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Since the last decades, previous long-term Wadden Sea studies revealed
significant changes in the abundance, biomass and spatial distribution of
characteristic macrofauna communities in response to environmental
changes and anthropogenic stressors. In this study, we performed statistical
community analysis for the East-Frisian Wadden Sea (EFWS, southern North
Sea) on two reference datasets across a period with severe climatic and
environmental changes (1980s-2018). Therefore, historical macrofauna data
from the Quantitative Sensitivity Mapping (1980s, SENSI 1) were reanalyzed and
compared with data from the Synoptic Intertidal Benthic Survey (SIBES/SENSI 3)
collected in 2018. Our results revealed significant quantitative and spatial changes
in the characteristic macrofauna communities between the 1980s and 2018, most
likely in response to de-eutrophication and sea level rise mediated habitat changes.
Since the 1980s, the total number of taxa remained relatively stable (1980s: 90,
2018: 81), but the total abundance decreased by ca. -31% and the total biomass
decreased by ca. -45%, particularly in the eastern regions of the study site probably
due to de-eutrophication processes. Thereby, the mean abundances/m? of >
-80% (1980s-2018) in the EFWS of several dominant species decreased: e.g. the
gastropod Peringia ulvae, the polychaete Lanice conchilega and the bivalve Mya
arenaria. In contrast, the mean abundance/m? of one dominant species increased
by > +80% (1980s-2018): the invasive bivalve Ensis leei. The mean biomass [g/m?]
of three dominant species decreased by > -80% (1980s-2018): P. ulvae, L.
conchilega and the amphipod Corophium volutator. In contrast, the mean
biomass [g/m?] of one dominant species increased by > +75% (1980s-2018): the
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polychaete Arenicola marina. In the western part of the EFWS, not only higher
abundances of A. marina, but also of L. conchilega and P. ulvae were found in 2018,
caused i.a. by sea level rise mediated decreasing mud contents and sand accretion
on tidal flats. At the community level, the Oligochaeta/Heteromastus community
increased in spatial distribution in the western EFWS in 2018 in the vicinity of
increasing mussel/oyster beds.

KEYWORDS

abundance decrease, biomass decrease, infauna, tidal accretion, tidal erosion,
Wadden Sea World Heritage Site

1 Introduction

Since recent decades, severe changes in the abundance,
biomass and spatial distribution of characteristic marine
communities have been recorded for all trophic levels across
the globe, i.e. mammals, fish, benthos, zoo- and phytoplankton
(e.g. Ehrich et al., 2007; Rockstrom et al., 2009; Beukof et al.,
2019). These changes have resulted in profound alterations in
the functional composition and biodiversity of benthic and
pelagic communities, which had a major impact on marine
food webs and inherent bottom-up and top-down processes (e.g.
Dornelas et al., 2014; Bowler et al., 2015; Pilotto et al., 2020).
Since the 1980s, long-term changes in characteristic North Sea
communities and their bentho-pelagic coupling, both coastal
and offshore, were primarily linked to climate change induced
temperature increase by 1.5°C (Beare et al., 2004), the
exploitation of marine resources, fisheries impact, Neobiota
introduction such as the Pacific Oyster and eutrophication
processes caused by agricultural and industrial wastewater
discharges (e.g. Beukema, 1992; Beukema and Dekker, 2020;
De Jong, 2007; Markert et al,, 2010; Kroncke et al.,, 2011,
Kroncke et al., 2019; Emeis et al., 2015).

OSPAR endorsed an agreement in 1988 with the target of a
50% nutrient reduction in North Sea countries between 1985 and
1995 (OSPAR, 2010). OSPAR countries agreed to implement a
coordinated programme for nutrient reduction from point sources
and agriculture where eutrophication problems were identified. A
wide range of European and international instruments aim at
combating harmful nutrient releases to surface waters and air
through controlling discharges and emissions as well as through
the designation of clear environmental targets. Due to OSPAR
regulations, nutrient loads of the rivers Elbe, Weser, Ems, IJssel,
Rhine, Scheldt and Meuse decreased significantly since the 1980s
(Emeis et al., 2015; Van Beusekom et al., 2019).

Reduced riverine nutrient input led to de-eutrophication
processes such as decreases in primary production and
phytoplankton biomass or quality as well as decreasing
copepod abundance in the south-eastern North Sea (Van der
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Wal, 2010; Boersma et al., 2015; Capuzzo et al, 2017; Van
Beusekom et al., 2017; Van Beusekom et al., 2019; Desmit et al.,
2020; Xu et al, 2020). Although a parallel increasing water
temperature might cause a higher phytoplankton primary
production, it also causes faster turnover rates of nutrients by
the microbial loop in the water column (Glibert and Mitra,
2022). This process leads to a faster nutrient depletion in the
water column. As a consequence, and in addition to the nutrient
decrease, less particulate organic matter (POM) reaches the
seafloor. This will result in decreasing benthic food availability,
because non-predatory benthic macrofauna depend on freshly
settled POM from the water column (Kroncke et al., 2004). For
higher trophic levels, decreased benthic prey biomass caused
severe food deficits, e.g. for benthivore predators such as fish and
birds in the Dutch Wadden Sea (Philippart et al., 2007). In
addition, Meyer et al. (2018) found up to 80% decrease in
abundance and biomass of macrofauna communities since the
1980s in the south-eastern coastal North Sea due to decreasing
food availability for benthic invertebrates from the
water column.

Nutrient reduction and temperature increase in the last
decades also affected the East-Frisian Wadden Sea (EFWS),
which is an intertidal coastal sea in the German part of the
UNESCO Wadden Sea World Heritage Site (UNESCO, 2009).
Previous Wadden Sea studies revealed significant changes in
macrofauna abundance, biomass and community structure in
response to altered environmental and anthropogenic habitat
conditions (Lotze, 2005) such as Neobiota introduction, sea level
rise induced changes in hydrodynamics and increased water
temperatures. Recent long-term studies in the Dutch and East-
Frisian Wadden Sea give evidence that the reduction of nutrient
loads led to seagrass recovery due to an improved water quality
and light penetration through the water column (Adolph, 2010;
Boyce et al., 2010; Van Beusekom et al., 2019). For the
westernmost part of the Dutch Wadden Sea, reduced nutrient
loads from the river Rhine since 1985 could be related to a
biomass decrease of phytoplankton, macrofauna and estuarine
birds (Philippart et al, 2007). At the Balgzand intertidal,
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macrofauna biomass is still increasing in winter since the 1970s.
In summer it remained rather stable until 2010, but decreased in
the following years (Beukema and Dekker, 2020). In the western
part of the Dutch Wadden Sea macrofauna biomass remained
rather stable (Drent et al., 2017). Similar to Balgzand, abundance
and biomass of macrofauna communities off Norderney are still
increasing in the 2™ quarter of the year, but are decreasing
significantly during summer (Kroncke et al., 2013; Dippner and
Kroncke, 2015).

For the years 1986 and 1990, a full-coverage intertidal
macrofauna mapping with a sampling raster of 1 station per km?
was performed for the EFWS within the research project
“Quantitative Sensitivity Mapping 1984-1992” (SENSI 1) (Van
Bernem, 1992; Van Bernem et al., 1994). For 2018, similar
intertidal macrofauna data are available from the German
extension of the Dutch long-term project “Synoptic Intertidal
Benthic Survey” (SIBES) (Bijleveld et al,, 2012; Compton et al,
2013). These two reference datasets (biological and environmental)
with a large spatial scale and sampling resolution from different
timespans enable us to study spatial changes in benthic
communities. Benthic communities are an important food source
for higher trophic levels (e.g. Van den Kam et al., 2004; Reiss et al,,
2011; Sell and Kroncke, 2013), and for nutrient cycling in the entire
North Sea food web and ecosystem functioning (e.g. Albouy et al,
2011; Kristensen et al.,, 2014). Because of their relatively sessile habit,
benthic species are ideal indicators for environmental changes and
disturbances (Herman et al.,, 1999). Therefore, long-term studies on
the spatial distribution, abundance and biomass of vulnerable
benthic communities are crucial for understanding the ecological
status of the Wadden Sea, particularly with regards to potential
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ongoing threads on food webs and associated trophic processes (e.g.
Compton et al., 2013; Birchenough et al., 2015; Bijleveld et al., 2018;
De la Vega et al,, 2018).

The purpose of this study was to compare community analysis
on two reference datasets across a period with severe climatic and
environmental changes (1980s-2018) to describe changes in the
species abundance, biomass and composition, as well as habitat
structure of characteristic benthic communities in the EFWS. The
availability of comparable high-quality reference datasets for both
studied time intervals offered a unique opportunity to investigate
the ecological status and changes in the abundance, biomass and
spatial distribution of characteristic benthic communities for the
UNESCO-protected EFWS since the last 4 decades (1980s versus
2018). We first investigated whether macrofauna abundances and
biomass have changed between the 1980s and 2018. Second, we
investigated the macrofauna community composition for each
time period separately. Third, we compared changes in the
community composition between the 1980s and 2018, which we
discuss in relation to de-eutrophication and sea level rise mediated
changes in hydro- and morphodynamics.

2 Materials and methods
2.1 Study area

The East-Frisian Wadden Sea (EFWS) in the southern North
Sea, Germany (Figure 1) is part of the Trilateral Wadden Sea and

is a shallow intertidal coastal sea, protected from the open North
Sea through seven large barrier islands. It stretches ca. 100 km
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FIGURE 1

Study area in the East-Frisian Wadden Sea (EFWS), showing the tidal flats, the tidal channels, the 7 large East-Frisian barrier islands and the
border of the Wadden Sea National Park (NPWS) in the Lower Saxony region, shapefiles provided by the Lower Saxony Wadden Sea National

Park Authority (NLPV).
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along the German North Sea coast and comprises a total area of
ca. 855.9 km? The study site is located in the Wadden Sea
National Park Lower Saxony and part of the UNESCO World
Heritage Site Wadden Sea (UNESCO, 2009). The EFWS is
legally protected by four EU-Directives: Birds, Habitats, Water
Framework and Marine Strategy Framework Directive
CWSS (2017).

Due to its island-enclosed position, a clear separation
between hydrodynamically exposed subtidal regions (in the
permanently submersed tidal channels) and hydrodynamically
protected intertidal regions (in the back barrier tidal flats of the
islands) can be made. The tidal range at the EFWS varies
between 2.3 and 3.0 m and increases from west to east,
following the tidal circulation (Flemming and Bartholomd,
1997; Behre, 2011). During low tide ca. 610 km? of tidal flats
(ca. 71.8% of the entire area) are exposed to atmospheric
conditions. Residual currents along the Wadden Sea follow
the anticlockwise circulation of the North Sea. Therefore, the
EFWS is mainly impacted by river discharges from the Ems
and Rhine, both flushing fresh water, nutrients and
contaminants eastwards into the study area (Van Beusekom
et al.,, 2017).

Because of the before mentioned hydrodynamic gradient,
three different sediment types can be distinguished: sandflats,
mixed flats and mudflats (Reise et al., 2010; Schiickel et al.,
2013). Furthermore, mussel/oyster beds (Mytilus edulis/
Magallana gigas, 29.2 km® in 2016; MDI 2021) and seagrass
beds (Zostera noltii, 9.1 km? in 2019; MDI 2021) form
characteristic biogenic structures within the EFWS.

7°20'0
1
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2.2 Macrofauna sampling design

2.2.1 Historical macrofauna data (SENSI 1,
1980s)

The macrofauna data (>0.5 mm) representing the 1980s in
our study (i.e. species abundances) were sampled during
summer months (1986 and 1990, May to August) within the
research project “Quantitative Sensitivity Mapping 1984-1992”
(SENSI 1, Figure 2), financed by the Lower Saxony Wadden Sea
National Park Authority (NLPV), and they were a first full-
coverage intertidal macrofauna mapping for the Lower Saxony
Wadden Sea (Van Bernem, 1992; Van Bernem et al., 1994).
Within SENSI 1, a sampling raster (1 station per km?) was
applied, which provided in total 480 sampling stations for our
EFWS study (Figure 2). Abundance and taxa number were
available as means per 0.017 m® and 90% of the organisms
were identified at species level.

During the past sampling campaign 1-6 cylindrical cores
(0.05 m?/core) were taken per station to a depth of ~30 cm. All
samples were sieved over 1 mm mesh size in the field and
identified to the lowest taxonomic level possible in the lab. For
further details on the sampling procedure and laboratory
analyses, see Van Bernem (1992) and Van Bernem et al.
(1994). Since biomass data for SENSI 1 were not available,
biomass data of SIBES/SENSI 3 (see below) were used by
dividing species biomass data (mean ash free dry weight in
mg) by species abundance data. Thereafter, the individual
weights were multiplied for each species with the 1980s
abundance data.

7°40'0
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FIGURE 2

Sampled macrofauna data used for the long-term community analysis, sampling campaigns: SIBES 2018 (n=480) and SENSI1 1980s (n=480),
plotted on the tidal flat shapefile for 2018 (Rijkswaterstaat RWS, Royal NIOZ).
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2.2.2 Present-day macrofauna data (SIBES/
SENSI 3, 2018)

The present macrofauna data for our study (i.e. species
abundances, biomass) were collected during summer months
(2018, April to July) as a German extension of the NIOZ long-
term project “Synoptic Intertidal Benthic Survey” (SIBES)
(Bijleveld et al.,, 2012; Compton et al., 2013), initiated in
collaboration with the NLPV. The purpose of this project
extension was the creation of a present-day reference dataset
(SENSI 3), which could be compared with the historical SENSI 1
dataset from the 1980s. For the EFWS, a total of 900 stations was
sampled in 2018, covering the entire intertidal area of the study
site. They consisted of ~500 grid points, spaced 1000 m apart
and ~400 sample points randomly distributed along the grid
lines in between the grid points. See Bijleveld et al. (2012) for the
rational of adding random stations. To guarantee statistical
comparability between the two studied time periods (1980s
versus 2018), the 826 sampled SIBES/SENSI 3 stations for
2018 were reduced to 480 stations where those stations were
selected that had the best spatial overlap with the 1980s data

10.3389/fmars.2022.963325

(Figure 2). Abundance, biomass and taxa number were available
as means per 0.017 m’.

SIBES/SENSI 3 samples were collected around low water by
food whereby a single core (0.0175 m?) was taken to a depth of
~25 cm. For intertidal stations in too deep or too muddy areas,
two cores (0.0018 m?®) to a depth of ~25 cm were taken by boat.
All samples were sieved over 1 mm mesh size in the field.
Macrofauna was identified to the lowest taxonomic level possible
in the lab, 90% were identified at species level. Biomass was
measured as ash free dry weight (mg/0.017 m®) per species. For
further details on the sampling procedure in the field and
laboratory analyses we refer to Compton et al. (2013).

2.3 Environmental data

Table 1 provides an overview of all available environmental
variables for the two periods (1980s versus 2018). In total, 16
predictor variables (1980s: 6, 2018: 10) could be integrated in the
community analysis (see 2.4); 2 were omitted prior to the

TABLE 1 Environmental variables and associated information for (A) the 6 environmental variables employed for our 1980s community analysis
and (B) the 10 environmental variables employed for our 2018 community analysis.

Data type Unit Reference period Source
(@) Environmental variables representing the 1980s
Mud content ArcGIS shapefile vol<63um 1996 NLPV
Topography Digitized topogr. map depth 1974-76 NLWKN, C. Meyer; KFKI
Seagrass beds ArcGIS shapefile p/a 1996 NLWKN/NLPV
Mussel beds ArcGIS shapefile p/a 1989 NLPV
TOP,, Hindcasted mmolN/m? 1987 ICBM, O. Kerimoglu
T_Chly Hindcasted ug/l 1987 ICBM, O. Kerimoglu
(b) Environmental variables representing 2018
Mud content Sampled data vol<63um Apr.-Jul. 2018 NIOZ Texel
Topography Model data depth 2014-2018 NLWKN, K. Hubert
Submergence time Modelled data h/d Aug. 2018 (mean) ICBM, F. Hahner
Shear stress Modelled data Nm™ Aug. 2018 (mean) ICBM, F. Hahner
Shw Modelled data psu Aug. 2018 (mean) ICBM, F. Hahner
Tepw Modelled data degC Aug. 2018 (mean) ICBM, F. Hahner
TOP, Modelled data mmolN/m? Aug. 2017 (mean) ICBM, O. Kerimoglu
T_Chl, Modelled data ug/l Aug. 2017(mean) ICBM, O. Kerimoglu
Seagrass beds ArcGIS shapefile p/a 2019 NLWKN/NLPV, MDI-NI
Mussel/oyster beds ArcGIS shapefile p/a 2016 NLPV, MDI-NI

Sbw, bottom water salinity; Tsbw, summer bottom water temperature; TOPb, bottom total organic phosphorus; T_Chlb, bottom total chlorophyll; p/a: present/absent. Sources: NIOZ
(Royal Netherlands Institute for Sea Research); NLWKN, (Coastal Research Station - Lower Saxony Water Management); ICBM, (Institute for Biology and Chemistry of the Marine
Environment), NLPV, (Lower Saxony Wadden Sea National Park Authority); KFKI, (German Coastal Engineering Research Council); MDI-NI, (www.mdi.niedersachsen.de).
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multivariate statistics because of a high predictor collinearity
with the other environmental parameters (r > 0.7; i.e. total
organic nitrogen and total organic carbon). All environmental
point data were interpolated with the Geostatistical Analyst in
ArcGIS 10.7.1, using the ordinary kriging interpolation method.
All processed environmental grids were converted with ArcGIS
to the same extent (855.9 km?), coordinate system (WGS 1982,
EPSG 4326) and resolution (100 m). All interpolated grids, used
in this study, can be found in section 3.1 (Figure 3).

2.3.1 Historical environmental data
(representing the 1980s)

Mud content for the 1980s was available as ArcGIS (ESRI)
shapefile and was digitized from a sediment map (Meyer and
Ragutzki, 1999). Sediment types were identified via aerial
photographs and following ground truthing. Sediment classes
were decoded in sandflats, mixed sediments and mudflats, the
decoding procedure was based on the report by Meyer and
Ragutzki, 1999 and Meyer, 2004.

A Topography 1980s B Mud content 1980s

%.

A

(C Topography 2018

[depth/m]

l High:-15.2
Low: 0

[vol<63um]

J TOP 1980s (bottom)

High: 16.3

¥
[mg/m’] 7 [mmol/m?]
},,\ v Low: 143
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I High: 834.6
Low: 1262

[depth/m] [vol<63um]
I High: -13.4 I High: 767.9

Low: 0

Low: 18.4

R

High: 4.0

~Low: 2.9

K Total chlorophyll 2018 (bottom) L TOP 2018 (bottom)
o w. i =
¢ &
\-“ !
[mg/m’] l [mmol/m?]
I High:6.3 W High:2.0
Low: 4.3 Low: 0.9
FIGURE 3

Environmental conditions in the EFWS (1980s versus 2018): (A) topography 1980s, (B) mud content 1980s, (C) topography 2018, (D) mud
content 2018, (E) mussel beds 1980s, (F) seagrass beds 1980s, (G) mussel beds 2018, (H) seagrass beds 2018, (I) T_Chlb 1980s (hindcasted), (J)
TOPb 1980s (hindcasted), (K) T_Chlb 2018, (L) TOPb 2018, (M) submergence time, (N) shear stress (summer bottom water), (O) temperature
(summer bottom water) and (P) salinity (summer bottom water); converted in ArcGIS 10.7.1 to have the same extent (855.9 km2), coordinate
system (WGS 84, EPSG 4326) and resolution (100 m); data comparability (1980s versus 2018): see paragraph above this figure; the coastline in
Fig. 3c can differ slightly at the Leybucht. Data source given in Table 1.

06

10.3389/fmars.2022.963325

The topography was digitized from depth records from a
large-scale measuring campaign of the entire German Bight
coastal areas coordinated by the German Coastal Engineering
Research Council (KFKI) during the mid-1970s. The digitized
grid has a horizontal resolution of 5 m.

The ArcGIS (ESRI) shapefiles for seagrass beds (Zostera
noltii, Z. marina) and mussel beds (Mytilus edulis) were obtained
by aerial monitoring and ground truthing.

Based on previous environmental surveys, potential past
nutrient loads in the EFWS were hindcast for the 1980s. Over
the last 4 decades total organic phosphorus (TOP) and total
chlorophyll (T_Chl) contents decreased significantly throughout
the Wadden Sea (Van Beusekom et al., 2017; Van Beusekom
et al., 2019).

2.3.2 Present-day environmental data
(representing 2018)

For mud content, samples were taken from the surface layer
(depth of ~4 cm) in the EFWS, during the 2018 SIBES/SENSI 3

EMussel beds 1980s F seagrass beds 1980s

[l Presence
‘"\ I Absence

H seagrass beds 2018

W Presence
[ Absence

M submergence time 2018 N shear stress 2018 (summer bottom water)
y
\,y@? . hs ;
G Nm?)
l High: 12.7 High: 0.6
A 1

o009, Low: 0.02

(O Temperature 2018 (summer bottom water) P salinity 2018 (summer bottom water)
3 g

[degC] psul

I High: 21.6 l High: 32.2

Low: 17.8 Low: 30.2
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sampling campaign, and thus, on the same spatial and temporal
scale as carried out for the macrofauna samples. The mud
content (particles <63 um) was analyzed using a LS 13 320
Aqueous Liquid Module. Besides the particle size class, the
volume of the particle size class within the sediment sample
was calculated (Compton et al., 2013).

The topography was extracted and interpolated from a
model topography. The model grid is unstructured with an
average horizontal resolution of 175 m in the study area.
Sources of model topography in the EFWS are digital terrain
models from airborne laser scanning and sounding ranging from
2014-2018 (Hubert et al, 2021).

Tide-induced submergence time, bottom shear stress,
bottom water salinity (S,) and summer bottom water
temperature (Ty,,) were computed by the Regional Ocean
Modeling System (ROMS; Shchepethik and McWilliams, 2005)
as part of the Coupled Ocean-Atmosphere Wave-Sediment
Transport Model (COAWST; Warner et al., 2010). The
hydrodynamic model was operated using 20 vertical layers in
a nested-grid application, resulting in a spatial resolution of
1000 m for the German Bight and 333 m for areas near the
German Coast and the East-Frisian Islands.

For bottom total chlorophyll (T_Chl,) and bottom total
organic phosphorus (TOP,) the coupled physical-
biogeochemical Generalized Plankton Model (GPM) described
by Kerimoglu et al. (2020) was used. The nutrient data in the
sediment were derived from the geochemistry component of the
model that describes the recycling of the organic material within
the water and the sediments. As hydrodynamical host the
General Estuarine Transport Model (GETM; Burchard and
Bolding, 2002) was defined on a curvilinear grid with a
horizontal resolution of 1.5-4 km and 20 vertical layers
(Kerimoglu et al., 2020).

The ArcGIS (ESRI) shapefiles for Z. noltii beds and mixed
mussel/oyster beds were obtained by aerial monitoring and
ground truthing.

2.4 Macrofauna community analysis
(1980s versus 2018)

For the community analysis, the species abundance data for
each survey (i.e. 1980s and 2018) were calculated as individuals
per m® The multivariate statistical community analysis was
performed with the 1980s and the 2018 data respectively, to
create comparable output data with the same statistical quality.
Hereby, all sampled and identified taxa of both time intervals
were included in the statistical analysis for the EFWS (1980s: 90
taxa, 2018: 81 taxa).

Group average cluster analysis followed by a similarity
profile test (SIMPROF) were performed using the R package
‘clustsig’ (for Significant Cluster Analysis, R version 4.1.0;
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Whitaker and Christman, 2015) to separate different clusters
within the abundance matrix, and to determine the number of
significant clusters, based on fourth root transformed species
abundance data and a Bray-Curtis dissimilarity matrix.

In the R package ‘vegan’ (for Community Ecology, R version
4.1.0; Oksanen et al., 2020) the ANOSIM (Analysis of Similarity)
randomization test (Clarke and Green, 1988) was used to test the
significant spatial and temporal differences in the community
structure within and between the 1980s and 2018. In addition,
discriminating species, which significantly (p < 0.05) separated
the different communities were identified using the similarity
percentage routine (SIMPER; Clarke, 1993). Finally, Canonical
Correspondence Analysis (CCA), an ordination technique, was
applied to analyze community-environment relationships at the
study site. CCA output data revealed those parameters (major
component axes) that best explained the variation in the
abundance data, ie. those environmental parameters having
the highest correlation with the two major component axes
(CCAL, CCA2).

3 Results

3.1 Habitat conditions (1980s versus
2018)

During the 1980s and 2018, the maximum depths occurred
in the permanently submersed tidal channels, which connect the
EFWS with the open North Sea (Figures 3A, C). Minimum
depths were found along the coastlines of the mainland and the
seven barrier islands. Mud contents in the 1980s (126 to 834
volume < 63 pum; Figure 3B) and 2018 (18.4-767.9 volume <
63um; Figure 3D) followed the above-mentioned hydrodynamic
gradient, with highest values in the western parts of the study site
(Ems-Dollart estuary) and in the back barrier tidal flats of the
islands (visible only in 2018 due to a better spatial resolution of
the sampling campaign). The sediment grids (mud content
1980s, mud content 2018) and the topography grids
(topography 1980s, topography 2018) are not statistically
comparable. Nevertheless, major environmental gradients and
trends at the study site are clearly visible and comparable
between both time intervals.

Mussel beds covered 17.4 km? in the 1980s and mussel/
oyster beds 29.2 km?* in 2018 (Figures 3E, G). Seagrass beds
covered 1.5 km” in the 1980s and 9.1 km? in 2019 (Figures 3F,
H), with a generally narrow local distribution in the EFWS,
concentrated on the sheltered coastal zones.

The highest total chlorophyll a content in the bottom waters
in the 1980s and 2018 (1980s: 14.6 to 16.3 mg/m3, Figure 3I;
2018: 4.3 to 6.3 mg/m3, Figure 3K) occurred in the sheltered
easternmost intertidal regions, highest bottom TOP prevailed at
the topographically exposed outermost boundaries of the EFWS
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(1980s: 2.9 to 4.0 mmol/m?®, Figure 3J; 2018: 0.9 to 2.0 mmol/
m?, Figure 3L).

In addition, four high-quality and benthos-relevant
environmental parameters could be collected for the
present-day habitat conditions: submergence time, shear
stress, salinity and temperature (Figures 3M-P). The
submergence time ranged from 0.09 to 12.7 hours per day
(Figure 3M), with the longest submergence time in the tidal
channels and with the shortest submergence time on the
uppermost tidal flats along the coastline of the mainland.
Shear stress (0.02 to 0.6 N m?>, Figure 3N) followed this
pattern, with highest values in the EFWS tidal channels,
which connect the study site with the open North Sea.
Summer bottom water temperatures (17.8 to 21.6 deg C,
Figure 30) generally showed a west-east decrease at the
study site, whereas bottom water salinity (30.2 to 32.2 psu,
Figure 3P) showed a west-east increase at the study site.

10.3389/fmars.2022.963325

3.2 Macrofauna abundance and taxa
(1980s versus 2018)

The total taxa number between the 1980s (90 species) and
2018 (81 species) revealed a 10% decrease (Table 2), but mainly
due to a present unaccepted taxonomic identification of the
1980s species, which cannot be corrected because a taxa
reference collection is lacking.

The mean abundance/m? was significantly lower in 2018 by
31.0% (1980s: 6.8 Individuals per m? 2018: 2.1 Ind./m? -31.0%),
as did the total abundance (1980s: 3,3 Mio. Ind., 2018: 1,0 Mio.
Ind; -31.0%). In the 1980s, the percentage of the different
taxonomic classes (i.e. polychaetes, gastropods, oligochaetes,
crustaceans, bivalves and others) was more equally distributed
than in 2018: ie. polychaetes (35.8%), gastropods (32.0%),
oligochaetes (11.4%), crustaceans (9.4%), bivalves (11.1%) and
others (0.3%; see Table 2). In 2018, polychaetes dominated

TABLE 2 Comparison of the most important macrofauna abundance and taxa changes in the East-Frisian Wadden Sea (1980s versus 2018).

1980s (n=480)

2018 (n=480)

Total number taxa
Mean number taxa [m?]
Mean abund. [Ind./m?]
Total abund. [Ind.]

Taxa [abundance in %]

Polychaetes (30.8)

Gastropods (32.0)

Crustaceans (9.4)

Oligochaetes (11.5)

Bivalves (11.1)

Others (0.3; echinodermates, hydrozoans,
polyplacophores, others)

90 81

9.5 7.0

6.8 2.1
3.3 Mio 1.0 Mio

Polychaetes (68.3)

Oligochaetes (13.2)

Crustaceans (9.2)

Bivalves (5.7)

Gastropods (2.9)

Others (0.4; echinodermates, anthozoans,
polyplacophores, Nemertea, others)

Invasive species 1. E. leei (1.8, 24); B, SUS . E. leei (28.2, 31); B, SUS,
(Mean abund. [Ind./m?], total number of presence stations); class, 2. M. viridis (3.1, 6); P, SD . M. viridis (11.6, 23); P, SD
feeding mode 3. P. pholadiformis (0.5, 3); B, SUS . C. fornicata (0.7, 6); G, IF

Dominant species
(Mean abund. [Ind./m?], total number of presence stations); class,
feeding mode; Individual weight [mg]

. P. elegans (299.8, 291); P, IF

. T. killariensis (292.8, 177); P, SD

. S. armiger (240.7, 331); P, SSD

. H. diversicolor (231.2, 278); P, PR
10. L. balthica (112.8, 234); B, IF
11. U. grimaldii (82.2, 125); C, SL 11.
12. M. arenaria (78.6, 131); B, SUS 12.
13. Capitella sp. (60.7, 159); P, SD 13.

1. P. ulvae (2126.0, 96); G, SD

2. H. filiformis (786.1, 279); P, SSD
3. Oligochaeta (784.2, 216); SSD

4. C. volutator (310.6, 45); C, SD
5. L. conchilega (304.4, 154); P, IF
6
7
8
9

. Hemigrapsus spec. (0.3, 3); C, PR

1

2

3

4. M. gigas (0.6, 3); B, SUS

5

6. M. lateralis (0.1, 1); B, SUS

1. H. filiformis (544.7, 309); P, SSD
2. Oligochaeta (282.6, 193); SSD

3. T. killariensis (196.7, 199); P, SD
4. P. elegans (190.0, 289); P, IF

5. U. poseidonis (129.2, 127); C, SL
6. S. armiger (114.9, 260); P, SSD
7. H. diversicolor (80.8, 204); BP, PR
8. P. ulvae (61.0, 100); G, SD

9. Capitella sp. (41.8, 132); P, SD
10. A. marina (41.5, 113); P, SD

E. longa (40.2, 125); P, PR

C. edule (36.9, 200); B, SUS

L. balthica (35.0, 204); B, IF

14. E. leei (29.4, 31); B, SUS

15. C. volutator (28.7, 23); C, SD
16. S. martinensis. (23.4, 75); P, IF
17. N. hombergii (22.8, 63); P, PR
18. L. conchilega (21.8, 52); P, IF

B, bivalve; G, gastropod; C, crustacean; P, polychaete; PR, predato; SL, sandlicker; SD, surface deposit feeder; IF, interface feeder; SUS, suspension feeder; SSD, subsurface deposit feeder.
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significantly in abundance (68.3%), followed by oligochaetes
(13.2%), crustaceans (9.2%), bivalves (5.7%), gastropods (2.9%)
and others (0.4%; see Table 2).

For details on the mean abundances and the number of
presence stations for all identified invasive species (1980s, 2018),
we refer to Table 2. In this study we considered species as
invasive, when their introduction and/or spread threaten the
biological diversity of the North Sea ecosystem (Biittger et al.,
2017). Three taxa in the 1980s and six taxa in 2018 were
considered as invasive. In the 1980s these were two bivalves:
the razor clam Ensis leei and the American piddock Petricolaria
pholadiformis; and one polychaete: Marenzelleria viridis. E. leei
increased slightly in its occurrence (+7 stations) and significantly
in its mean abundance (+93.6%). In addition, the mean
abundance of M. viridis increased significantly (+73%) and the
polychaete occurred more widespread in 2018 (+17 st.). Newly
recorded invasive species in 2018 were: The Pacific oyster
Magallana gigas, the dwarf surf clam Mulinia lateralis, the
common American slippersnail Crepidula fornicata and the
varunid crab Hemigrapsus spec. The bivalve P. pholadiformis
was not found in the 2018 samples.

Dominant species were defined as those species covering
together >90% of the total abundance in the studied region and
during the studied timespan. In both periods, multiple species
were identified as dominant (1980s: 13, 2018: 18; Table 2). The
dominant species belonged to the following classes: polychaetes
(1980s: 7 taxa, 2018: 11 taxa), oligochaetes (1980s and 2018,
treated as one species), crustaceans (1980s: 3 taxa, 2018: 2 taxa),
bivalves (1980s: 2 taxa, 2018: 3 taxa) and gastropods (1980s: 2
taxa, 2018: 1 taxa).

In the 1980s, the mudsnail Peringia ulvae had by far the
highest abundance (2126.0 Ind./m?), but a strong patchy
distribution, occurring at 96 sampling stations. Followed by
the polychaete Heteromastus filiformis (799.3 Ind./m?, 279 st.)
and oligochaetes (797.3 Ind./m?, 216 st.), both with a widespread
distribution area-wide, occurring at 279 and 216 sampling
stations. In 2018, the polychaete H. filiformis had the highest
abundance (544.75 Ind./m?) and occurred widely (309 st.),
followed by oligochaetes (282.6 Ind./m? 193 st.) and the
polychaetes Tharyx killariensis (196.7 Ind./m? 199 st.) and
Pygospio elegans (190.0 Ind./m? 289 st.), all three taxa with
high mean abundances and a high occurrence rate area-wide.

The abundance of 14 out of the 19 dominant taxa decreased
significantly between the 1980s and 2018 (Figures 4A, 5). The
seven species with the most striking abundance decrease since
the 1980s (>-80%) were: the surface deposit feeding gastropod P.
ulvae (-97.1%, relatively stable number of stations; Figure 5A),
the interface feeding sand mason worm Lanice conchilega
(-92.8%, -102 st.; Figure 5B), the surface deposit feeding
crustacean Corophium volutator (-90.8%, -22 st.; Figure 5C),
the suspension feeding bivalve M. arenaria (-88.7%, -80 st
Figure 5D) and the interface feeding bivalve Limecola balthica
(-83.6%, -99 st.).
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In contrast, five of the 21 dominant species showed a
significant abundance increase since the 1980s. This abundance
increase was not represented in the number of presence stations.
These five species were: the suspension feeding and invasive
bivalve E. leei (+93.9%, +8 st.), the surface deposit feeding
lugworm Arenicola marina (+78.0%, +3 st.; Figure 5E), the
predating worm Eteone longa (+36.4%, -15 st.), the suspension
feeding crustacean Urothoe spec. (+36.4%, +2 st.) and the interface
feeding polychaete Spio spec. (+18.1%, -9 st.).

The change in total abundance between the 1980s and 2018
(Figure 4B) shows a clear separation in regions with a significant
abundance decrease in the eastern part, with the most significant
abundance decrease, up to ~-20000 Ind./m? in the mudflats
behind the eastern islands Langeoog and Spiekeroog, and
regions with a moderate abundance increase (some patches in
the western regions, close to the Ems-Dollart estuary) with a
maximum of ~+1500 Ind./m’.

3.3 Macrofauna biomass (1980s versus
2018)

In the EFWS, the mean biomass/m* decreased significantly
between the 1980s and 2018 by 47% (1980s: 3.5 g AFDM/m’,
2018: 1.7 g AFDM/m?). For details on the mean biomass and the
individual weights in mg of the biomass-dominant species
(1980s versus 2018) see Table 3.

The interface feeding polychaete L. conchilega had the highest
biomass in the macrofauna community during the 1980s (3.6 g/m?),
with a relatively high individual weight (11.9 mg). Followed by the
predating polychaete H. diversicolor (2.5 g/m?, ind. weight: 11.0 mg)
and the bivalve C. edule (2.2 g/m? ind. weight: 57.7 mg). In
addition, the surface deposit feeding gastropod P. ulvae, with a
low individual weight (0.5 mg) was identified as dominant in the
1980s in terms of biomass (1.1 g/m®), followed by the bivalve L.
balthica (1.0 g/m’, ind. weight: 2.5 mg) (Table 3). In 2018, most
dominant macrofauna species in the EFWS in terms of biomass
were the suspension feeding bivalve C. edule (2.1 g/m®) and two
polychaetes: the deposit feeding lugworm A. marina (1.3 g/m?, ind.
weight: 31.4 mg) and the predating polychaete H. diversicolor (0.8 g/
m?). Followed by the surface deposit feeding bivalve Scrobicularia
plana (0.6 g/m?, ind. weight: 100.2 mg). For details see Table 3.

The mean biomass/m? of the surface deposit feeding gastropod
P. ulvae decreased most significantly (-97.3%) between the 1980s
and 2018 (Figures 6A, 7). Followed by the suspension and interface
feeding species L. conchilega (-92.8%), M. arenaria (-79.0%) and L.
balthica (-75.8%); and the surface deposit feeding amphipod C.
volutator (-91.0%). In contrast, the mean biomass of the surface
deposit feeding lugworm A. marina (+78.5%) increased
significantly; and the biomass of the peppery furrow shell S. plana
increased slightly by 12.5%. The mean biomass of the suspension
feeding bivalve C. edule kept relative stable with only a slight
decrease in the mean biomass between the 1980s and 2018 (-6.1%).
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FIGURE 4

Spatio-temporal changes in the abundance of the dominant species in the East-Frisian Wadden Sea (EFWS); (A) boxplot showing the changes in
the mean abundance [Ind./m?] between the 1980s and 2018, with % total abundance decrease (1980 versus 2018, blue color) and % total
abundance increase (1980 versus 2018, red color), *: the abundance of P. ulvae and C. volutator was limited in the graph to enhance data
visibility of the other species, for the absolute values for P. ulvae and C. volutator see Table 2; (B) map of the total abundance change since the
1980s in the EFWS. Blue colors indicate a decrease in the total abundance between the 1980s and 2018, red colors indicate an increase in the

total abundance between the 1980s and 2018.

The total biomass [g/m’] decreased area-wide between the
1980s and 2018 (Figure 6B), with most significant decreases in
the eastern part of the study site, on the back barrier tidal flats of the
east-frisian islands Langeoog, Spickeroog and Wangeroog (up to
~-154 g/m?), 2) and on the mudflats closest to the Ems-Dollart
estuary (up to ~-70 g/m?).

3.4 Macrofauna community structure
(1980s versus 2018)

SIMPROF-analysis (p<0.05) and group averaged cluster
analysis, based on fourth root transformed abundance data
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and Bray-Curtis dissimilarity index, separated seven significant
cluster (communities) for the 1980s (Figure 8A) and eight
significant cluster (communities) for 2018 (Figure 8B).

Four macrofauna communities were equally separated for
both time intervals: the Urothoe community, the Heteromastus/
Oligochaeta community, the Scoloplos community and the
Limecola community (Figure 8). The most dominant species of
these four clusters, their mean abundances (Ind./m? %
contribution), for the 1980s and 2018 respectively, are
summarized in Table 4.

In the 1980s and 2018, the widespread Heteromastus/
Oligochaeta community was predominantly located on

frontiersin.org


https://doi.org/10.3389/fmars.2022.963325
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Singer et al.

Mean abundance 1980s [Ind./m?]

P. ulvae

o

3

L. conchilega

(¢}

C. volutator

o

M. arenaria

. marina

A

FIGURE 5

0.4

°

S0 06!

oo

PPN
LA

0% WL

s0000000 0

.
°
°
°
°
°
°
.
.

ee000000 e

e 0000000

»a

LY
1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-4000
000

2o ¥e

1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-4000
>£000

1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-4000
000

1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-4000

1-50
51100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-42000

000

10.3389/fmars.2022.963325

Mean abundance 2018 [Ind./m?]

o A
PO 70
e 2 @0,
b 15
51-100
101-250
251500
501-1000
1001-2000
2000-3000
3001-2000
000

A ¥
00000000

.
°

° 101250

°  251-500
¢ 501-1000
®  1001-2000
® 20003000
®  3001-2000
* 2000

1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-2000
2000

oobaoovoogi\,/

8
o

1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-4000
000

.»\:2
Vo

1-50
51-100
101-250
251-500
501-1000
1001-2000
2000-3000
3001-2000
000

e 0000000

ee 0000000

Overview of the spatial distribution of 5 dominant species showing most significant abundance decreases (A-D) and abundance increases (E) in
the East-Frisian Wadden Sea (EFWS, 1980s versus 2018)

sediments with higher mud content and lower shear stress, along
the coastal zones of the mainland and the barrier islands. This
community was characterized by surface and subsurface deposit
feeding polychaetes with a lower mobility, living buried in the
sediments and with a higher tolerance towards anoxic
conditions. Between the 1980s and 2018, this community
increased significantly in its spatial distribution (1980s: 131 st.,
2018: 217 st.).

The Scoloplos community occurred adjacent to the
Heteromastus/Oligochaeta community during both studied
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periods, ie. on the hydrodynamically more exposed mixed
sediments closer to the tidal channels. This community kept
relative stable in terms of spatial distribution (1980s: 67 st., 2018:
78 st.) and was represented by more mobile crustaceans (B.
sarsii), together with predating (H. diversicolor) and tube-
building polychaetes (P. elegans).

The Urothoe community decreased significantly between the
1980s and 2018 (1980s: 133 st., 2018: 51 st.). In the 1980s, it
occurred widespread in the westernmost parts, close to the Ems-
Dollart region. In 2018, the Urothoe community was reduced to
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TABLE 3 Comparison of macrofauna biomass changes in the East-Frisian Wadden Sea (1980s versus 2018). B: bivalve, G: gastropod, C:
crustacean, P: polychaete; PR: predator, SL: sandlicker, SD: surface deposit feeder, IF: interface feeder, SUS: suspension feeder, SSD: subsurface

deposit feeder.

1980s (n=480)

2018 (n=480)

Mean biomass [g/m’]
Total biomass [g]

Dominant species
(Mean biomass [g/m’], individual weights [mg]); class, feeding mode

some distinct patches. It was characterized by mobile and tube-
building species (comparable to the Scoloplos community), but
with a very high abundance of mobile and surface
feeding crustaceans.

During both time periods, the Limecola community was
present on very few suitable habitats (1980s: 7 st., 2018: 10 st.). It
was mainly dominated by suspension (C. edule) and interface
feeding bivalves.

Besides the above mentioned 4 communities, three further
macrofauna communities were significantly separated for the
1980s: the Lanice community (38 st.; hot spots in the western
regions, associated with the Urothoe community), the Peringia
community (23 st., hot spots on the mudflats of the eastern
regions) and the Corophium community (11 st.; hot spots on the
uppermost tidal flats, directly adjacent to the coastlines). For
2018, four further macrofauna communities were significantly
separated by SIMPROF-analysis: the Pygospio community (68
st.; hot spots under moderate environmental conditions in the
central parts of the study site), the Nepthys community (18 st.,
hot spots in small patches adjacent to the tidal channels), the
Arenicola community (10 st., some distinct patches in muddier
sediments) and the Eteone community (8st., small patches in the
hydrodynamically more exposed regions).

The results of the SIMPER-analysis confirm that all species
dominating the respective clusters (Table 4) can be considered as
discriminating species, and therefore, were responsible for the
dissimilarities between the clusters. Furthermore, the SIMPER-
analysis revealed further discriminating species for the respective
clusters, which occurred less frequently in the different
communities, but had a high influence on the cluster
separation. For the 1980s, these were the two polychaetes
Capitella sp. and Spio martinensis. For 2018, these were the
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crustacean Gammarus locusta and the two polychaetes Spio
filicornis and Phyllodoce mucosa.

The CCA biplots for the 1980s, showed that total chlorophyll
(summer bottom water) and mud content (CCA1, Eigenvalue:
0.7) as well as TOP and seagrass beds (CCA2, Eigenvalue: 0.4)
were the most significantly correlated environmental parameters
(Figure 9A). In 2018, these environmental parameters were
chlorophyll and shear stress (CCA1, Eigenvalue: 0.5) as well as
salinity and biogenic structures (CCA2, Eigenvalue: 0.3)
(Figure 9B). For chlorophyll in the 1980s, as an example, the
Peringia community tolerates higher chlorophyll contents,
compared to most other communities, which prefer lower
chlorophyll contents. For salinity in the 2018, as second
example, the Limecola community tolerates habitats with a
higher salinity than e.g. the Pygospio community or the
Hetereomastus/Oligochaeta community.

4 Discussion

The most striking quantitative outcome of our comparison
was, that a significant decrease in the total abundance (-31%)
and in the mean abundance per m? (-31%) of the macrofauna
could be recorded for the EFWS (1980s versus 2018). In contrast,
the mean number of taxa per m” and the total number of taxa
remained relatively stable between the two studied time periods.
In addition, the total biomass decreased significantly between
the 1980s and 2018 by 45.0%, as did the mean biomass per m* by
47.0%. Abundance and biomass of different species decreased or
increased on a large or small spatial scale. All investigated
macrofauna changes and related processes will be
discussed below.
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4.1 Decrease in macrofauna abundance
and biomass related to de-
eutrophication

The significant decrease in total abundance and biomass was
mainly caused by the decrease in abundance and biomass of the
gastropod Peringia ulvae (-97%), which feeds on
microphytobenthos. In addition, the decrease of P. ulvae as well
as the decrease in abundance and biomass of particulate organic
matter (POM) feeding polychaetes, amphipods and bivalves
coincided with decreasing food supply, as documented in this
study by several model results for decreasing chlorophyll a (-10
pg/L) and TOP concentrations (-2.0 mmol N/m?) for the EFWS. In
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coastal waters of the south-eastern North Sea, the decrease in food
supply from the water column correlates with decreasing nutrient
loads from the rivers (Philippart et al., 2007; Capuzzo et al., 2017;
Van Beusekom et al, 2019; Desmit et al, 2020). The OSPAR
regulations of 50% nutrient reduction since the 1980s (OSPAR,
2010) aimed at the substantial nutrient reduction in the rivers Elbe,
Weser, Ems, IJssel, Rhine, Scheldt and Meuse since the 1980s
(Emeis et al., 2015; Van Beusekom et al.,, 2019), because under
EU legislations, stricter requirements apply to agriculture and urban
waste water treatment plants, discharging into areas designated as
sensitive or vulnerable to nutrient inputs.

Furthermore, suspension and surface deposit feeding
macrofauna species such as L. conchilega and M. arenaria
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depend on fresh and high-quality food in the water column and
on the sediment surface, as confirmed by the CCA results for
2018, and thus, suffer from decreasing food supply. As a
consequence, the reduction of benthic abundance and biomass
in the EFWS will trigger further abundance and biomass changes
in higher trophic levels (e.g. benthivore crustaceans, fish, birds
and mammals) in the near future, and thus, in the entire marine
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food web (Schiickel et al., 2015; Gravel et al., 2016; De la Vega
et al., 2018). Macrofauna abundance and biomass decreases, in
combination with a stable taxa number, were also found for
macrofauna communities in the adjacent south-eastern North
Sea and were also related to de-eutrophication processes since
the 1980s (Meyer et al., 2018). The decrease in total macrofauna
abundance and biomass in the EFWS between 1980s and 2018
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Spatial distribution of the macrofauna communities in the East-Frisian Wadden Sea, based on community analysis of the SENSI1 (1980s) and
SENSI3 (2018) abundance data; (A) seven separated macrofauna communities for the 1980s and (B) eight separated macrofauna communities
for 2018 (based on SIMPROF and cluster analysis, R package “clustsig”, version 4.1.9).

are confirmed by similar decreasing trends in macrofauna
abundance and biomass of continuous long-term studies in
the western Dutch Wadden Sea, at Balgzand and Norderney in
summer (Philippart et al., 2007; Kroncke et al., 2013; Dippner
and Kroncke, 2015; Beukema and Dekker, 2020). In contrast,
biomass remained rather stable at several stations in the eastern
Dutch Wadden Sea (Drent et al., 2017), similar to the results for
the Ems-Dollart estuary in this study.

Decreased nutrient loads led to a significant reduction in
algae blooms, and as a consequence, to a better water quality and
oxygen conditions in the EFWS (Van Beusekom et al,, 2019),
which also has a positive effect on seagrass and mixed mussel/
oyster beds (e.g. Folmer et al., 2017). The results of our study
confirm the German Wadden Sea wide recorded seagrass
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recovery until 2018 as well as the extension of mixed mussel/
oyster beds (Wehrmann et al., 2000; Markert et al., 2010;
Schumacher et al., 2014). The seagrass recovered by 7.6 km” in
the EFWS (1980s: 1.5 km?, 2019: 9.1 km?) and the mixed mussel/
oyster beds extended by 12.2 km?* (1980s: 17.4 km?, 2018: 29.2
km?). These changes in biogenic structures reveal a similar
process as described for the Sylt Wadden Sea (Dolch et al,
2013). In general, seagrass beds and mussel/oyster beds locally
enhance the “buffling” of sedimentation processes of finer
sediments, reduce turbidity and increase light penetration,
which in turn clearly alters benthic habitats (Bos et al., 2007;
Van Katwijk et al., 2010; Schiickel et al., 2013; Andriana et al,,
2021) concerning species richness, abundance, biomass or
diversity of sessile species such as anthozoans or barnacles.
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TABLE 4 Characteristic species of the four communities, separated equally for the 1980s and 2080 (results from SIMPROF and cluster analysis, R

package “clustsig”, version 4.1.9).

1980s 2018

Urothoe community
Number of stations

Dom. species
(Mean abund.; Indiv./m?, %), feeding mode

Heteromastus/Oligochaeta community

Number of stations

133

U. grimaldii (138.0, 18.6); C, SL
B. sarsi (96.2, 13.0); C, SL
S. armiger (89.3, 12.1); P, SSD

131

51

U. poseidonis (909.1, 50.7); C, SL
S. armiger (197.2, 11.0); P, SSD
P. elegans (101.9, 5.7); P, IF

217

Dom. species
(Mean abund,; Indiv./m?, %), feeding mode

Scoloplos community
Number of stations

Dom. species
(Mean abund,; Indiv./m?, %), feeding mode

Oligochaeta (2264.4,23.5); SSD
H. filiformis (2238.7, 23.3); P, SSD
T. killariensis (894.4, 9.3); P, SD

67

S. armiger (590.1, 30.7); P, SSD
P. elegans (209.6, 11.0); P, IF
H. diversicolor (157.4, 8.2); P, PR

H. filiformis (1031.3, 33.1); P, SSD
Oligochaeta (572.9, 18.4); SSD
T. killariensis (380.2, 12.2); P, SD

78

S. armiger (224.9, 36.3); P, SSD
B. sarsi (51.6, 8.3); C, SL
P. elegans (48.1,7.8); P, IF

Limecola community
Number of stations

Dom. species
(Mean abund.; Indiv./m?, %), feeding mod

7

L. balthica (127.1, 17.4); B, IF
P. elegans (113.0,15.5); P, IF
C. edule (98.9, 13.5); B, SUS

10

L. balthica (87.4, 40.0); B, IF
C. edule (40.8, 18.5); B, SUS
A. succinea (40.4, 17.8); P, PR

B, bivalve, G, gastropod, C: crustacean, P, polychaete; PR, predator, SL, sandlicker, SD: surface deposit feeder, IF, interface feeder, SUS, suspension feeder, SSD, subsurface deposit feeder;

bold, species characterizing the specific cluster.

4.2 Macrofauna abundance and biomass
related to sea level rise mediated
morphodynamics and sediment changes

Besides de-eutrophication mediated changes in the
macrofauna communities, detected changes could also be
attributed to sea level rise and associated environmental
effects. Although the abundance and biomass of the polychaete
H. filiformis (subsurface deposit feeder, SSD) and oligochaetes
(SSD) decreased significantly in the EFWS since the 1980s, the
Oligochaeta/Heteromastus community increased in spatial
extension in 2018, as also found in the Jade Bay and the Sylt
Wadden Sea (Schiickel and Kroncke, 2013; Schumacher et al.,
2014). In the CCA analyses, the spatial patterns of the
Heteromastus/Oligochaeta community were related to the
seagrass beds and mussel/oyster beds, which increased in
particular in the Ems-Dollart estuary. The “buffling” effects of
these biogenic structures on higher sedimentation rates led to
locally increased mud contents in 2018.

In contrast, the more widespread spatial distribution and
increased abundance and biomass of A. marina in the entire
EFWS, but in particular in the Ems-Dollart estuary, are an
indication for higher sand accretion rates in the EFWS in
2018, since A. marina is a characteristic species for sand flats
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(Volkenborn, 2005). About 30 cm of sea level rise in the Wadden
Sea since the last century (Schiickel and Kroncke, 2013;
Schumacher et al,, 2014) caused increased current velocities
and increased erosion rates in subtidal areas and of the EFWS
islands, which led to reduced mud contents and increased sand
accretion on tidal flats (Flemming and Bartholomd, 1997;
Schiickel and Kroncke, 2013; Schumacher et al., 2014;
Benninghoftf and Winter, 2019).

Benninghoff and Winter (2019) calculated an accretion rate
of 5-7.5 mm/y in the Ems-Dollart region since 1998, which was
related to an import of sediments in the Ems-Dollart estuary of
17.8 10° m’ in the eulittoral and 42.5 10° m? in the sublittoral.
From the western to the eastern EFWS the accretion rate reached
0.1-15 mm/y. This was related to an import of sediments of 56.7
10° m? in the eulittoral and 29.0 10° m® in the sublittoral.
Sediment and topography maps from the 1980s and 2018 both
reflect these trends, i.e. decreasing depth and changes in the
sediment composition, and therefore, confirm the above
discussed changes in morphodynamics due to erosion and
accretion of sediments. The map from the 1980s showed
highest mud contents in the Ems-Dollart estuary, while the
map of 2018 revealed significantly lower mud contents in this
region than in the 1980s. Sand accretion and lower mud contents
seemed to support the spatial extension of A. marina in the Ems-
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Canonical Correspondence Analysis (CCA) biplots; (A) for the 1980s, showing the environmental parameters having the highest correlation with
the variation in the seven separated macrofauna communities; (B) for 2018, showing the environmental parameters having the highest
correlation with the variation in the eight separated macrofauna communities.

Dollart estuary, as confirmed by the CCA results in 2018.
Furthermore, other species such as P. ulvae, E. leei, L.
conchilega and M. arenaria seem to benefit from lower mud
contents in the Ems-Dollart estuary since the 1980s.

Higher mud contents in the 1980s were probably also related
to started dredging activities in the inner and outer Ems-Dollart
estuary (De Jonge, 1983; De Jonge and Schiickel, 2019). These
dredging activities caused high amounts of suspended matter in
the water column and changes in hydrodynamics, which affected
benthic habitats and fishery grounds in the Ems-Dollart
(Schultze and Nehle, 2017). Increasing current velocities due
to synergistic effects of sea level rise and channel deepening
might have resulted in decreased mud contents in 2018 in the
Ems-Dollart estuary.
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4.3 Non-native species in the EFWS in
response to temperature increase

The climate driven increase in sea surface temperatures (SST) in
the EFWS by 2°C since the 1980s (Kroncke et al., 2013; Beukema
and Delkker, 2020; Meyer et al,, 2021) enabled the establishment of
new invasive species in the EFWS, which has been reviewed by
Buschbaum et al. (2012) and Lackschewitsch et al. (2014). In this
study, the total number of invasive species increased by four to a
total of six species in 2018. The abundance of two species increased
significantly, i.e. the suspension feeding bivalve E. leei (+90%) and
the surface deposit feeding polychaete M. viridis (+20%). The newly
recorded four invasive species in 2018 (the more generalistic and
interface feeding gastropod C. fornicata, the two suspension feeding
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bivalves M. gigas and M. lateralis, and the predating crustacean
Hemigrapsus spec.) were also recorded in other Wadden Sea regions
since the 1980s (e.g. Schiickel et al., 2013; Biittger et al., 2017) and
were found in numerous relevant studies and high-quality marine
databases as tolerant towards higher temperatures and selective
towards higher-quality and fresh food at the sediment surface (e.g.
Drent et al, 2017; MarLIN, 2021; SeaLifeBase, 2021). The four
species C. fornicata, M. gigas, M. lateralis and Hemigrapsus spec. are
associated to mussel/oyster beds (Markert et al., 2010). Their low
abundance in this study is due to the unrepresentative sampling
design of the mussel/oyster beds. At Balgzand in the Dutch Wadden
Sea, Dekker and Beukema (2021) described the reduction of L.
balthica due to increasing SST. In contrast, the warm-temperate
bivalve Abra tenuis expanded in the Dutch Wadden Sea and was
also found in single specimens at Norderney and Spiekeroog in this
study in 2018.

Our results reflect the importance of de-eutrophication and sea
level rise mediated changes in the macrofauna communities in the
EFWS, which will have significant effects on the entire food web, in
particular due to the high ecological value of the EFWS as nursery
ground for juvenile flat fish and as feeding area for breeding and
resting bird stocks. De-eutrophication processes are an essential
measure, which reflect the positive effect of legal restrictions on
harmful nutrient loads, which has already been started in the 1980s.
Because ongoing sea level rise and temperature increase are
predicted for the next decades, the EFWS ecosystem will face
comparably serious environmental and biological changes in the
future. Thus, the detailed knowledge of significant changes in the
UNESCO Wadden Sea World Heritage Site is essential for guiding
future environmental law decisions and the development of realistic
management concepts and stakeholder-scenarios, with the
overarching aim to establish a persistent strategy for a sustainable
use of natural marine resources.
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