlichen. gezeitenoffenen Sedimentationsbeckens 

(Wattgebiet südlich Nordstrand/Nordfriesland), Meyniana, 26, 103–111, 1974. 870 

van Aken, H.M.: Variability of the salinity in the western Wadden Sea on tidal to centennial time scales, Journal of Sea 

Research, 59, 121–132, https://doi.org/10.1016/j.seares.2007.11.001, 2008. 

van Regteren, M., Amptmeijer, D., de Groot, A.V., Baptist, M.J., and Elschot. K.: Where does the salt marsh start? Field-

based evidence for the lack of a transitional area between a gradually sloping intertidal flat and salt marsh, Estuarine, 

Coastal and Shelf Science, 243, 106909, 11 pp., https://doi.org/10.1016/j.ecss.2020.106909, 2020. 875 

Voynova, Y.G., Brix, H., Petersen, W., Weigelt-Krenz, S., and Scharfe, M.: Extreme flood impact on estuarine and coastal 

biogeochemistry: the 2013 Elbe flood, Biogeosciences, 14, 541–557, https://doi.org/10.5194/bg-14-541-2017, 2017. 

Wiltshire, K.H.: Ecophysiological tolerances of the Pacific oyster, Crassostrea gigas, with regard to the potential spread of 

populations in South Australian waters, SARDI Research Report Series, 222, 1–29, https://pir.sa.gov.au/__data/ 

assets/pdf_file/0020/231662/No_222Ecophysiological_tolerances_of_the_Pacific_oyster.pdf, last access: 26 May 2025, 880 

2007. 

Wolfram, C.: Die Vegetation des Bottsandes, Mitteilungen der Arbeitsgemeinschaft Geobotanik in Schleswig-Holstein und 

Hamburg, 51, 1–111, 1996. 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.



33 
 

Xiao, Y., Tang, J., Qing, H., Ouyang, Y., Zhao, Y., Zhou, C., and An, S.: Clonal integration enhances flood tolerance of 

Spartina alterniflora daughter ramets, Aquatic Botany, 92, 9–13, https://doi.org/10.1016/j.aquabot.2009.09.001, 2010. 885 

Zimmerman, J.T.F.: Mixing and flushing of tidal embayment in the western Dutch Wadden Sea Part 1: Distribution of 

salinity and calculation of mixing time scales, Netherlands Journal of Sea Research, 10, 149–191, 1976. 

 

https://doi.org/10.5194/egusphere-2025-2672
Preprint. Discussion started: 7 August 2025
c© Author(s) 2025. CC BY 4.0 License.


