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Abstract
Climate change effects on coastal ecosystems vary on large spatial scales, but can also be highly site dependent at the 
regional level. The Wadden Sea in the south-eastern North Sea is warming faster than many other temperate coastal areas, 
with surface seawater temperature increasing by almost 2 °C over the last 60 years, nearly double the global ocean mean 
increase. Climate warming is accompanied by rising sea levels, which have increased by approximately 2 mm  yr−1 over the 
last 120 years. For this sedimentary coast, the predicted acceleration of sea-level rise will have profound effects on tidal 
dynamics and bathymetry in the area. This paper synthesises studies of the effects of ocean warming and sea level rise in the 
northern Wadden Sea, largely based on research conducted at the Wadden Sea Station Sylt of the Alfred Wegener Institute 
Helmholtz Centre for Polar and Marine Research. An increasing rate of sea level rise above a critical threshold will lead to 
coastal erosion and changes in sediment composition, and may cause the transition from a tidal to lagoon-like environment 
as tidal flats submerge. This involves changes to coastal morphology, and the decline of important habitats such as muddy 
tidal flats, salt marshes and seagrass meadows, as well as their ecological services (e.g. carbon sequestration). Ocean warming 
affects plankton dynamics and phenology, as well as benthic community structure by hampering cold-adapted but facilitat-
ing warm-adapted species. The latter consist mostly of introduced non-native species originating from warmer coasts, with 
some epibenthic species acting as ecosystem engineers that create novel habitats on the tidal flats. Warming also changes 
interactions between species by decoupling existing predator–prey dynamics, as well as forming new interactions in which 
mass mortalities caused by parasites and pathogens can play an understudied but essential role. However, Wadden Sea organ-
isms can adapt to changing abiotic and biotic parameters via genetic adaptation and phenotypic plasticity, which can also be 
inherited across generations (transgenerational plasticity), enabling faster plastic responses to future conditions. Important 
research advances have been made using next-generation molecular tools (-omics), mesocosm experiments simulating future 
climate scenarios, modelling approaches (ecological network analysis), and internet-based technologies for data collection 
and archiving. By synthesising these climate change impacts on multiple levels of physical and biological organisation in 
the northern Wadden Sea, we reveal knowledge gaps that need to be addressed by future investigations and comparative 
studies in other regions in order to implement management, mitigation and restoration strategies to preserve the uniqueness 
of this ecosystem of global importance.
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Introduction

Since its formation after the last ice age about 8000 years 
ago, the Wadden Sea has been subject to strong abiotic fluc-
tuations in temperature, hydrography, sediment delivery and 
storm frequency on a seasonal, inter-annual and decadal 
basis. To this day, the tidal flats of the Wadden Sea continue 
to be shaped by these dynamics, which pose a challenge to 
species inhabiting them. Species colonised the Wadden Sea 
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from surrounding areas (no endemic species occur), and due 
to its comparatively young age and the prevailing variable 
abiotic conditions, species diversity in the Wadden Sea is 
comparatively low (Buschbaum and Horn 2024). With the 
onset of the Anthropocene, the coast of the Wadden Sea 
was increasingly exposed to human impacts. Initial impacts 
resulting from agriculture, land reclamation and the con-
struction of dikes and coastal defences have been magni-
fied by industrialised fishing, eutrophication, pollution and 
impacts of tourism. These regional pressures have affected 
the Wadden Sea for centuries and continue to do so today. At 
present, they are being exacerbated by climate change as an 
additional and globally acting pressure, with rapid warming 
of seawater (Amorim et al. 2023) and sea level rise being of 
particular importance.

The current complexity of regional and global human 
impacts on the Wadden Sea necessitates research foci that 
assess the role of these factors in ecological functioning 
and ecosystem services in order to develop and adapt man-
agement strategies and mitigation measures. That climate 
change would become an important additional issue for these 
shallow coasts was recognised relatively early by the scien-
tific community, as ocean warming and sea level rise were 
already mentioned in the 1993 Wadden Sea Quality Sta-
tus Report (QSR 1993). However, it took another 15 years 
before there was a marked increase in scientific publica-
tions about climate change effects in the Wadden Sea. Today, 
impacts of climate change are considered one of the greatest 
threats to the outstanding universal values of this UNESCO 
World Heritage Site (Reise and van Beusekom 2008; Oost 
et al. 2017; Philippart et al. 2017a, b).

In the northern Wadden Sea, ecological research on 
regional pressures has a long history starting at the end of 
the nineteenth century when Karl August Möbius investi-
gated the effects of local fisheries on the declining Euro-
pean oyster population (Ostrea edulis) near the island of 
Sylt (Möbius 1877). In 1924, the first permanent research 
station was established on Sylt, which still exists today as the 
Wadden Sea Station Sylt as part of the large-scale research 
infrastructure ‘Marine Stations Helgoland and Sylt’ operated 
by the Alfred Wegener Institute Helmholtz Centre for Polar 
and Marine Research (AWI; see Alfred-Wegener-Institut 
Helmholtz-Zentrum für Polar-und Meeresforschung 2023). 
Since its founding 100 years ago, the Wadden Sea Station 
Sylt has conducted ecological research using local organ-
isms. Long-term data series on temperature, nutrient con-
centrations and population dynamics of species have been 
collected for decades (e.g. Reise et al. 1989; Reise 2005; 
van Beusekom et al. 2008; Armonies 2017; Armonies et al. 
2018, 2023; Amorim et al. 2023; Rick et al. 2023). Thus, 
there is comprehensive knowledge about long-term changes 
in the area, which provides a solid baseline for assessing the 
impacts of additional stressors on the ecosystem.

In this synthesis paper, we provide an overview of the 
current state of knowledge of the effects of ocean warming 
and sea level rise in the northern Wadden Sea. We focus 
mainly on the regional scale, but use information about 
specific global-scale effects for this area to add a broader 
context. In addition, we are aware that human impacts and 
the resulting ecosystem responses (such as changes to nutri-
ent concentrations) are not necessarily uniform across the 
Wadden Sea, but can show considerable spatial variation 
(e.g. van Beusekom et al. 2012, 2019; Singer et al. 2023). 
For this reason, we limit the spatial scope, allowing us to 
compile information from the level of the ecosystem down 
to genes to obtain a highly interdisciplinary overall picture 
covering multiple levels of organisation for this area. The 
paper is structured to reflect climate change impacts from 
large- to small-scale processes, describing physical aspects 
(coastal geomorphology, hydrodynamics, seawater tempera-
ture) and impacts at the habitat level focusing on tidal flats, 
salt marshes, seagrass meadows and bivalve reefs (Fig. 1). 
Within these habitats, climate change effects at the species 
level with consequences for the occurrence, abundance and 
distribution of species as well as interactions between spe-
cies are presented. Case studies of organism responses via 
genetic adaptation and phenotypic plasticity are presented. 
These outline adaptive mechanisms of key species to chang-
ing environmental conditions, including molecular mecha-
nisms underlying responses. The characterisation of these 
effects combines up-to-date methodological approaches 
such as next-generation molecular tools (-omics), ecologi-
cal network analysis, mesocosm experiments and internet-
based data collection technologies that can facilitate a more 
holistic approach to ecological research on climate change 
effects.

While the effects of climate change on the Wadden 
Sea presented here do not represent an exhaustive list of 
all impacts, a regionally focussed overview can serve as a 
stimulus for comparative studies on larger spatial scales to 
identify research gaps for the entire Wadden Sea. Knowl-
edge of the potential impacts of climate change at multiple 
spatial, temporal and biological scales ranging from genes to 
ecosystem is essential in order to assess how rapidly chang-
ing environmental conditions will affect this unique natural 
landscape.

Physical climate change impacts 
on the Northern Wadden Sea

Landscape evolution and coastal geomorphology

Changes in relative sea level (RSL) affect sedimentary pro-
cesses that have been the main drivers of landscape evolu-
tion and habitat distribution in the Wadden Sea over the last 
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several thousand years (Behre 2002; Flemming and Davis 
Jr 1994; Lindhorst et al. 2010; Reise 2005). The two barrier 
islands, Sylt and Rømø, formed by sediment accumulation 
and longshore drift over the last ca. 6000 years following 
regional stabilisation of RSL. Tidal flats developed in the 
back barrier environments (Fruergaard et al. 2021), and 
today, the List tidal basin (Sylt-Rømø Bight) is one of the 
largest tidal catchments of the Wadden Sea (~ 400  km2). Due 
to the construction of two impermeable causeways (Sylt in 
1927 and Rømø in 1948) connecting the islands with the 
mainland, the back barrier environments are today only con-
nected to the open North Sea through the Lister Deep tidal 
inlet (Fig. 2). Natural dynamics and exchange processes in 
the tidal basin have also been affected by the construction 
of dikes and reclamation of salt marshes, which have been 
effectively disconnected from the tidal basin in a stepwise 
process over the last five centuries (Reise 2005).

One of the crucial aspects when studying rising RSL in 
the Wadden Sea is the potential geomorphological response, 
for which the prognosis is highly uncertain. An elevated RSL 
is expected to increase the tidal prism (volume of water leav-
ing the Wadden Sea during ebb tide) more than the cross-
sectional area of the tidal inlets (Wachler et al. 2020). This 
leads to increased tidal current velocities in the main tidal 
inlets and channels (Wachler et al. 2020), and subsequently, 
to enhanced erosion of the ebb-tidal delta and a deepening 
of the channels. Sediment will be internally redistributed 
onto the tidal flats resulting in an increased height difference 
between channels and the tidal flats (Hofstede 2015; Dis-
sanayake et al. 2009, 2012). Predicted changes in hydrody-
namics and in particular tidal asymmetry (higher velocities 

during either ebb or flood at certain locations) will, in turn, 
modify sediment transport patterns and sediment budgets 
for each subarea of the Wadden Sea (Chernetsky et al. 2010; 
Jiang et al. 2020; Wachler et al. 2020; Jordan et al. 2021; 
Hagen et al. 2022).

Over longer time scales, tidal flats depend on a suffi-
cient supply and deposition of sediments to be able to keep 
up with RSL. When RSL rises faster than sedimentation 
rates, tidal flats are at risk of constant submersion, turning 
tidal flats into shallow subtidal areas, particularly in the 
lower intertidal zone. Sediment budget analyses based on 
both observations (Benninghoff and Winter 2019; Hagen 
et al. 2022) and modelling (Becherer et al. 2018; Dis-
sanayake et al. 2009, 2012; Hofstede et al. 2018) expect 
an increasing sediment accumulation in the Wadden Sea 
basins in response to rising RSL and larger tidal ranges. In 
intertidal areas of the List tidal basin, sedimentation has 
matched the rate of RSL rise for at least the last 2000 years 
(Madsen et al. 2010). Simulations for the area show that 
this will continue up to a RSL rise of 6–7 mm  yr−1 (Hof-
stede et al. 2019), indicating that the tidal flats could com-
pensate for a threefold increase in the current RSL. At this 
rate, the channels and outer coasts will act as sediment 
sources (Hofstede et al. 2019). However, when RSL rises 
much faster, more water will be transported directly over 
the tidal flats, reducing flow velocities in channels, leading 
to sediment deposition rather than erosion (Becherer et al. 
2018; Hofstede et al. 2018). Thus, the system remains sta-
ble under lower RSL scenarios, but if the rate of RSL 
increase exceeds a critical limit, tidal flats and coastal hab-
itats may become increasingly inundated (Hofstede 2015; 

Fig. 1  Direct (sea level rise, 
warming, hydrodynamics) and 
indirect (non-native species) 
effects of climate change can 
be of different importance 
(shown as proportion of outer 
circles) for selected habitats 
of the Wadden Sea ecosystem 
by altering specific processes 
in the respective areas (inner 
circles). Note: proportions were 
estimated based on published 
studies, personal observations 
and unpublished data
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Hofstede et al. 2018; Lodder et al. 2019; Saintilan et al. 
2023). Although hydro- and morphodynamic responses of 
individual basins within the Wadden Sea differ depend-
ing on a number of factors (e.g. geometry, availability 
of sediment sources, coastal protection measures), many 
tidal areas of the Wadden Sea may transition from a tidal 
to lagoon-like environment under higher RSL scenarios 
(Becherer et al. 2018; Dissanayake et al. 2012; Huismans 
et al. 2022), posing significant challenges to coastal stabil-
ity and the ecological functioning of the system.

Coastal hydrodynamics

Hydrodynamics in the Wadden Sea are driven by tidal, 
atmospheric, wind and river forcing (Plüß 2003; Gräwe 
et al. 2014; Androsov et al. 2019; Fofonova et al. 2019). 
RSL-related changes in water depth will modify the propa-
gation and dissipation of tidal waves due to changes in bot-
tom friction and wave speed, resulting in a complex non-
linear response of the coastal circulation pattern (Pickering 
et al. 2012; Holleman and Stacey 2014; Idier et al. 2017; 

Fig. 2  Overview map of the List tidal basin with spatial distribution of intertidal areas, bivalve reefs, seagrass meadows and salt marshes, as well 
as bathymetry of tidal channels. Locations for long-term monitoring stations are indicated
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Vermeersen et al. 2018; Devlin and Pan 2020). Rising RSL 
can affect tidal dynamics on a basin-wide scale, modifying 
tidal maps and shifting the position of amphidromic points 
(sites where the tidal range is zero) in the North Sea, with 
consequences for tidal patterns in the adjacent Wadden Sea 
area (Pugh 1987, Arbic and Garrett 2010; Pickering et al. 
2012; Jänicke et al. 2021). In addition to rising RSL, warm-
ing also affects the water column by stabilising it against 
turbulent dissipation and allowing for higher tidal elevations 
at the coast (Jänicke et al. 2021; Gräwe et al. 2014). Con-
sequently, the combination of rising RSL and warming is 
expected to lead to spatially heterogeneous modifications 
of tidal-induced mixing, transport and elevation, driven by 
additive effects of local and large-scale processes within 
the tidal basins. Such changes have already been observed, 
resulting in contrasting trends in tidal range for 70 North Sea 
tide gauges between the UK (− 1.0 mm  yr−1) and the Ger-
man Bight (3.3 mm  yr−1) since 1958 (Jänicke et al. 2021).

Winds also significantly determine water transport and 
mixing processes within the Wadden Sea, and thus, the 
spread of plumes from rivers (Schrum 1997; Duran-Matute 
et al. 2016; Gräwe et al. 2016; Gerkema and Duran-Matute 
2017; Reef et al. 2018; Donatelli et al. 2022). Waters from 
the Elbe and Weser rivers usually reach the northern Wad-
den Sea as a buoyancy-driven current, which is mediated 
by the Earth's rotation. Westerly and south-westerly winds 
accelerate this process and confine river water close to the 
coast. Westerly, north-westerly and south-westerly winds 
predominate in this area throughout the year. However, 
winds are characterised by significant changes on inter-
annual to decadal time scales, mostly due to variability in 
large-scale atmospheric pressure systems such as the North 
Atlantic Oscillation (Sigismund and Schrum 2001; Rubi-
netti et al. 2023). Importantly, wind-driven tidal levels can 
exceed normal tide heights, and intense winds can cause 
severe flooding in coastal areas (storm surges). According 
to future climate projections, the frequency of such flooding 
events is expected to increase because of strengthening west-
erly winds (Ganske et al. 2016). In the Wadden Sea, Danish 
and North Frisian coasts are expected to be most exposed 
to storm surges, while East and West Frisian regions should 
not experience a significant change in storm surge frequency 
(Feser et al. 2015; Lang and Mikolajewicz 2020; Mayer et al. 
2022). In contrast, easterly and north-easterly winds do not 
show a significantly increasing trend either in magnitude or 
frequency of occurrence (Ganske et al. 2016; Rubinetti et al. 
2023). Importantly, the effects of storm surges are expected 
to be amplified by increasing RSL (Arns et al. 2015; Oppen-
heimer et al. 2019), with potential consequences for current 
coastal protection strategies and infrastructures (Arns et al. 
2017; Hermans et al. 2023).

Tracking sea surface temperature using long‑term 
time series

The Sylt Roads time series (SR) represents one of the long-
est shallow coastal data time series in the world. Since 
1973, surface water samples have been collected twice a 
week from SR (55.03°N, 8.46°E; Fig. 2) and analysed for 
temperature as well as various physical, chemical and bio-
logical parameters (Rick et al. 2023). In order to extend 
the SR sea surface temperature (SST) time series to cover 
the same time period as the Helgoland Roads time series 
(1962–present), SR data were merged with SST data from a 
nearby sampling station located in List harbour (55.017°N, 
8.44°E; method described in Amorim et al. 2023). One of 
the clearest trends of the time series is a strong increase in 
mean SST by 0.31 °C per decade over the past six decades 
Fig. 3. This amounts to an overall increase in annual mean 
SST of 1.8 °C, almost double the global ocean mean increase 
(Amorim et al. 2023).

Sea surface temperatures in the German Wadden Sea 
and North Sea are, in general, governed by large continen-
tal land masses rather than North Atlantic temperatures 
(Amorim et al. 2023). As a consequence, these shallow seas 
are highly variable on a seasonal basis and subject to tem-
perature extremes, especially in winter. For instance, the 
winter minimum temperature in the northern Wadden Sea 
shows much stronger variability than the summer maximum 
(Amorim et al. 2023). This is particularly obvious for years 
before 1991 (1962–1990), whereas after 1991 (1991–2019), 
variability in winter decreased but increased in autumn. By 
analysing the densities/frequencies of temperature within the 
time series, two broad peaks emerged (i.e. longer durations 
of SSTs). One modal peak of cold temperatures occurred in 
the winter season, and another peak of warm temperatures 
occurred in summer. Since 1991, a clear shift towards higher 
temperatures is observed, with more warmer temperatures 

Fig. 3  Sylt Roads sea surface temperature (°C) monthly anomalies 
time series (black line; relative to 1962–2019 monthly climatologi-
cal means) and linear trend (red dashed line). Adapted from Amorim 
et al. (2023)
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occurring in winter (higher density) and more maximum 
temperatures being reached in summer (Fig. 4a).

The number of extreme cold and warm temperature 
days at SR were also analysed to investigate the relevance 
of heatwaves and sudden cold periods due to blocking sys-
tems in winter. There has been a significant shift towards 
more warm months at SR since 1991 (see also Gimenez 
et al. 2024), whereas extremely cold months (mean values 
below < 2–3 °C) became less frequent (Amorim et al. 2023). 
For instance, the percentage of months with mean tempera-
tures below 2 °C decreased from 16.6% between 1962 and 
1990 to 7.8% between 1991 and 2019, whereas the percent-
age of months with mean temperatures above 17 °C went up 
by over 6% across the whole time series. Running mean SST 
anomalies (1962–2019 climatological mean reference) reflect 
the sharp increase around the end of the 1980s (Fig. 4b), a 
feature that is not unique to the shallow Wadden Sea, but 
is observable also at larger spatial scales in the North Sea 
and North Atlantic (Rodionov and Krovnin 1992; Reid et al. 
2016; Amorim et al. 2023). This change marks the begin-
ning of decades of positive temperature anomalies which 
characterise the ‘new normal’ in SST. Still, in comparison to 
more offshore sites, surface waters of the Wadden Sea heat 
up faster and cool down more. Therefore, in the long run, it 
is expected that differential effects of cooling versus warm-
ing will become even more pronounced in the Wadden Sea.

Changing climate effects on Wadden Sea 
habitats

Climate change impacts at the land–water interface

Tidal flats exposed during low tide are the most conspicuous 
feature of the Wadden Sea. They serve as nursery grounds for 
crab, shrimp and fish, and provide habitat for a rich benthic 

community which is an important food source, especially for 
migrating and resident shorebirds (Reise 1985). Tidal flats 
are also a hotspot for carbon and nutrient exchange across the 
land–water interface, and play a key role in coastal protec-
tion because they reduce the kinetic energy from the open sea. 
Nevertheless, coastal erosion is a major threat to tidal flats and 
substantial erosion has already been observed in higher tidal 
zones of many tidal basins (Flemming and Nyandwi 1994). 
For example, through the reduction of tidal catchment areas 
due to the construction of embankments, hydrodynamic energy 
levels have increased, resulting in higher erosion rates (Flem-
ming and Nyandwi 1994). Accelerated sea level rise is pro-
jected to cause further increases in hydrodynamic energy (see 
above), which will exacerbate erosion problems in the future.

Variation in hydrodynamics is also reflected in the tidal 
flat sediment composition. Tidal flats in exposed areas, where 
waves and currents have a stronger impact, are predominantly 
composed of sandy sediments. Tidal flats of fine sediments 
(mixed or muddy sediments) establish only in sheltered areas 
where calm hydrodynamic conditions allow small particles to 
settle. Increasing hydrodynamic energy causes resuspension 
of fine-grained sediments and a selective erosion of mud. A 
long-term analysis of the List tidal basin revealed a severe 
depletion of mud (Dolch and Hass 2008). This was facilitated 
by reduced seagrass cover, as seagrass cannot tolerate exces-
sive hydrodynamic energy. Mud depletion and a coarsening 
trend in the grain size composition can be observed in the 
entire Wadden Sea (Flemming and Nyandwi 1994, Flem-
ming and Bartholomä 1997, Mai and Bartholomä 2000). It 
is assumed that this coarsening has an impact on the ben-
thos (Flemming and Nyandwi 1994), as well as the biogeo-
chemical functioning of the sediment. For example, sulphate 
reduction is often the main mineralisation pathway in muddy 
sediments, whereas aerobic respiration dominates in sandy 
sediments (de Beer et al. 2005; Jansen et al. 2009). Com-
bined with differences in transport processes such as internal 

Fig. 4  Distribution of monthly mean sea surface temperatures (SST) 
at Sylt Roads (SR) in terms of; (a) probability density function for 
the first (blue) and second (orange) half of the time series and; (b) 
running mean SST anomalies (red: positive anomalies and blue: neg-
ative anomalies). SST monthly anomalies are relative to the 1962–

2019 period. Running mean is computed using a 12-month window 
(adapted from Amorim et  al. 2023). Note: negative temperatures 
in; (a) are a smoothing artefact of the probability density function 
method
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porewater advection (Billerbeck et al. 2006; Røy et al. 2008; 
Schutte et al. 2019), organic carbon turnover rates and green-
house gas emissions vary largely between muddy and sandy 
intertidal sediments, with potential consequences for ‘blue 
carbon’ mitigation strategies (see Box 1).

Box 1: Blue carbon in the Wadden Sea

Blue carbon refers to atmospheric  CO2 trapped as organic mate-
rial in vegetated coastal sediments, thereby potentially mitigating 
global climate change (Duarte et al. 2013; Serrano et al. 2019; 
Kuwae and Hori 2019). The most important vegetated coastal eco-
systems, including salt marshes, seagrass meadows and mangrove 
forests, are recognised for their exceptional capacity to bury car-
bon in their soils and sediments, demonstrating carbon burial rates 
more than ten times higher than those of temperate and boreal 
forests (McLeod et al. 2011; Himes-Cornell et al. 2018; Ouyang 
and Lee 2014). In the Wadden Sea, seagrass meadows and salt 
marshes serve as the primary  CO2 sinks, accumulating substantial 
amounts of blue carbon. Despite this significance, relatively few 
studies have quantified carbon storage in the Wadden Sea.

Carbon storage in Wadden Sea salt marshes is mainly minerogenic 
(composed of mineral particles; Allen 2000), and sediments are 
mostly only partially waterlogged, allowing for the intrusion of 
atmospheric oxygen (Keshta et al. 2020). Consequently, high 
mineralisation rates are facilitated, leading to the degradation of 
accumulated organic matter (Mueller et al. 2017). As a result, the 
Wadden Sea's salt marshes generally exhibit lower organic carbon 
concentrations compared to peat-forming organogenic (composed 
from organic substances) marshes found in other parts of the 
world. Still, Wadden Sea salt marshes can have substantial accre-
tion rates (Esselink et al. 2017, Schulze et al. 2021), contributing 
to their carbon sequestration potential. Carbon sequestration rates 
have been found in the range of 17–149 g C  m−2  yr−1 (Graversen 
et al. 2022; Mueller et al. 2019; Elschot et al. 2015; Andersen 
et al. 2011), which fall below the reported world average for salt 
marshes estimated at 242.2 ± 25.9 g C  m−2  yr−1 (Ouyang and Lee 
2014)

The amount of organic carbon stored below seagrass meadows 
in the Wadden Sea remains largely unknown, but is the subject 
of ongoing investigations. Importantly, the different sediment 
types that seagrasses inhabit might lead to significant variation in 
carbon storage. For instance, a comparison of carbon storage in 
Wadden Sea salt marshes and sandy-substrate seagrass meadows 
showed that salt marshes had higher organic density (0.015 g 
C  cm−3) in the permanently buried soil layers (> 20–30 cm) 
compared to seagrass meadows, which exhibited a markedly lower 
organic density (0.004 g C  cm−3). Interestingly, salt marshes and 
seagrass meadows in the Wadden Sea showed considerably lower 
carbon density than the global averages for both salt marshes 
(about 0.04 g C  cm−3; Ouyang and Lee 2014; Chmura et al. 2003) 
and seagrass meadows (about 0.02 g C  cm−3; Fourqurean et al. 
2012). However, salt marshes and seagrass meadows combined 
cover approximately 63,000 ha (13%) of the Wadden Sea tidal flat 
area (470,000 ha), highlighting their potential as a substantial  CO2 
sink. In addition, recent studies have demonstrated that inorganic 
carbon in the Wadden Sea contributes significantly to the total 
soil carbon stock, accounting for 29% of the total carbon content 
(Mueller et al. 2023). In light of ongoing sea level rise and global 
warming, more studies aiming to quantify organic and inorganic 
carbon storage in coastal ecosystem habitats are needed to better 
understand the fate of blue carbon in the unique ecosystem of the 
Wadden Sea

The depletion of mud increases the proportion of sandy 
sediments, which, together with increasing hydrodynamic 
energy, enables the formation of large sandy sedimentary 
bedforms on the tidal flats (Fig. 5). Fields of large sandy bed-
forms have expanded significantly in the northern Wadden 
Sea over the last decades (Dolch and Reise 2010). As large 
sandy bedforms move back and forth, they cause unstable 
sediment conditions which severely affect epibenthic habi-
tats such as intertidal seagrass meadows and mussel beds. 
Expanding fields of large sandy bedforms appear to have the 
potential to dis- or replace epibenthic biotic habitats. Also, 
endobenthic organisms can be inhibited by sediment insta-
bility, and sensitive species are expected to decline where 
new large sandy bedforms develop. Consequently, a decline 
in benthic biomass production may occur in the Wadden 
Sea, with implications for its nursery function and foraging 
ground potential for coastal birds (Dolch and Reise 2010).

Salt marshes and sea level rise

Coastal salt marshes are vegetated areas of the upper inter-
tidal or lower supratidal zones that are exposed to periodic 
flooding by tides and episodic surges. Salt marshes in the 
northern Wadden Sea primarily exist in the form of back-
barrier and foreland marshes. Foreland marshes mostly form 
within brushwood groynes (artificial structures to increase 
sedimentation) and are often heavily managed (e.g. by 
grazing, artificial drainage). The overall aerial extent of 
salt marshes in the federal state of Schleswig–Holstein, 
Germany, amounts to 13,240 ha (out of 40,000 ha of salt 
marshes in the entire Wadden Sea; Esselink et al. 2017), 
and thus, presently constitutes a smaller area in comparison 
to historical distributions within Schleswig–Holstein (Reise 
2005). Former marsh losses in the Wadden Sea were mainly 
caused by human intervention (e.g. land reclamation or 
coastal protection measures) that started approximately 1000 
ad and reached well into the twentieth century (Esselink 
et al. 2017; Reise 2005). Such intervention has subsequently 
been reduced since salt marshes are increasingly recognised 
as valuable habitats for a specific and species-rich commu-
nity (including fish, invertebrates and birds), resulting in a 
steady increase in areal extent (up to 30% more area) during 
the last 30 years (Esselink et al. 2017). Moreover, more eco-
system services of salt marshes have been identified such as 
their contribution to coastal protection through wave attenu-
ation and long-term carbon sequestration, both highlighting 
their importance to coastal communities (see Box 1, Möller 
et al. 2014; Mueller et al. 2019).

Despite their value, future salt marsh persistence may 
be threatened by climate change effects such as accelerated 
rates of sea level rise and changes to storm surge frequency 
and magnitude. Currently, most Wadden Sea salt marshes 
are keeping pace with present levels of sea level rise due to 
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high accretion rates (Suchrow et al. 2012; Nolte et al. 2013; 
Esselink et al. 2017). However, further increases in RSL 
and more frequent inundations may negatively affect plant 
growth, leading to a negative feedback loop ensuing marsh 
submergence and, finally, marsh loss (Chmura 2013; Kir-
wan and Guntenspergen 2012). Importantly, how salt marsh 
vegetation responds to increased flooding frequencies was 
shown to vary not only between but also within plant spe-
cies (Kirwan and Guntenspergen 2012; Reents et al. 2022), 
with consequences for community-level responses and the 
resistance of salt marshes to accelerated rates of RSL rise 
in the future. It is expected that salt marshes will migrate 
further inland in response to accelerated rates of sea level 
rise. However, the coastline along the Wadden Sea is largely 
protected by hard structures such as dikes that restrict land-
ward expansion (‘coastal squeeze’), which could decrease 
marsh resistance and further increase the risk of salt marsh 
loss (Schuerch et al. 2018).

The effects of more frequent inundations can have oppos-
ing effects on the biogeomorphology of salt marshes. On the 
one hand, overwash events (flooding during storm surges 
that carry large amounts of water and sediment onto the 
marsh platform) during storm tides add sediment for verti-
cal accretion and positively contribute to marsh resistance 
(Schuerch et al. 2018). A model that incorporated changing 
storm activity and overwash events in the future predicted 
that a salt marsh on the barrier island of Sylt could even 
survive sea level increases of up to 20 mm  yr−1 (Schuerch 
et al. 2013). On the other hand, wind waves can cause severe 
damage to marshes via erosion of the marsh edge (Leonardi 
and Fagherazzi 2015; Schwimmer 2001). Erosion along the 
edges of salt marshes is presently widespread in the List tidal 
basin, and marsh erosion contributes an estimated 3000 t 
 yr−1 of fine-grained deposits to the local sediment budget of 
tidal flats (Pejrup et al. 1997). The vegetation of salt marshes 
plays an important role in marsh resistance under wave expo-
sure, since roots and rhizomes stabilise the sediments, while 

aboveground parts attenuate waves and currents. Above cer-
tain hydrodynamic conditions, however, stem breakage and 
biomass loss can cause a reduction in wave attenuation (Rup-
precht et al. 2017), which highlights the importance to better 
understand the vegetation’s susceptibility to severe wave-
induced damage. Recent studies suggest that plant resistance 
to wave impact is highly species specific and is determined 
by plant properties such as vegetation height, aboveground 
biomass and stem flexibility (Reents et al. 2022; Schoutens 
et al. 2019). Since plant responses to both increasing flood-
ing frequency as well as higher hydrodynamic forcing are 
species specific, future salt marsh plant community compo-
sition may change, with potential implications for not only 
salt marsh resistance, but also for ecosystem services such 
as carbon sequestration (see Box 1).

Seagrass as an indicator of climate change impacts

Seagrass meadows are the dominant and highly productive 
vegetation of shallow, sedimentary coasts. In the Wadden 
Sea, they grow on tidal flats, mainly in the mid- to upper 
intertidal where they fulfil a variety of ecologically impor-
tant functions such as providing habitat and nursery grounds, 
a food source and protection from predators for many organ-
isms including gastropods, polychaetes, bivalves, crusta-
ceans and fish. In addition, they promote sedimentation, 
reduce erosion with their dense root–rhizome system and 
counteract climate change directly by storing atmospheric 
 CO2 as organic carbon in their underlying sediment (Larkum 
et al. 2006). By this process, seagrass meadows store carbon 
beneath them in the sediment and can build up large carbon 
deposits over decades and centuries (Fourqurean et al. 2012), 
and thus provide similar ecosystem services as salt marshes 
(see Box 1).

At the same time, seagrasses are very sensitive to a 
variety of environmental parameters such as pollution and 
eutrophication. Since the late 1990s, a reduction in nutrient 

Fig. 5  Nearshore large sandy 
bedforms have formed perpen-
dicular to the coastline at the 
northern end of the island of 
Sylt. These sediment accumula-
tions are characterised by their 
regular spacing and by back-
and-forth shifting
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discharges into the Wadden Sea has resulted in the recov-
ery of seagrass meadows in the northern Wadden Sea: since 
2011, a fivefold increase in seagrass meadow area has been 
recorded (Dolch et al. 2017). A further increase in seagrass 
meadow area has occurred since 2019, likely due to high 
seed availability. Indeed, an analysis of historical aerial 
photographs revealed that since 2010, seagrass meadow 
area in the northern Wadden Sea is larger than it was in 
the 1930s (Dolch et al. 2013, 2017). However, this positive 
trend will likely be reversed by increasing impacts of climate 
change effects. For instance, seagrass meadows only form 
in sheltered locations and depend on calm hydrodynamic 
conditions (Dolch et al. 2013). More extreme storm events 
as well as increased hydrodynamic energy as a result of an 
increasing tidal range in combination with increasing wave 
wash may result in a loss of seagrass meadow area and of 
suitable habitats for seagrass (Schanz et al. 2002; Schanz 
and Asmus 2003). In addition, seagrasses are sensitive to 
large temperature changes. Especially during heatwaves, 
seagrasses are exposed to high air temperatures during ebb 
tide, which culminate in severe heat stress and desiccation. 
Critically, if seagrass meadows are damaged or destroyed, 
they will transform from valuable carbon reservoirs (see 
Box 1) into  CO2 emitters that will further increase impacts 
of climate change. Consequently, protecting and promoting 
the natural expansion of seagrass meadows are important 
contributions not only to mitigating climate change, but also 
to preserving the many other important ecological functions 
of these habitats.

Climate‑induced changes to bivalve reefs

Aggregations of epibenthic bivalves are vital coastal struc-
tures that fulfil key ecological functions (Goss-Custard 
et al. 1982; Gutierrez et al. 2003), and at the same time 
are economically important as an aquaculture food source 
(Seaman and Ruth 1997). Historically, bivalve beds in the 
northern Wadden Sea were formed by blue mussel (Mytilus 
edulis) in the intertidal and European oyster (Ostrea edu-
lis) in subtidal areas (Möbius 1877; Hagmeier and Kändler 
1927). Another important habitat structure was formed by 
Sabbelaria spinulosa, a reef-forming tube worm, in the 
deep subtidal (Fig. 6). During the early twentieth century, 
oyster beds and Sabellaria reefs including their associ-
ated fauna (e.g. sponges and cnidaria) disappeared com-
pletely from the northern Wadden Sea due to overfishing 
and have not returned (Reise 1982). Subsequently, blue 
mussel (M. edulis) became the only reef-forming bivalve 
species in the Wadden Sea and also spread into subtidal 
areas (Reise 1982; Reise and Schubert 1987; Reise et al. 
1989). Beds of blue mussels can persist over long time 

periods if losses (e.g. by predation, storms, fisheries) can 
be compensated for by regular recruitment events (Nehls 
and Thiel 1993; Büttger et al. 2014; van der Meer et al. 
2019). In general, mussel recruitment is favoured by severe 
winters that minimise the abundance of predators (shrimps 
and crabs) on tidal flats the following spring, causing a 
temporal mismatch between predator and prey (Strasser 
and Günther 2001; Beukema and Dekker 2014; Beukema 
et al. 2015). However, due to climate change, cold winters 
are becoming extremely rare events (Büttger et al. 2014, 
Amorim et al. 2023), resulting in recruitment failures and 
even shortages of local mussel populations in the Wadden 
Sea (Nehls et al. 2006; Beukema et al. 2015).

In contrast to the native mussel M. edulis, Pacific oys-
ters (Magallana gigas) profit from warmer water condi-
tions, resulting in increased proliferation (Diederich et al. 
2005; Nehls et al. 2006). Pacific oysters originating from 
East Asia were introduced to the northern Wadden Sea for 
aquaculture purposes in the late 1980s and quickly spread 
throughout the area (Reise 1998). Periods with high sum-
mer temperatures during the late 1990s and early 2000s 
resulted in an increase in oyster abundance, making M. 
gigas a common habitat-forming organism throughout the 
entire Wadden Sea (Wehrmann et al. 2000; Troost 2010; 
Reise et al. 2017). Since Pacific oyster settle on hard sub-
strates like shell fragments or mussel beds (Reise 1998; 
Diederich 2005; Troost 2010), oyster settlement led to a 
transformation of most intertidal mussel beds into mixed 
reefs of mussels and oysters in the Wadden Sea (Reise 
et al. 2017). Pure mussel beds are primarily confined to 
the high intertidal zone (Fig. 6), where environmental 
conditions are less favourable for Pacific oysters (Waser 
et al. 2016; Reise et al. 2017). Mixed reefs of mussels 
and oysters are generally more stable against abiotic and 
biotic pressures than pure mussel beds. For instance, oys-
ters offer mussels shelter from predation (Eschweiler and 
Christensen 2011; Waser et al. 2015, 2016; Buschbaum 
et al. 2016), and the permanent attachment of oysters, 
even when dead, forms mixed reefs of rigid and persistent 
structures (Markert et al. 2010; Reise et al. 2017; van der 
Meer et al. 2019). It is expected that mixed reef struc-
tures will increase in area in the future (van der Meer et al. 
2019), and Pacific oysters will further extend to subtidal 
areas (Fig. 6; Diederich et al. 2005; Ricklefs et al. 2020). 
The spread of Pacific oysters into subtidal areas also offers 
new settling substrates for species that formerly were asso-
ciated to beds of European oysters. For example, many 
sedentary-living species like hydrozoans that became rare 
in the absence of European oysters (Reise 1982) are cur-
rently abundant owing to the occurrence of Pacific oysters 
(Waser et al. unpublished data).
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Wadden Sea species diversity under climate 
change

Nutrient and plankton dynamics in a changing 
Wadden Sea

The impact of climate change on nutrient and plank-
ton dynamics interacts with other ecological changes like 
eutrophication and invasive species (Reise and van Beuse-
kom 2008). Eutrophication has exerted a major impact on the 
Wadden Sea ecosystem in conjunction with climate change. 
For example, extreme wet years in the 1980s with high fresh-
water discharge coincided with maximum nutrient concentra-
tions, resulting in maximum nutrient loads, phytoplankton 
abundance and organic matter turnover throughout the Wad-
den Sea (van Beusekom et al. 2019). Political decisions in 
the 1980s initiated measures to reduce riverine nutrient loads 
(de Jong 2007), leading to a reduced eutrophication status in 
the entire Wadden Sea. Since the 1980s, freshwater discharge 
has shown a slight downward trend (van Beusekom et al. 
2019). However, extreme droughts, which can be expected 
to increase due to climate change (Sieck et al. 2021; Ossó 
et al. 2022), also play a role since they will disproportion-
ally reduce nitrogen loads in particular. Specifically, drought 
will increase residence times of nutrients in the river basin 
and increase the proportion of nitrogen from agriculture and 
wastewater lost by denitrification (Schulz et al. 2023). Con-
versely, extreme rain events are also predicted to occur more 
frequently in the future. A record flood in 2013 transported 
large amounts of freshwater and nitrogen into the inner Ger-
man Bight, but mainly impacted the southern Wadden Sea 
(Kerimoglu et al. 2020). To what extent such floods may 
impact the northern Wadden Sea will strongly depend on 
contingent hydrodynamic conditions.

Both riverine nutrient loads and changing temperatures 
have strong effects on plankton dynamics in the northern 
Wadden Sea. Whereas decreasing nitrogen loads lead to 
lower summer phytoplankton biomass (van Beusekom et al. 
2019), low winter temperatures enhance the spring bloom 
(van Beusekom et al. 2009). This is likely due to suppression 

of both benthic and pelagic grazing pressure (Martens and 
van Beusekom 2008; van Beusekom et al. 2009). Recent 
data support the impact of winter temperature on the spring 
phytoplankton bloom (Fig. 7a). Like with phytoplankton, 
temperature conditions during the first part of the year also 
have a strong impact on zooplankton dynamics. There is a 
significant correlation between mean annual copepod abun-
dance (excluding Oithona spp.) and mean winter/spring 
temperatures (January–May) in the northern Wadden Sea 
(Martens and van Beusekom 2008), suggesting that climate 
warming will lead to an earlier start of copepod seasonal 
development, and the comparatively strong temperature 
increase in autumn months (e.g. 0.13 °C  yr−1 in Septem-
ber between 1984 and 2005) might also lead to a longer 
season with higher mean annual abundances. However, 
data from 2005 to 2011 show a more complicated picture 
(Fig. 7b). Despite high winter temperatures, copepod bio-
mass was clearly below levels observed during the 1990s. 
Whereas the correlation is still significant, the explained 
variability decreased from 0.40 to 0.15, likely due to low 
annual copepod abundance since 2000 despite warm winter 
temperatures.

How ongoing climate change will alter phytoplankton and 
zooplankton dynamics in the Wadden Sea will also depend 
on other ecological developments. For instance, herbivorous 
zooplankton will benefit from higher temperatures over a 
longer season, and will, thus, exert more grazing pressure 
on phytoplankton, as will higher benthic filtration rates at 
higher temperatures, with both factors suppressing phyto-
plankton blooms. On the other hand, the observed shift to a 
larger proportion of carnivorous zooplankton (Martens and 
van Beusekom 2008) accompanied by the invasion of new 
carnivorous zooplankton (e.g. Mnemiopsis leydi; Boersma 
et al. 2007) could also increase grazing pressure on herbi-
vores. Furthermore, higher temperatures will also increase 
remineralisation rates, leading to faster recycling of nutri-
ents that could alleviate nutrient limitation, especially during 
summer (Reise and van Beusekom 2008). In general, it is 
predicted that global change factors like increased tempera-
tures and reduced river discharge in conjunction with EU 

Fig. 6  Schematic cross-section 
through a tidal area including 
common habitat-forming spe-
cies in the past (left) and present 
Wadden Sea (right). H and L 
indicate high and low tide level, 
respectively. Mussels: Myti-
lus edulis; European oysters: 
Ostrea edulis; reef-forming tube 
worms: Sabellaria spinulosa; 
Pacific oysters: Magallana gigas 
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policies to further reduce eutrophication will reduce phyto-
plankton blooms. However, we note that other, yet unknown 
ecosystem changes like increased feeding pressure on copep-
ods from, e.g., fish species extending their ranges northward 
may have opposite effects on phytoplankton bloom dynamics 
(Reise and van Beusekom 2008). How these top-down and 
bottom-up effects on the plankton community will interact 
is an important future research area for the Wadden Sea.

Increasing SST has a significant influence not only on 
overall plankton biomass in the Wadden Sea, but also on the 
phenology of individual species and the seasonal develop-
ment of the plankton community as a whole. A comparison 
of the timing of occurrence for phytoplankton taxa between 
two time periods (1962–1988 and 1989–2015) at a nearby 
monitoring station (Helgoland Roads) showed significant 
temporal shifts in many key diatom and dinoflagellate taxa 
(Scharfe and Wiltshire 2019). The direction of these shifts 
was dependent on species-specific preferences, with some 
taxa occurring earlier in the year whilst others showed 
delayed peak abundances, and shifts in timing varied from 
several days to a couple of weeks. Taxa with spring blooms 
tended to shift to earlier peak abundances (e.g. diatoms Aste-
rionellopsis glacialis, Thalassiosira spp, Ditylum bright-
wellii, Thalassionema nitzschioides, Skeletonema costatum), 
reflecting the warmer SST earlier in the season. Examples 
of phytoplankton taxa with delayed blooms in the sum-
mer–early autumn seasons include D. brightwelliii, T. nitzs-
chioides and S. costatum, whereas Thalassiosira spp. tended 
to occur earlier in the summer. The dinoflagellates Proro-
centrum micans and Tripos fusus showed earlier summer 
occurrences and also lower abundances. Water temperature 
and light availability are the dominant abiotic factors driv-
ing the phenology of phytoplankton blooms, together with 

zooplankton dynamics (Wiltshire et al. 2015). Phenological 
changes of phytoplankton taxa in response to increasing SST 
may impact not only interspecific interactions, but also the 
phytoplankton–zooplankton energy transfer link, with the 
potential for cascading effects on food web dynamics.

Changes to fish diversity

The Wadden Sea is of large ecological importance for many 
fish species that use this area for at least one stage in their 
life cycle (Tulp et al. 2017; van der Veer et al. 2015). It acts 
as a nursery and feeding ground, and offers protection from 
predators for post-larval and juvenile fishes. Moreover, it 
offers a refuge for seasonal migrants en route to marine or 
freshwater spawning areas (Elliott et al. 2007; Tulp et al. 
2017). Climate warming influences fish species by causing 
shifts in phenology (van Walraven et al. 2017), poleward 
shifts in species distributions (Montero-Serra et al. 2015), 
changes to predator–prey interactions (Durant et al. 2007), 
dispersal to deeper water of bottom-dwelling species (Dulvy 
et al. 2008) and changes to community assemblages (Fos-
sheim et al. 2015; Rutterford et al. 2023).

A high-resolution monthly juvenile fish monitoring pro-
gram that has been running since 2007 in the northern Wad-
den Sea near Sylt identified 55 fish species belonging to 
three biogeographic guilds (Boreal, Lusitanian and Atlan-
tic) and three habitats (benthic, benthopelagic and pelagic). 
This time series shows that the local community exhibits 
seasonal assemblages based on SST preferences (Fig. 8). 
The winter season is dominated by smelt (Osmerus eper-
lanus), dab (Limanda limanda), bull-rout (Myoxocephalus 
scorpius), sand goby (Pomatoschistus minutus) and flounder 
(Platichthys flesus). Rock gunnel (Pholis gunnellus), sprat 
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(Sprattus sprattus), sea snail (Liparis liparis) and great sand 
eel (Hyperoplus lanceolatus) are dominant in spring. Sum-
mer is dominated by herring (Clupea harengus), small sand 
eel (Ammodytes tobianus), whiting (Merlangius merlan-
gus) and Nilsson’s pipefish (Syngnathus rostellatus), while 
Atlantic cod (Gadus morhua) and hooknose (Agonus cata-
phractus) dominate in autumn. However, there are seasonal 
overlaps with some species present year-round, and others 
such as horse mackerel (Trachurus trachurus) that are season 
specific. Therefore, the seasonal assemblage structure shown 
in Fig. 8 represents their peak abundances.

Over the long term, fish species composition showed 
three major abundance patterns between 2007 and 2019. 
Herring and small sand eel were the most dominant spe-
cies, and together with great sand eel and pipefish had peak 
abundances after severe winters, whereas all other spe-
cies declined (but showed recovery) after typical winters 
(Odongo et al. 2024). Severe winters (more than 30 days of 
ice coverage on the coast; Strasser et al. 2003) cause a delay 
in copepod development and a decline in benthic organisms 
(Armonies et al. 2001), resulting in a mismatch between fish 
predators and their prey, which likely explains the observed 
differences in trends found.

In comparison to previous investigations covering the 
periods from 1989 to 1995 (Herrmann et al. 1998; Vorberg 
and Breckling 1999), four fish species were lost, while eight 

additional species were found. This indicates that long-term 
effects of climate warming on fish communities have been 
observed in the northern Wadden Sea, but new species are 
still rare with low abundances. Warmer autumn SSTs (Rick 
et al. 2023) have led to a shift in phenology for cod and 
whiting, with longer residence times in the List tidal basin. 
Similarly, two species of goby (P. minutus and P. microps) 
are staying longer in the shallow intertidal areas before win-
ter migration to more stable temperatures in deeper areas. 
Changing global climate patterns such as warming win-
ters (Clark et al. 2020) and autumns (Rick et al. 2023) will 
likely lead to competitive disadvantages for northern species 
and advantages for southern species (Elliott and Heming-
way 2002), which may lead to changes in fish community 
structure (Meyer et al. 2016; Clark et al. 2020), with conse-
quences for ecosystem functions as well as fisheries.

Neobiota in a warming Wadden Sea

Species richness of an ecosystem is not a stable state, but is 
subject to constant natural change. During its development, 
the Wadden Sea was colonised by species from surrounding 
ecosystems, which is likely why no endemic species occur 
(Buschbaum and Horn 2024). Exceptional climatic variabil-
ity in the North Atlantic region since the formation of the 
Wadden Sea around 8000 years ago coupled with highly 

Fig. 8  Redundancy analysis (RDA) triplot of seasonal assemblages 
of dominant fish species in the List tidal basin. Seasons (explana-
tory variable) are marked by small green squares and fish species 

with blue numbered lines (see legend for species names). Fish images 
were modified from Fishbase, Scandinavian Fishing Yearbook and 
WoRMS
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fluctuating abiotic conditions kept species diversity at a low 
level, and favoured the occurrence of a few opportunistic and 
well-adapted species, with some now reaching densities up 
to several thousands of individuals per square metre (Reise 
et al. 2023). Low species diversity coupled with high three-
dimensional habitat availability on and below the seafloor 
results in comparatively low interspecific competition, mak-
ing the Wadden Sea an immigration-friendly ecosystem with 
many empty niches and a high capacity to accommodate new 
species from foreign coasts (Buschbaum and Horn 2024).

As SST rises, species originating from more southern 
coasts may extend their distribution limits to the Wadden 
Sea. The first arrivals were and will mainly be small pelagic 
fish species that respond quickly to rising temperatures (see 
above), but in the long term, benthic invertebrates will also 
immigrate (Hiscock et al. 2004; Reise and van Beusekom 
2008). However, the number of new macroinvertebrate spe-
cies expanding their distribution northwards will be limited 
because most coastal benthic species of the East Atlantic 
already have wide latitudinal distribution ranges (Reise and 
van Beusekom 2008; Weinert et al. 2016). These species 
can still be considered ‘natural’ immigrants from adjacent 
regions because they are not actively introduced by human 
activities. However, the number and importance of human-
introduced organisms is much higher than natural immigra-
tion. In the past 150 years, biodiversity in the Wadden Sea 
has increased by more than 100 introduced species (detailed 
in Lackschewitz et al. 2022; Reise et al. 2023). The rate of 
species introductions was low at the beginning of the twenti-
eth century, but has increased exponentially since the 1990s 
(Büttger et al. 2022), in large part due to increased cargo 
shipping between the continents and the use of non-native 
marine species for aquaculture (Ojaveer et al. 2018).

Most of the already established introduced species in 
the Wadden Sea originate from warmer areas. As a conse-
quence, rising temperatures facilitate ecological ‘sleepers’ 
(Spear et al. 2021), which are non-native species that have 
already established but respond with increased abundance 
after temperatures increase. A prominent example is the 
Australian barnacle Austrominius modestus. This species 
was introduced to the Wadden Sea in the 1950s but remained 
rare until the 1990s, when it showed an exponential increase 
in abundance as a result of a series of mild winters and warm 
summers (Witte et al. 2010). A large proportion of the new 
species are suspension feeders such as bivalves, tunicates 
and bryozoans, with hitherto largely unknown effects on 
Wadden Sea food webs. However, continually increasing 
densities indicate that suspension feeders are currently not 
food limited in the Wadden Sea (Reise and van Beusekom 
2008).

Interestingly, many of the introduced species are habi-
tat engineers. The Pacific oyster, macroalgal species and 
epibenthic organisms such as the American slipper limpet 

Crepidula fornicata have successfully established (Reise 
et al. 2023), whereas only a few new endobenthic soft-bot-
tom species managed to do so (less than 30% of all known 
non-native species; Büttger et al. 2022). Perhaps, these spe-
cies are introduced less frequently because their transport 
is mostly restricted to ballast water, whereas hard-bottom 
species can be introduced by additional vectors such as ship 
hulls and aquaculture organisms (Buschbaum and Horn 
2024). Non-native hard-bottom species benefit from an 
increase in artificial structures made from stone and con-
crete used for coastal protection, as these provide not only 
protection from storms but also settlement substrate. This 
also applies to the foundations of offshore wind turbines, 
which represent stepping stones that facilitate dispersal 
(Reise and Lackschewitz 2023; Reise et al. 2023). Thus, 
artificial and human-altered coastal areas offer non-native 
species entrance doors for successful establishment within 
the Wadden Sea ecosystem.

The combined effects of global trade, artificial hard sub-
strates and climate change lead to more introductions and 
successful establishment of non-native species in the Wad-
den Sea, with a current rate of about two new species per 
year (Reise et al. 2023). Management of non-native species 
is the subject of intense debate with opposing opinions rang-
ing from acceptance to eradication (Buschbaum and Horn 
2024). Irrespective of this sometimes-emotional discussion, 
the introduction of new species should be prevented, as it 
represents a man-made change to the ecosystem, does not 
correspond to the guiding principles of a World Heritage site 
and does not take into account that every additional new spe-
cies represents an ecological risk (Reise et al. 2023).

Direct and indirect climate change effects 
on macroalgae

The unstable sediments of the Wadden Sea are not suitable 
habitat for macroalgae, which require hard substrate for 
attachment. Only extensive epibenthic biogenic structures 
such as mussel beds have naturally occurring macroalgae, 
but with comparatively low diversity. The only abundant 
native colonising macroalga on Wadden Sea intertidal mus-
sel beds is a special form of rockweed, Fucus vesiculosus 
forma mytili. This brown alga reproduces purely vegetatively 
and lacks a holdfast (Albrecht 1998), but anchors to mus-
sel beds using the dense byssus thread-mesh produced by 
the mussels. Mussel beds covered with F. vesiculosus forma 
mytili represent a specific habitat type. The alga enhances 
the accumulation of mud by decreasing currents and hydro-
dynamics above the mussel beds, resulting in lower densi-
ties of mussel bed–associated species such as barnacles and 
crabs below the algal canopy. At the same time, it attracts 
grazing herbivores such as snails, isopods and amphipods, 
therefore increasing overall benthic and habitat diversity 
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(Albrecht and Reise 1994). Climate change is predicted 
to influence the ecological functioning of this community 
since warming temperatures may alter the phenology of F. 
vesiculosus in spring and summer, and decrease survival of 
F. vesiculosus germlings in late summer (Al-Janabi et al. 
2016; Graiff et al. 2017).

Besides direct consequences of climate warming on 
habitat-forming native macroalgae, indirect effects are 
also predicted to increase in the Wadden Sea. For example, 
higher temperatures associated with mild winters and warm 
summers have strongly facilitated the development of mixed 
bivalve reefs (see above), with Pacific oysters dominating the 
top layer of the reef and mussels mainly occurring near the 
bottom between the oysters (Reise et al. 2017). This spatial 
distribution pattern hampers the fixation of F. vesiculosus 
forma mytili on bivalve aggregations (Mayr 2009), which 
has resulted in its reduced abundance on mixed reefs in com-
parison to pure mussel beds before the introduction of the 
Pacific oyster. Like Pacific oysters, some species of non-
native habitat-forming macroalgae also profit from milder 
temperatures in the Wadden Sea. One prominent example 
is the Japanese seaweed Sargassum muticum, which is now 
very abundant in the lower intertidal and shallow subtidal 
zone (Fig. 9), where it provides habitat for a rich associated 
community, but also competes for light and space with native 
algae (Buschbaum et al. 2006; Lang and Buschbaum 2010). 
Recently, the non-native kelp Undaria pinnatifida, native to 
East Asian shores, was found on mixed bivalve reefs near 
Sylt, but its function as a habitat-building organism is still 
unknown for the Wadden Sea area (Schiller et al. 2018). This 
species also occurs attached to artificial hard substrates such 
as coastal protection structures, which are increasingly being 
built as a result of sea level rise (Buschbaum et al. 2012; 
Reise et al. 2023), suggesting a corresponding increase in 
U. pinnatifida in the future.

A new phenomenon emerged with the establishment of 
two non-native grass-like Vaucheria species (Vaucheria lon-
gicaulis and V. velutina; Xanthophyceae), which have spread 
rapidly around the island of Sylt and already covered an area 
of 180 ha in 2020 (Fig. 9). Unlike most other introduced 

macroalgae, these species do not require hard substrates for 
attachment, but are rooted in the sediment at and below the 
low tide level, where a dense algal turf accumulates and 
stabilises mud up to a height of 20 cm. By enriching sedi-
ments, the introduction of these algal species may improve 
the capacity of tidal flats to compensate for accelerated 
sea level rise, but also strongly affects the composition of 
the endobenthic species community (Reise et al. 2022a, b; 
Rybalka et al. 2022).

Species interactions change with rising 
temperatures

Changes to predator–prey and competitive 
interactions

Ecological research on species in the northern Wadden Sea 
dates back to the second half of the nineteenth century. How-
ever, it took another 100 years until the mid-1970s before 
experimental investigations of species interactions came into 
focus and the first extensive manipulative field studies were 
conducted (Reise 1985). Experimental changes to natural 
densities of crabs, fish and birds revealed the important 
role of predators for population dynamics and the spatial 
occurrence of endobenthic prey species such as bivalves and 
polychaete worms. These represent the dominant taxonomic 
groups in the soft bottom of the Wadden Sea and are the 
main food source for millions of breeding and migratory 
birds (Reise 1977, 1978). In recent years, this key preda-
tor–prey interaction has been indirectly affected by climate 
change, shown by a decline of about 55% in breeding bird 
populations in the Wadden Sea (Koffijberg et al. 2022). 
Flooding of breeding sites during storm surges and increased 
frequency and magnitude of storms during the breeding 
period are responsible factors (van de Pol et al. 2010).

Rising temperatures can also decouple existing preda-
tor–prey relationships. Severe winters are an important reg-
ulating variable for population dynamics of many benthic 
species in the Wadden Sea, but have become rare in the last 

Fig. 9  The introduced mac-
roalgae Japanese seaweed 
Sargassum muticum (left) and 
Vaucheria sp. (right) represent 
the most common macroalgae 
on tidal flats in the List tidal 
basin. Sargassum muticum 
requires hard substrate such as 
bivalve shells on the sediment 
surface for attachment, while 
Vaucheria sp. is rooted in the 
sedimentary bottom
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two decades. At the same time, the frequency of hot and dry 
summers has increased (see above). It is a well-known phe-
nomenon that bivalve recruitment is enhanced after severe 
winters in the Wadden Sea (Ziegelmeier 1964; Strasser and 
Günther 2001; Strasser 2002; Strasser et al. 2003). This 
results less from a higher supply of bivalve larvae, but rather, 
from lower predation pressure from main predators such as 
the shore crab Carcinus maeanas. Crab larval development 
is delayed after severe winters, and therefore, bivalves have 
outgrown the prey size spectrum of the crabs when they 
appear on the tidal flats, which can be up to 8 weeks later 
than the bivalve larvae (Strasser and Günther 2001; Strasser 
et al. 2003). Thus, cold winter temperatures lead to a tem-
poral mismatch between predatory crabs and their prey spe-
cies, with positive effects for several bivalve populations 
(e.g. Cerastoderma edule). However, the trend of increas-
ingly mild winters may result in low recruitment success of 
many bivalve species.

A number of species interactions are indirectly affected 
by climate change through the introduction of non-native 
species originating from warmer coasts that benefit from ris-
ing temperatures in the Wadden Sea. In particular, success-
fully established benthic suspension feeders such as bivalves 
and ascidians have enhanced the trophic functional group 
of primary consumers in terms of abundance and biomass, 
consuming planktonic organisms and affecting the overall 
energy flow and food web. However, these species also pro-
vide a new food source for secondary consumers such as 
bivalve-eating birds (Buschbaum and Horn 2024). At the 
same time, the number of introduced secondary consum-
ers is relatively low in the Wadden Sea (Reise et al. 2023), 
although they can considerably change existing species 
interactions as well as develop new ones. For example, two 
introduced Pacific shore crabs, Hemigrapsus sanguineus 
and Hemigrapsus takanoi, which are adapted to warm tem-
peratures, have recently established in mixed oyster–mussel 
reefs, where crabs can reach densities of about 350 individu-
als  m−2 (Fig. 10; Cornelius et al. 2021). Both introduced 
crab species show a similar food spectrum as the native 
shore crab C. maenas and, therefore, increase predation 
pressure on many species associated with oyster reefs, such 
as barnacles, mussels and amphipods (Bleile and Thieltges 
2021; Cornelius et al. 2021). Interestingly, a fundamental 
habitat change caused by an introduced species will not nec-
essarily lead to changes in existing species interactions. For 
example, within newly developed oyster reefs, the grazing 
snail Littorina littorea maintains the same level of ecological 
function as in former pure blue mussel beds by keeping mus-
sels and oysters free from excessive overgrowth with algae 
and barnacles (Cornelius and Buschbaum 2020).

Competition is another key species interaction shaping 
coastal communities. With rising temperatures, it is often 
predicted that warm-adapted introduced species will have 

a competitive advantage over native species. However, 
clear evidence for this is still lacking in the Wadden Sea 
area. Introduced oysters have not displaced native mussels 
(Reise et al. 2017), nor have non-native crab species caused 
a decline in the density of native shore crabs (Fig. 10; Cor-
nelius et al. 2021), despite a strong overlap in food prefer-
ence and a competitive advantage of the introduced crab spe-
cies over the native C. maenas (Geburzi et al. 2018). Thus, 
coexistence seems to be the rule rather than the exception 
(Reise et al. 2023). The pattern of low competition between 
epibenthic species is also reflected in endobenthic species. 
In contrast to rocky shores, the sedimentary bottom of the 
Wadden Sea provides a three-dimensional living space, 
which presumably results in comparatively low competition 
for space and food, with competition only occurring when 
there is an extremely high abundance of individuals (Jensen 
1992a). Therefore, low competition enables incredibly high 
densities, for example, of endobenthic bivalves and worms 
with several thousands of individuals per square metre 
(Jensen 1992a, b; Reise et al. 1994). A species-habitat analy-
sis in the northern Wadden Sea revealed that macrobenthic 
species occur on average in less than half of the suitable 
sites available (Armonies and Reise 2003). Therefore, many 
areas that could be used are not occupied by endobenthic 
resident organisms, thereby providing habitat for introduced 
species without having to compete with native species for 
space. Whether continued increases in SST in the Wadden 
Sea will lead to higher individual species densities and, thus, 
more competition for space and food is a key area of future 
studies.

More parasites and disease‑causing pathogens 
with climate warming

Interspecific interactions also include the interaction 
between parasites (including pathogens that cause dis-
ease) with their hosts. Parasites form a major, though often 
ignored, part of biodiversity (Windsor 1998; Wood and 
Johnson 2015) that can reach substantial biomass in eco-
systems (Kuris et al. 2008) and contribute largely to within-
ecosystem connectivity (Dunne et al. 2013). In the Wadden 
Sea, macroparasite diversity can far exceed host diversity. 
For example, 26 parasitic species were recovered from 10 
mollusc hosts (Thieltges et al. 2006) and 16 parasite species 
from 4 fish hosts (Schade et al. 2015). Successful parasite 
transmission can be lower with rising temperatures due to 
transmission interference by non-suitable hosts (Goedknegt 
et al. 2015), indicating that also parasite diversity can be 
influenced by climate change.

Climate change increases the likelihood of species 
introductions, and this also applies to parasites introduced 
directly or indirectly with other non-native species (Goed-
knegt et al. 2016a) from which they can spill over to native 
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organisms (Goedknegt et al. 2016b). In this context, para-
sitic copepods from the genus Mytilicola that infect the guts 
of bivalves represent an excellent case study. While early 
observations associated the invasion of M. intestinalis with 
mass mortalities of its newly acquired host, the blue mus-
sel Mytilus edulis (Korringa 1950), later studies questioned 
negative effects (Dethlefsen 1975). Now, this parasite is 
widespread in the Wadden Sea and can reach prevalences 
of up to 100% of mussel hosts being infected (Feis et al. 
2022). Recent experimental studies using controlled infec-
tions could repeatedly demonstrate reduced body condi-
tion of infected mussels, suggesting that either the parasite 
itself or the immune response diverts energetic resources 
away from mussel growth (Feis et al. 2016, 2018). Further-
more, when mussels were additionally challenged with a 
disease-causing bacterial pathogen (Vibrio orientalis), they 
showed increased mortalities as a consequence of not being 
able to clear the bacterial infection from their haemolymph 
(Demann and Wegner 2019). This effect was amplified at 
elevated temperatures (Demann and Wegner 2019), indicat-
ing that mussels weakened by a non-lethal parasite infec-
tion and stressful environmental conditions suffer increas-
ingly from secondary infections of opportunistic pathogens, 
potentially leading to bigger disease outbreaks that may also 
affect other host species besides mussels.

In general, disease outbreaks caused by microbial patho-
gens (bacteria, protists, viruses) are predicted to increase 
with climate change (Harvell et al. 1999, 2002) and mass 
mortalities associated with disease and parasites have been 
reported for several Wadden Sea species (Jensen and Mourit-
sen 1992; Watermann et al. 2008). However, the occurrence 
of diseases is only systematically monitored for mammals 
and birds, while disease-mediated mortality of inverte-
brates remains elusive (Ward and Lafferty 2004). To better 
understand the role of disease within the Wadden Sea eco-
system and its possible future trajectories with increasing 

temperatures, invertebrate mortalities need to be monitored 
and causative agents need to be identified.

Identification of disease agents is a time-consuming 
‘needle in the haystack’ process since only few microbial 
pathogens are amenable to cultivation for experimental use. 
An exception to this are bacteria of the genus Vibrio sp., 
which contain many cultivatable strains that are pathogenic 
to marine organisms. Mass mortalities of Pacific oysters 
caused by virulent Vibrio strains (Le Roux et al. 2016) are 
also sensitive to water temperature. For one, the occurrence 
of virulent Vibrio strains across seasons correlates positively 
with temperature (Wendling et al. 2014; Fig. 11), suggest-
ing that warmer water temperatures in the wake of climate 
change will also lead to higher Vibrio-induced mortality. 
Experimental studies suggest that virulence of single Vibrio 
strains is increased with higher temperatures (Wendling and 
Wegner 2015). However, infection of oysters with virulent 
Vibrio can also lead to the increase of other opportunistic 
bacterial genera such as Arcobacter and Mycoplasma (Lok-
mer and Wegner 2015), indicating that the microbial com-
munity inhabiting a host, i.e. its microbiome, is sensitive 
to perturbation. Mortality may, thus, not be a direct effect 
of the initial infection but rather a side effect of microbi-
ome disturbance giving rise to other opportunistic patho-
gens. Indeed, oyster microbiomes are particularly sensitive 
to temperature and temperature stress (Wegner et al. 2013; 
Lokmer and Wegner 2015). If the resulting community shifts 
result in higher vulnerability of many host organisms to dis-
ease, cascading ecosystem effects resulting from mortalities 
caused by the interaction of parasites and disease-causing 
pathogens with climate change can be expected.

Furthermore, genetic material that turns harmless bac-
terial symbionts into pathogens (i.e. virulence genes) can 
propagate between organisms by horizontal gene transfer. 
This has been shown for antimicrobial resistance genes, 
where transfer of mobile genetic elements constitutes an 

Fig. 10  Mean densities m-2 
(± SE) of native Carcinus 
maenas and introduced 
Hemigrapsus sanguineus and 
Hemigrapsus takanoi on an 
intertidal mixed mussel and oys-
ter reef near the island of Sylt in 
summer (May–June) from 2011 
to 2023
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important pathway in the prevalence and proliferation of 
antibiotic resistance, and its transmission to human patho-
gens (Séveno et al. 2002). Increasing temperatures can accel-
erate the acquisition of antimicrobial resistance genes (Mac-
Fadden et al. 2018). In addition, climate change modifies 
the bacterial communities associated to species in different 
compartments of the ecosystem (Lokmer and Wegner 2015; 
Scanes et al. 2021), potentially impacting the transmission of 
mobile virulence and antimicrobial resistance genes within 
the food web (Ferguson et al. 2021; Zhang et al. 2022).

Adaptation to climate change in the Wadden 
Sea

Adaptive mechanisms of organisms in a warming 
ocean

Adaptive responses of organisms to the rapidly warming 
conditions in the Wadden Sea include shifting distribu-
tion ranges (e.g. northward shifts by fish species), genetic 
adaptation in situ (e.g. rapid adaptation to Vibrio pathogens 
in pacific oyster; Wendling and Wegner 2015) and/or phe-
notypic plasticity. With plasticity, individuals (genotypes) 
adjust their phenotype in response to direct environmental 
cues. Plasticity is thus a fast response mechanism to cope 
with changing climate conditions (Munday et al. 2013). Such 

within-generation plasticity can lead to altered phenolo-
gies (e.g. earlier spring phytoplankton blooms), changes in 
reproductive strategies (e.g. increased reproductive output 
to compensate for potential warming-induced losses) and 
thermal tolerance mechanisms (e.g. differential expres-
sion of genes involved in thermal regulation; Munday et al. 
2013). Importantly, plasticity can also occur across genera-
tions (transgenerational plasticity). For example, parents 
exposed to ocean warming can prime their offspring to per-
form better in warmer environments (Donelson et al. 2018). 
Information about past environmental conditions is passed 
on to the next generation via nutrients, hormones and/or 
epigenetic modifications within gametes, potentially result-
ing in faster, adaptive plastic responses to future conditions 
(Adrian-Kalchhauser et al. 2020). In this way, transgenera-
tional plasticity can buy time for slower genetic adaptation 
to catch up over the longer term.

Plasticity in response to projected ocean warming sce-
narios has been investigated using marine threespine stick-
leback (Gasterosteus aculeatus) as a model system and 
case study for generalisation to other Wadden Sea species. 
Controlled laboratory breeding experiments revealed several 
mechanisms underlying plastic responses to ocean warm-
ing. A common finding was that reproductive output of 
females (egg size, clutch size) and offspring growth (body 
length) were highly plastic both within and across genera-
tions (Fig. 12). In nearly all studies, females acclimated to 
a + 4 °C warming scenario during gametogenesis produced 
smaller eggs (compared to 17 °C as the ambient summer 
mean temperature in the List tidal basin; Shama and Weg-
ner 2014, Shama 2015, Shama 2017), and offspring fish 
reared at + 4 °C had lower growth rates and smaller body 
size (Ramler et al. 2014; Schade et al. 2014; Shama et al. 
2014). That is, negative within-generation plasticity effects 
occurred at + 4 °C. However, when mothers were accli-
mated to + 4 °C during gametogenesis and their offspring 
also developed at + 4 °C, transgenerational plasticity led 
to (relatively) larger offspring in the matching parent–off-
spring + 4 °C environments (Fig. 12a; Shama et al. 2014). 
One mechanism underlying better offspring growth at + 4 °C 
was more efficient mitochondrial metabolism inherited 
from + 4 °C mothers. By breeding a grand-offspring genera-
tion, it was shown that metabolism responses were underlain 
by changes to gene expression depending on the maternal 
and grandmaternal environment (Shama et al. 2016), indicat-
ing an epigenetic basis for transgenerational plasticity (Fel-
lous et al. 2022). In addition to phenotypic effects on indi-
vidual organisms, such non-genetic inheritance mechanisms 
can also influence the adaptive potential of populations (e.g. 
invasion potential, migration propensity, and susceptibility 
to parasites and pathogens; Adrian-Kalchhauser et al. 2020), 
making their study a key tool to predict potential impacts of 
climate change for Wadden Sea populations.

Fig. 11  Seasonal correlation between sea surface temperature (red) 
and the occurrence of virulent Vibrio isolates (blue). The likelihood 
of encountering a virulent Vibrio isolate is particularly high after 
peak summer temperatures, indicating that more virulent strains will 
be present with climate warming. Modified from Buschbaum et  al. 
(2016)
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In addition to increasing mean seawater temperature, 
the Wadden Sea is also experiencing an increase in tem-
perature variability, anomalies and heatwaves (see above; 
Amorim et al. 2023). How organisms respond to environ-
mental variability can differ markedly from responses to 
directional change. Whereas transgenerational plasticity 
is predicted to occur when parent environment is predic-
tive of offspring environment, bet hedging by parents (off-
spring phenotype diversification) is expected in unpredict-
able environments. Physiological mechanisms underlying 
thermal hardening—where acute exposure to temperature 
extremes increases thermal tolerance—are potential adaptive 
responses (Munday et al. 2013). In stickleback, bet hedg-
ing by mothers acclimated to temperature variation (weekly 
switches between two temperatures) led to higher variance 
in offspring size (Fig. 12b; Shama 2015), whereas no bet 
hedging occurred when parents experienced stochastically 
fluctuating environments (Shama 2017). By simulating the 
natural temperature variation experienced by this population 
in the Wadden Sea, it was shown that a 2.5-fold increase in 
temperature variability is stressful, and almost always leads 
to smaller fish, but that parental acclimation to tempera-
ture variation could offset some of the offspring size losses 
(Spence-Jones et al. in press). Smaller size is a common 
finding for studies of fish species responses to ocean warm-
ing (Daufresne et al. 2009), and continued warming as well 
as increasing temperature variability in the Wadden Sea will 
likely result in progressively smaller adult fish, with poten-
tial implications for population dynamics, species interac-
tions and ecosystem functions.

Omics approaches to identify species responses 
to climate change

Molecular tools are gaining increasing importance to under-
stand the mechanistic basis of adaptive responses to climate 
change (Hansen et al. 2012). An explicit link between an 
organism’s immediate phenotypic response to environmental 
change and its genetic make-up can be established by the 
differential activity of genes (RNA sequencing). The cumu-
lative activity of all genes, i.e. the transcriptome, can give 
insights into how different molecular pathways are utilised to 
respond to climate change throughout development (Fellous 
et al. 2022) and across generations (Shama et al. 2016), as 
well as to investigate regulation of specific genes involved 
in key organism responses such as heat or stress tolerance 
and immunity (Wegner et al. 2020).

On the genomic level, hardwired information in the DNA 
can be coupled to phenotypic data to identify adaptive pro-
cesses such as heterozygote advantage or hybrid vigour 
(Wendling and Wegner 2015), and how these interact with 
changing environmental conditions (Wendling et al. 2016). 
Coupling different -omics approaches like gene activity 
(transcriptomics) and genetic differentiation (genomics) 
can link adaptation processes across different time scales. 
Also, genetic markers with high resolution can be used to 
trace sources of species invasions, as have been used to track 
species introductions into the northern Wadden Sea (Moe-
hler et al. 2011; Feis et al. 2019). More specifically, using 
Pacific oysters from different invasion sources, this approach 
revealed that mechanisms generating phenotypic diversity on 
the molecular level (alternative splicing, transposon activity) 

Fig. 12  Stickleback offspring growth plasticity at ambient (17  °C) 
and + 4 °C ocean warming scenario (21 °C) depending on; (a) pater-
nal and maternal acclimation temperature combination and; (b) 
maternal temperature predictability (constant or variable). In; (a) off-
spring of 21  °C mothers are relatively larger when grown at 21  °C, 

reflecting transgenerational plasticity. In; (b) mothers acclimated to 
unpredictable (variable) environments produce more variably sized 
offspring, suggesting bet hedging. Redrawn from; (a) Shama et  al. 
2014 and; (b) Shama 2015
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are activated in novel environments, and genetic differences 
in these functions can be selected for over longer periods 
(Wegner et al. 2020). This suggests that colonisation of 
novel habitats by introduced species can act as a driver of 
evolutionary change.

Omics tools can also help in the identification of novel 
introduced species (DNA barcoding), which is particularly 
important when colonising species belong to cryptic spe-
cies complexes and show little morphological differentiation 
(Goedknegt et al. 2018; Waser et al. 2020; Rybalka et al. 
2022). Environmental DNA (eDNA) and metabarcoding, 
the combination of DNA taxonomy and high-throughput 
sequencing, are other useful tools that allow biodiversity 
monitoring and subsequent ecological assessment and plan-
ning in a changing environment (Deiner et al. 2017; Song 
and Liang 2023). Metabarcoding has successfully been 
applied to groups of organisms across the tree of life as well 
as in terrestrial, freshwater and marine environments (Beng 
et al. 2016). This method further allows monitoring of target 
species (i.e. introduced or elusive) at low densities (Rup-
pert et al. 2019). Even though eDNA metabarcoding still 
has its limitations, it can nicely complement and expand 
on traditional methods, and it is an efficient, non-invasive 
and sensitive tool that can be used for species or overall 
biodiversity monitoring on large spatial and temporal scales. 
Thus, -omics approaches are essential for a deep mechanis-
tic insight into organismal responses to climate change and 
species interactions (Feis et al. 2016). In some applications, 
they can go as far as confirming functional roles of unchar-
acterised target genes using gene knock-outs and knock-ins 
(Wegner et al. 2019). The combination of -omics approaches 
can help to identify molecular targets responding to multiple 
climate change related pressures, and directional changes in 
these gene targets in terms of gene activity or DNA sequence 
can provide meaningful markers for the underlying molecu-
lar pathways to monitor whether species and communities 
can keep up with the pace of environmental change.

A holistic ecosystem view using novel 
approaches

Modelling the Wadden Sea food web

Food webs are complex ecological entities, but can be rep-
resented as ecological models that capture the balance of 
the ecosystem as a network of trophic relationships. Such 
models can be used to understand how specific changes to 
the network can alter system structure (Baird and Ulanow-
icz 1989). Food web models involve simplified simulations 
of the ecological network functionality, and analyse inter-
actions, behaviour and dynamics (Dunne 2009). However, 
climate change effects at the food web scale are challenging 

to capture due to the diversity of different effects occur-
ring simultaneously (Fig. 13). For instance, effects of cli-
mate change can alter species composition within an area, 
physiological processes of individual species and also their 
phenology, all of which can significantly affect the function-
ing of the food web. The food web of the Wadden Sea was 
described in a number of studies focusing on trophic inter-
actions of different tidal basins (Asmus and Asmus 1985; 
Baird et al. 2004; Schückel et al. 2015; de la Vega et al. 
2018a; Horn et al. 2019; Jung et al. 2020) and estuaries (de 
Jonge and Schückel 2019). All studies confirmed that the 
Wadden Sea is a highly productive ecosystem, with the base 
of the food web mainly formed by primary producers (phyto-
plankton and microphytobenthos) and dead organic material. 
Whether herbivorous or detrivorous pathways dominate the 
food web is dependent on the habitat and species compo-
sition of a specific geographical region (de la Vega et al. 
2018b). Benthos is a key link in the food web, transporting 
energy from the base of the web to higher trophic levels, 
such as to fish, birds and seals.

Although climate change will heavily impact Wadden 
Sea organisms, the effects have rarely been investigated at 
the level of the entire food web. Recently, the influence of 
rising temperature on the physiology of individual system 
components was studied using Ecological Network Analyses 
(ENA). ENA provides a structural understanding of network 
properties, but also specific functional indices (Kay et al. 
1989; Fath and Patten 1999; Ulanowicz 2004; Fath et al. 
2007). With rising temperatures, ENA indicates an increase 
in activity at lower trophic levels and reduced energy transfer 
to higher trophic levels (Baird et al. 2019). ENA also identi-
fied effects of changing species compositions, a key consid-
eration, since climate change will facilitate the introduction 
of new species (see above). Introduced species will inevi-
tably establish new trophic links and, therefore, alter the 
recipient food web. Effects of non-native species differ along 
the Wadden Sea coastline, as shown for Pacific oysters (M. 
gigas; Baird et al. 2012; Jung et al. 2020) and razor clams 
(Ensis leei; Horn et al. 2017; Jung et al. 2020), with M. gigas 
causing more severe effects on the food web’s structure and 
organisation in the northern Wadden Sea (Baird et al. 2012), 
while E. leei had larger effects in the Dutch intertidal area 
(Jung et al. 2020).

Modelling approaches such as ENA are useful to provide 
insights into the functioning of the system and changes due 
to selected climate change related pressures. In response 
to changing climate effects such as warming, many biotic 
components of the food web and abiotic influences are shift-
ing in space and time, leading to alterations to a number of 
direct and indirect interactions within the network. Food web 
models analysed with ENA are, however, static in space and 
time, and results should be interpreted as snapshots of the 
system. Investigations of continuously resolved influences 
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of environmental changes on food webs and ecosystem 
responses are not readily feasible with this method (Horn 
et al. 2021a, b). An extended model with a modified ENA 
is required to allow investigations of dynamic shifts in and 
on the system (Horn et al. 2021a, b). The framework Eco-
path with Ecosim (EwE; Christensen and Pauly 1992) is also 
a promising approach to capture food web dynamics and 
combines general trophic mass-balanced food web model-
ling with differential equations to describe dynamic energy 
flows within a food web. Recently, an EwE model deter-
mined bottom-up impacts of climate change on a food web 
using simulations considering a medium and high emissions 
climate scenario (Whitehouse et al. 2021). Thus, EwE could 
provide a suitable tool to investigate climate change effects, 

also in combination with other stressors. In the northern 
Wadden Sea, EwE was used to investigate potential effects 
of seagrass recovery, and revealed changes in the associated 
benthic fauna and its predators due to higher food avail-
ability and shelter provision caused by increased seagrass 
biomass (Horn et al. 2021a), highlighting the importance to 
include mediating effects into modelling approaches.

Model simulations using EwE could also be valuable 
for exploring potential ecosystem-based management 
decisions. Since the early 2000s, the European Commission 
has brought forward several directives which explicitly 
promote the implementation of ecosystem-based 
management decisions within the European Union (Safi 
et al. 2019; de Jonge and Schückel 2021). For example, 

Fig. 13  Schematic representation of climate change impact on the dif-
ferent trophic levels of the Wadden Sea food web. Different climate 
change effects alter the species composition, physiology and phenol-
ogy of organisms with unknown implication for the entire food web. 

Effects can potentially cascade from one trophic level to the preced-
ing one. The food web illustration was modified after Horn et  al. 
(2021a). Potential bottom-up cascading effects due to rising tempera-
ture were included after Barneche et al. (2021)

Fig. 14  AWISOM mesocosm 
facility at the Wadden Sea 
Station Sylt (photo: Esther 
Horvath)
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assessing the quality of the structure and the functioning 
of ecosystems are major concerns of the Water Framework 
Directive and the Marine Strategy Framework Directive 
(Safi et al. 2019; Oprandi et al. 2023). Accordingly, both 
directives call for the use of suitable indicators (such as 
ENA indicators) in the assessment of ‘Good Environmental 
Status’. However, in marine conservation and policy, the 
application of status indicators is still developing because 
links between indicators and the pressures affecting them 
can be obscured by food web dynamics, data limitations 
or cumulative effects of multiple pressures (McQuatters-
Gollop et al. 2019). A first approach was recently published 
in Schückel et al. (2023). Holistic, function-based criteria 
and indices provided by models that feed into ecosystem-
based management decisions and inform decision-making 
processes can foster marine biodiversity conservation (Safi 
et al. 2019).

Mesocosms as a unique infrastructure to simulate 
climate change at the ecosystem level

Experiments are helpful to elucidate causal relationships 
and mechanisms underlying interactions between abiotic 
changes and responses of organisms, but they are often too 
simplistic (e.g. single-species laboratory experiments) or 
too complex with many variables that cannot be controlled 
(e.g. field studies). Mesocosms are a unique approach to 
address important questions relevant for coastal ecology, 
and have become an indispensable tool for climate-change 
related research to bridge the gap between field and labora-
tory experiments. Importantly, they allow the manipula-
tion of environmental factors under near-natural conditions 
at the community level.

As part of its research infrastructure, the Wadden Sea 
Station Sylt has a unique mesocosm facility (AWISOM; 
Alfred-Wegener-Institut Helmholtz-Zentrum für Polar-
und Meeresforschung 2023) that was specifically designed 
to investigate effects of future climate change scenarios 
on marine intertidal and subtidal biota in a near-natural 
way. The facility consists of 24 large outdoor mesocosms 
(each containing 1800 L of seawater), plus an additional 
6 mesocosms housed within a greenhouse that are used 
for experiments during winter (Fig. 14), making it one 
of the largest and most technically advanced mesocosm 
facilities in Europe. The system is equipped with software 
for simulating tidal cycles and water currents, and for pre-
cisely regulating water temperatures and  pCO2 (Pansch 
et al. 2016), for example, in accordance with IPCC climate 
scenarios (IPCC 2022). Integrated multi-parameter probes 
ensure continuous recording of abiotic factors such as dis-
solved oxygen, pH, water temperature and conductivity, 
facilitating digital data collection and future internet-based 
observation to archive technologies (see Box 2).

Box 2: Observation to archive—the future of data collection

With the rise of digital transformation, data handling will be 
revolutionised during the next few years, especially with regard to 
field work. Digital tools will gradually replace traditional methods 
due to increased efficiency and accuracy of data collection, 
and improved accessibility and exchange. Despite the fact that 
digitalisation has affected virtually every aspect of research, many 
scientists still use handwritten notes that are manually transferred 
into a digital format that allows further processing (e.g. shar-
ing, analysis, visualisation). Thus, in contrast to the enormous 
expansion of data processing capabilities, data collection has not 
evolved along with digitalisation. Importantly, digital transforma-
tion plays a significant role in promoting FAIR (Findable, Acces-
sible, Interoperable, Reusable) standards for scientific data, which 
are now mandatory for many research institutions.

Internet of Things (IoT) technologies (networking of internet-ena-
bled devices) offer promising approaches to address data collec-
tion issues (e.g. by using smartphone applications). These cloud-
based techniques provide an initial quality check of acquired data 
in the field based on quality-assurance algorithms, and data can 
be transferred in real time for further processing in other web 
services. Data formats are compatible with other applications, 
which is a key component for the functionality of IoT technologies 
to allow complementary analyses. At the same time, IoT-based 
measurement systems can be easily adapted to specific require-
ments, remotely parameterised and combined to create individual 
measurement networks. Internet-based, bidirectional commu-
nication with measuring devices also facilitates citizen science, 
as data can be integrated directly into measurement campaigns, 
thereby increasing the number of data points. Such enhanced 
data exchange and flexibility can facilitate the early detection of 
trends or potential shifts in the overall system. At the Wadden 
Sea Station Sylt, usability tests of digital data collection via voice 
control as well as automated simulation of abiotic parameters in 
mesocosm experiments showed that data can be provided online 
without time delay, can be downloaded on local devices in various 
formats and fed into, e.g., time series databases

The first experiments conducted in the mesocosms inves-
tigated the impacts of warming, ocean acidification and 
increased nutrient input on benthic Wadden Sea commu-
nities. Exposing macroalgae (Fucus vesiculosus), bivalves 
(Pacific oyster and blue mussel), gastropods (Littorina 
spp.) and amphipods (Gammarus spp.) for several months 
to environmental conditions predicted for 2100 showed how 
different species and trophic levels within the community 
responded to climate stressors, both alone and in combina-
tion (Pansch et al. 2016; Mensch et al. 2016, Pansch 2019). 
Pelagic community responses to specific IPCC climate sce-
narios were also investigated by exposing phyto- and zoo-
plankton to increased temperature and  CO2. These experi-
ments could show that a tipping point occurred between two 
IPCC scenarios, and that large shifts in traits and processes 
within planktonic food webs are to be expected in the future 
(Moreno et al. 2022). In salt marsh plants, higher tempera-
ture and  CO2 concentrations led to differential responses of 
C3 (Elymus athericus) and C4 (Spartina anglica) plant spe-
cies. While Spartina anglica showed increases in stem den-
sity and biomass (Koop-Jakobsen and Dolch 2023), as well 
as improved biomechanical traits such as stem diameter and 
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flexural rigidity (Paul et al. 2022), Elymus arthericus showed 
no response to altered climate conditions. These observed 
alterations of biomass production may have implications for 
blue carbon sequestration (see Box 1). Responses of organ-
isms at higher trophic levels (e.g. small fish species) were 
also tested using mesocosms experiments. For instance, two 
studies of ocean warming impacts on threespine stickleback 
mate choice showed that smaller males had higher reproduc-
tive success at warmer temperatures (Fuxjäger et al. 2019; 
Wanzenböck et al. 2022), supporting the premise that “big-
ger is not always better” under climate change. Currently, 
increasing ocean temperature variation and extreme events 
such as heatwaves are posing the largest threat to Wadden 
Sea communities, and mesocosm experiments that simulate 
different heatwave intensities and durations will play a key 
role in our ability to predict responses at the community 
level, and potential consequences for ecosystem processes.

Conclusions

Our synthesis of research investigating consequences of cli-
mate change in the northern Wadden Sea reveals that warm-
ing and the associated rise in sea level cause effects from 
the ecosystem to the genetic level. Coastal morphology and 
hydrodynamics are affected by increasing relative sea level 
(RSL). Both warming and rising RSL alter tidal flats, salt 
marshes and seagrass meadows, as well as their ecological 
services (e.g. carbon sequestration), and warming influences 
species interactions, genetic and phenotypic adaptation mech-
anisms of species, and the functioning of food webs (Box 3). 
Climate change impacts are clearly reflected at all levels of 
the ecosystem, underlining the overarching consequences of 
these human-induced pressures on the Wadden Sea.

Box 3: Climate change effects in the northern Wadden Sea

• Rising relative sea level (RSL) leads to erosion, changes to 
coastal geomorphology and sediment composition, and coupled 
with stronger winds to an increase in storm surge frequency and 
magnitude

• Overall mean increase in sea surface temperature (SST) of 1.8 °C 
is almost double the global average, and there is a clear trend of 
more warmer winters since 1991

• Salt marshes and seagrass meadows important for coastal protec-
tion and blue carbon storage are affected by both rising RSL and 
SST

• Increasing SST reduces spring phytoplankton blooms, alters 
plankton phenology and changes plankton as well as fish com-
munity composition

• Warming SST facilitates non-native species introductions (e.g. 
habitat engineers, parasites, pathogens) and leads to changing 
species interactions (e.g. predator–prey temporal mismatch) and 
food web dynamics

• Organisms adapt to increasing SST via genetic adaptation and 
phenotypic plasticity, underlain by molecular mechanisms for 
thermal tolerance

Despite the research highlighted in this synthesis, there 
are still many uncertainties about the effects of climate 
change on the Wadden Sea. Long-term investigations show 
that climate change has led to a rise in species numbers 
and biomass of both epibenthic and endobenthic organisms 
(Beukema et al. 2017; Beukema and Dekker 2020; Lack-
schewitz et al. 2022). Thus, species diversity does not appear 
to have suffered from climate change so far. In the long term, 
however, warming and sea level rise will affect the habi-
tat structure of the Wadden Sea with impacts on associated 
species communities. For example, potential changes in 
the upper intertidal (via area loss and prolonged flooding) 
and lower intertidal (permanently submerged) caused by 
an increasing rate of sea level rise will have consequences 
for species community patterns, especially for species that 
require the entire tidal range for their ontogeny. For example, 
lugworms, Arenicola marina, and tellinid clams, Macoma 
balthica, settle in the higher intertidal zone but migrate to 
lower intertidal zones as adults (Armonies and Hellwig-
Armonies 1992; Reise et al. 2001). Therefore, any change 
in spatial extent and water residence time of the tidal flats 
in the different intertidal zones will significantly affect the 
occurrence of some species.

Long-term descriptive studies of species occurrence provide 
important insights in population dynamics and developments 
(Reise 2003; Thieltges et al. 2004; Beukema and Dekker 2020), 
but cannot explain the underlying processes. Experimental 
approaches in the field and within mesocosms in which future 
warming and inundation scenarios of tidal flats are simulated 
can provide first hints about population-level consequences. 
Moreover, a combination of research approaches from across 
disciplines could be an important instrument to close existing 
knowledge gaps and merge disciplines whose separation is 
still partly visible in this synthesis. For example, changes to 
sediment composition and budgets are well investigated by 
geologists, but information about potential consequences 
for habitats (e.g. bivalve reefs, seagrass meadows) as well as 
benthic species communities and population dynamics are 
hardly known. In addition, a wealth of data on changes in 
species diversity and interactions between species could be 
incorporated into modelling approaches to assess consequences 
for trophic networks and to develop future scenarios.

In our synthesis, we focused mainly on effects of warm-
ing and sea level rise on abiotic and biotic ecosystem pro-
cesses. However, the Wadden Sea also has high cultural 
and economic importance, e.g. for arts, literature and 
tourism (Ratter and Gee 2012; Döring et al. 2022). Effects 
of warming and sea level rise on the ecosystem will have 
consequences for social structures and human welfare of 
coastal inhabitants, and vice versa. Adaptation and mitiga-
tion strategies cannot only focus on ecosystem or social 
services, but must consider the Wadden Sea as a closely 
interconnected system. Climate change forces society to 
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look at the Wadden Sea in a new way and to develop inno-
vative solution strategies with regard to coastal protection 
measures and tourism, but also species and habitat protec-
tion. This can be best achieved through interdisciplinary 
research developed together by social and natural scien-
tists, for which initial promising approaches already exist 
(e.g. Daschkeit and Schottes 2002; Reise 2015; Jordan et al. 
2023; Kötter-Lange et al. 2023). Strategies to cope with 
climate change in coastal ecosystems can benefit from the 
foundation of research conducted over the last 100 years at 
the AWI Wadden Sea station Sylt, with the shared goal of 
preserving this unique ecosystem and world heritage site.
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