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Abstract
A shallow subtidal area in the northern Wadden Sea was monitored over 17 years (from 2003 to 2019) for sediment parameters
and macrobenthic fauna. Due to the sheltered position of the study area, sediment composition remained rather stable with only
minor annual and seasonal variations in sediment granulometry. An intermittend storm (‘Kyrill’) had no significant effect on
sediment composition parameters; the construction of an artificial dune along the southern border of the study area had minor
transient but no lasting effects on sediment composition. Faunal species richness and total abundance showed the typical
seasonality with minimum abundance in late winter and a peak after recruitment in summer. Variations between years in autumn
(post-recruitment) abundances were best explained by the number of days with a seawater temperature <1°C during the preceding
winter. Temperature during other seasons, salinity, chlorophyll concentration and NAO showed no significant correlations with
total abundance, nor did storm (‘Kyrill’) or construction of the artificial dune.Within-site faunal variability was best explained by
water depth and velocity of the tidal currents while sediment granulometry was of minor importance. However, the amount of
bivalve shell detritus mixed with the sandy sediment proved to be the strongest covariant of species numbers, total abundance,
and species-specific abundances. At the sediment surface, shells provide the only anchorage for epibenthic species which in turn
attract associated fauna. Shells inside the sediment hamper movement of infaunal predators and epibenthic predators are
handicapped in rooting about for prey. Thus, shell material is a highly significant structural factor for the macrozoobenthos in
these shallowwaters. In a future with increasing ocean acidification, the availability of benthos as a food source for higher trophic
levels will depend on the balance between pH-driven shell destruction and the compensatory power of shell-building species.
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Introduction

The northern Wadden Sea is a unique landscape renowned as a
bird resting place during their annual migrations between
breeding and hibernation areas. Its importance as a resting place
mainly originates from the food supply offered by intertidal and

shallow water benthos; hence, benthic organisms play a crucial
role in bird population development. Consequently, the long-
term development of benthic species in the Wadden Sea has
been well studied for the tidal flats, in particular in the Dutch
Wadden Sea (Beukema and Decker 2020a). The temporal var-
iability of macrozoobenthos was mainly driven by winter tem-
peratures, with gradual climate warming increasing total abun-
dance and biomass over the past 50 years (Schückel and
Kröncke 2013; Beukema and Decker 2020a; Beukema and
Dekker 2020b). Several factors contributed to this net effect
of global warming, including higher over-winter survival of
cold-sensitive species (Beukema 1989, 1992), enhanced
growth during warmer summers (Beukema et al. 2017a), and
rather complex predator-prey interactions (e.g. Beukema et al.
2000; Strasser andGünther 2001). Few species such as the clam
Macoma balthica suffered losses from warming (Beukema
et al. 2017b), but their losses were over-compensated by intro-
duced species such as razor clams Ensis leei and pacific oysters
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Crassostrea gigas. As a result, total biomass increased over
time but since some of the introduced species grow outside
the size ranges suitable for wading birds, the food supply avail-
able for these birds showed no long-term trend over the past
decades (Beukema and Dekker 2019). Among other factors,
eutrophication affected the macrozoobenthos only for a short
period of time until legislative regulations reduced anthropo-
genic nutrient release again (van Beusekom 2005; Philippart
et al. 2007) while sea level rise (in the Wadden Sea some
2 mm year−1) was largely compensated by sedimentation, so
far (Beukema 2002; Schückel and Kröncke 2013).

Contrary to this rather comprehensive knowledge on the
long-term performance of intertidal benthos, far less is known
about temporal variability of subtidal benthos although the
areal extent of the subtidal by far exceeds the area of tidally
emerging flats. So far, only the macro-scale changes that oc-
curred in the subtidal during the past century have been
analysed in more detail. These include the disappearance of
the reefs of colonial polychaetes Sabellaria spinulosa due to
dredging and trawling activities and the disappearance of nat-
ural oyster (Ostrea edulis) beds due to overexploitation
(Riesen and Reise 1982; Reise and Schubert 1987). Mussel
(Mytilus edulis) beds extended their range, partly in replace-
ment of extinct oysters and partly due to anthropogenic mussel
culture plots (Reise et al. 1989). Finally, subtidal seagrass
(Zostera marina) beds decayed in 1933/34 (Wohlenberg
1935) due to wasting disease brought about by the slime
mould Labyrinthula zosterae (Muehlstein et al. 1991) and
never recovered (Reise et al. 1989).

Sabellaria, Ostrea, Mytilus and Zostera are all epibenthic
ecosystem engineers, each of them creating a typical habitat
type with many associated species. Therefore, changes in their
presence are likely to change the infaunal communities. In
addition, since epibenthic structures affect small-scale hydro-
dynamics there may be changes in sediment characters as
well, and potential feedback of sediment composition on fau-
nal composition. Unfortunately, for the subtidal Wadden Sea,
there were no comprehensive long-term data, neither on in-
faunal performance nor on sediment composition. Therefore,
we initiated a long-term study on sediments and fauna of the
shallow subtidal off Königshafen near the island of Sylt to
answer the following questions: (1) Are there long-term trends
for change in faunal composition or sediment granulometry
over years or just accidental variability between years? (2)
What are the agents that rule (or at least correlate with) faunal
variability? Can climate effects (such as cold and warm
winters, e.g. Beukema and Dekker 2020b) known from inter-
tidal flats be transferred to the adjoining shallow subtidal? Or
is subtidal variability in the Wadden Sea more similar to the
North Sea (e.g. Meyer and Kröncke 2019)? (3) Storms strong-
ly structure species distributions in the adjoining coastal North
Sea (Armonies et al. 2014)—may have storms the same ef-
fects in the Wadden Sea subtidal?

Material and methods

The study area (Sylt-Rømø bight) is located in the northern
Wadden Sea, which is the fringe of the NE North Sea that is
sheltered by barrier islands (Fig. 1 top). Inside this bight, we
investigated the shallow subtidal area of some 4 km2 between
the tidal inlet ‘Lister Ley’ (the southward prolongation of the
main tidal inlet ‘List deep’) and the intertidal flats of
Königshafen from 2003 to 2019 (Fig. 1 bottom).

Using a rectangular grid, 50 sampling positions were fixed
between mean low tide level (mltl) and the deep channel of
Lister Ley (roughly along the 5 m depth contour, mean tidal
range +1.8 m). During sample collection, the ship always
piloted the fixed sampling positions (GPS navigation) but
was free to drift during subsequent countersink of the corer;
thus, the sampling design is ‘stratified random’. For compar-
ison, the southern part of the Königshafen intertidal (yellow
dots in Fig. 1) was sampled in parallel during the first 10 years
from 2003 to 2013.

For subtidal sampling, we used Research Catamaran ‘Mya’
until it was replaced by RV ‘Mya II’ in 2013. The latter ship
has a deeper drought which enforced a reduction in the num-
ber of sampling sites to 33, i.e. the shallowest sites (orange
dots in Fig. 1) were only studied during the first 10 years.
Sampling was done with a 0.02-m2 box corer of the
Reineck-type, always around preceded high tide. A sub-
sample of 10-cm2 surface area was taken from each core for
granulometric sediment analysis and the remaining sample
was sieved through 1-mm meshes. The retained material
was fixed in buffered formalin solution and later sorted and
analysed for fauna. Granulometric analyses were done with a
CILAS 1180L diffraction laser particle size analyser which
provides grain size information between 0.04 μm and 2 mm.
Particles (shell fragments and occasional stones) that had been
retained by the sieve were quantified during faunal analyses as
total wet weight (>1 mm) and weight of very coarse particles
(>4 mm) retained on an additional sieve. For intertidal sam-
pling, we used a hand-operated corer, with faunal and sedi-
ment analyses as above.

Sediment granulometric composition is characterised by
the median grain diameter of the sediment fraction <2 mm
(D50) and by the 10th (D10) and 90th (D90) percentiles of the
accumulative grain size curve; i.e. 10% (by weight) of the
grains in a sediment core are finer than the value given by
D10 and another 10% are coarser than the value given by
D90 (details in Blott and Pye 2001). Since the values of these
three sediment parameters all derive from the same graph,
they are correlated and partly redundant. We nevertheless
used all three of them, hoping to get an idea on which sedi-
ment component may vary the most over time, and which one
might exert most influence to each of the species. A general
description of the sediments of the study area was already
published by Dolch and Hass (2008).

    2 Page 2 of 18 Marine Biodiversity            (2023) 53:2 



Fig. 1 a Position of Sylt-Rømø bight in the North Sea; b position of the sampling sites in the intertidal (green dots) and subtidal (red dots sampled
throughout, orange ones only until 2013) of the study area. Maps (a) based on a GIS model, (b) on a nautical map
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Altogether, the subtidal grid was sampled 76 times but the
sampling frequency varied. During the first 4 years, we aimed
at monthly sampling (limited by ship availability and weather
conditions) to record short-term changes, then (2007 to 2013) at
seasonal sampling, and after 2013, we only sampled annually in
September/October to record annual variability (Table 1;
sampling dates and position details in Online Resources 1 and
2). Accordingly, statistical analyses are based on different sub-
sets of the data collection: analyses for seasonality and compar-
isons between the subtidal and the adjoining intertidal are based
on the 2003 to 2013 period with seasonal sampling of the initial
50 subtidal (and 12 intertidal as appropriate) sampling sites
while analyses for long-term change are based on autumn data
of the 33-site subset of deeper sampling positions that was
sampled over the entire period (Table 1)

An adaptation also occurred in sediment analyses; until
2006, the sediment subsamples comprised the top 4–5 cm of
the sediment which is habitat for most of the fauna. But when
we noted that the sediments were rather stable in the study
area, we switched to analysing the top 1-cm sediment layer
only from 2007 onwards, hoping to get a finer resolution for
potential changes in surface sediment composition. This shift
in sampling depth significantly affected the sediment param-
eters (D10, D50, D90) used in this study. To eliminate these
method-related differences, the series of 4–5-cm and 1-cm
sub-sampling depths were separately normalised (x — mean
of the respective sampling position) to be comparable (Online
Resource 1).

When storm ‘Kyrill’ passed the study area on 18 and 19
Jan 2007, we used this as an opportunity to study storm effects
on the subtidal benthos by before-after comparisons of sedi-
ment granulometry and fauna, respectively. Another unique
disturbance was the construction of an artificial sand dune for
coastal protection along the southern border of the study area.
This was done by dredging sediment in an offshore area, ship
transport into the Wadden Sea, and flushing the suspended
sediment onto the beach. Coarser sand grains remained on
the beach but small grained particles and shells were partly
washed ashore with the run-off. This sand replenishment was
conducted in two campaigns in summer 2013 and summer
2014. Again, we used before-after comparisons to check for
significant effects of this coastal protection measure on ambi-
ent sediments and fauna.

Results

Sediment

Most of the subtidal study area showed a median grain size in
the fine sand range, with a small spot of very fine sand and
highest mud accumulation between mean low tide level and 1
m below, and coarser sand in the northwest close to the main
tidal channel of Königshafen bight (Fig. 2a, b). The adjoining
intertidal had similar median diameters and fine particle con-
tent but sharply deviated from the subtidal in the amount of
coarse and very coarse sand fractions. With respect to coarse
sediment compounds, neap low tide level (mean low tide level
+10 cm in this area) formed a very distinct separation line
(Fig. 2c).

Granulometric sediment composition showed significant
variations both annually and seasonally (Table 2). Annually,
years with coarser and finer sediment are not arranged in ran-
dom order but sequences of years with decreasing particle
sizes were followed by a number of years with increasing
grain sizes (Fig. 3). Only the year 2016 made an exception
with apparently out-of-order fine sediments.

Seasonally, the sediment was slightly coarser in winter
(Fig. 3, right) but different seasonal patterns are seen on
shorter time scales (Online Resource 1). Including water
depth, latitude, or longitude of the sampling positions as co-
variants in ANCOVAs of sediment parameters vs. seasonality
all resulted in non-significant (p>0.05) covariant effects
(Online Resource 1). The amount of shells mixed in the sed-
iment only varied over years but there was no significant sea-
sonality (Table 2).

During the beginning of this study, most of the study area
was covered by a superficial mud layer that vanished within
half a year and never occurred afterwards. This transient event
affects analysis of the long-term tendency of change in sedi-
ment granulometry: including the year 2003 results in a sig-
nificant increase in median grain size (D50), while omitting
this year results in a significant decrease of D10 (Table 3).
However, in both cases, r2-values <0.03 indicate that
granulometric sediment composition remained basically sta-
ble over the 16-year study period.

When storm ‘Kyrill’ passed the study area on 18 and 19
Jan 2007, it increased high tide water level in Sylt-Rømø bight

Table 1 Temporal variation in the sampling scheme and data use for analyses

Sampling period Sampling interval Sampling extent Data used in analyses of

2003 – 06 monthly 50 subtidal sites
12 intertidal sites

Short-term variability,
comparison between intertidal and subtidal

Subtidal
seasonality

Long-term trends in
the subtidal based on the
sites and season
sampled throughout

2007 – 13 seasonally 50 subtidal sites

2014 – 19 annually in autumn 33 subtidal sites
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by up to 2 m. However, before-after comparisons indicate that
this did not significantly change any of the sediment compo-
sition parameters in the study area (Online Resource 1).

During construction of the artificial dune along the southern
border of the study area, suspended sediments from the run-off
of the flushing area significantly increased average diameter of

Fig. 2 Spatial distribution of sediment parameters in the study area; Wentworth size classes of the finest 10% (a), median (b) and coarsest 10% (c) of the
sand grains. Map outlines based on a nautical map, sediment size classes from least square smoothing of all available data

Table 2 ANOVAs on main
effects of year and season on
sediment parameters

Parameter SS DF MS F p

D10 (μm) Constant 8425139 1 8425139 6712.586 <0.0001

Year 345948 16 21622 17.227 <0.0001

Season 20428 3 6809 5.425 0.0010

Error 3046190 2427 1255

D50 (μm) Constant 33289382 1 33289382 14117.27 <0.0001

Year 368857 16 23054 9.78 <0.0001

Season 40583 3 13528 5.74 0.0007

Error 5723013 2427 2358

D90 (μm) Constant 83067594 1 83067594 10828.71 <0.0001

Year 296020 16 18501 2.41 0.0013

Season 62713 3 20904 2.73 0.0428

Error 18617641 2427 7671

Shell detritus >4mm Constant 1681.381 1 1681.381 3776.061 <0.0001

Year 16.302 15 1.087 2.441 0.0015

Season 1.771 3 0.590 1.326 0.2642

Error

D10,D50, andD90 were all position-wise normalised prior to analyses. SS sum of squares,DF degrees of freedom,
MS mean square, F F-statistic, p probability
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the finest 10% of the sediment (D10) in 2013 and 2014 but there
were no lasting effects on granulometric sediment composition
after the construction activities in the subtidal section. However,
bivalve shells and shell fragments that had been included in the
nourishment sediment were partly washed ashore with the run-
off and remained in the subtidal study area. This significantly
increased the amount of shell detritus in the subtidal and the
elevated level of shell detritus content persisted until the end
of this study (Online Resource 1).

Once constructed, the artificial dune partially eroded again.
While this had no significant effect in the subtidal, sand
suspended from the dune during storms changed sediment

composition in the intertidal and created a sandy hook in the
intertidal over time (Fig. 4). In 2020 and 2021, this new hook
approached the older ‘List hook’, separated only by a small
tidal inlet. Since then, the area enclosed by both hooks turned
increasingly muddy.

Fauna

Differences between tidal levels

Some 150 benthos taxa were recorded during the 10-year
period from 2003 to 2013 of joint intertidal and subtidal

Fig. 3 Annual (left) and seasonal (right) variations in sediment parame-
ters; means and 95% confidence limits of deviations (in μm) from the
long-term means of the single sampling positions. Annual variations
based on the autumn data of the years 2004–2019; the wider spread of

confidence intervals after 2013 is due to the reduction in the number of
sampling positions from 50 to 33. Seasonality based on the years 2004–
2013 with seasonal data
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sampling (Online Resource 2). ANOVAs on the effect of tidal
level (i.e. categorial factor intertidal or subtidal) revealed that
21 of the species were significantly more abundant in the
intertidal and 33 the subtidal while two-thirds of the species
were indifferent to tidal level (Fig. 5a; Online Resource 3). In
the intertidal, these three groups contributed rather equally to
the species pool while abundance was strongly dominated by
intertidal species (Fig. 5b). In the subtidal, the species pool
was dominated by indifferent species while both intertidal and
subtidal species contributed equally to abundance (Fig. 5c).
Thus, in terms of abundance, intertidal species play a major
role in the shallow subtidal while subtidal species are rather
negligible in the intertidal.

Mean species number per sediment core constantly in-
creased with water depth until limited along the physically
unstable rim of the adjoining tidal channel (Fig. 6a).
Abundance showed the same pattern in the subtidal but then
strongly increased in the intertidal (Fig. 6b).

Seasonality

Both abundance and species density showed the typical sea-
sonality with highest values in summer and lowest in late
winter though development was not entirely synchronous:
the spring increase of abundance started earlier (in April) in
the intertidal against June in the subtidal (Fig. 7 bottom left;
ANOVA results on the species level in Online Resource 3).
As a result of common seasonality, there are positive correla-
tions between inter- and subtidal abundances (r=0.5104,
r2=0.2605, p=0.0003) and species numbers per core
(r=0.6038, r2=0.3646, p<0.0001). But within seasons, signif-
icant correlations only occurred between inter- and subtidal
winter abundances (r=0.7350, r2=0.5402, p=0.0378) and spe-
cies numbers (r=0.7845, r2=0.6154, p=0.0212) while there
were no significant correlations during the other seasons.
The number of species recorded per sample set was remark-
ably constant throughout the year (one-way test of signifi-
cance, p>0.9 for both tidal levels).

Table 3 Long-term trends in sediment parameters

Parameter Period 2003 to 2019 Period 2004 to 2019

r2 r p r2 r p

D10 (μm) 0.0054 0.0732 0.0761 0.0102 −0.1012 0.0169

D50 (μm) 0.0261 0.1615 <0.0001 0.0011 −0.0336 0.4293

D90 (μm) 0.0031 0.0553 0.1807 0.0001 0.0107 0.8020

Linear regressions of normalised sediment parameters over years; only
October data used to avoid interference with seasonality

Fig. 4 Morphological changes in
the intertidal of southern
Königshafen after the creation of
an artificial dune; outline of the
sandy bars before construction of
the dune (December 2008) and
subsequent development during
partial erosion of the artificial
dune. Outlines adapted from
Google Earth satellite
photographs
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Long-term trends in the subtidal

In the subtidal, species density and total abundance signifi-
cantly varied between years (Table 4, Fig. 8). Since the num-
ber of species was highly correlated with log(abundance)
(r=0.8446, r2=0.7134, p<0.0001), both parameters changed
largely in parallel over years. Both species density and abun-
dance showed statistically significant long-term temporal
trends towards higher numbers; however, very low r2-values
indicate that the increases were quantitatively not important
(Table 5). Species richness per sample set (33 cores each) did
not significantly change over the 17-year period (p=0.1496).

Most of the higher taxa showed corresponding variability
over years; only oligochaete abundance was remarkably stable
(Table 6; in echinoderms and tunicates, the lack of significant
effects is presumably due to low overall abundances).
Polychaete, bivalve and amphipod abundances increased over
time while gastropods, decapods and Pycnogonida decreased;
however, again the very low r2-values indicate that these are
rather spurious results.

On the level of single species, abundance of nearly all of
the more abundant species correlated positively with total
abundance of the other species; hence, abundance of most
species followed the same temporal pattern (Online
Resource 4). Among the potentially controlling agents, winter
cold correlated the best with total abundance in the following
year; the number of days with a seawater surface temperature
(SST) <1°C gave the best fit (Table 7). Temperature during
other seasons, chlorophyll concentration and NAO showed no
significant correlations with total autumn abundance. Salinity
correlated significantly positively with autumn abundance on-
ly in May (Table 7). Contrary to that, there are numerous
significant correlations between these factors and abundance

of single species (Online Resource 4), some referring to well-
established physiological constraints or ecological chains of
effects, others still unexplained or (because of the multitude of
tests) just spurious.

Storm Kyrill (18 and 19 Jan 2007) increased mean low and
mean high water levels in Sylt-Rømø bight by up to 2 m. This
neither changed sediment composition (see above) nor re-
duced benthos abundance or species numbers. Instead, in au-
tumn 2007, abundance and species numbers were even higher
than those in the previous and following years (Table 8).

Linking faunal variability with sediment data

Abundance and species richness significantly varied over
classes of sediment parameters (Table 9). On an average, both
numbers increased with increasing grain size values (Fig. 9).
However, ANCOVAs (Online Resource 5) revealed that the
amount of shell gravel >4 mm by far had the strongest effect,
with strongly increasing total abundance and species numbers
with increasing shell detritus. With very few exceptions, this
also applied on the species level (Online Resource 5). Closest
correlations with the amount of shell gravel occurred in the
more epibenthic species that need hard substrate for attach-
ment (e.g. hydrozoans, anthozoans, blue mussels Mytilus
edulis and slipper limpets Crepidula fornicata) and in species
associated with them. But positive correlations also occurred
in entirely infaunal species such as oligochaetes and the poly-
chaete Scoloplos armiger while few species were negatively
affected (Online Resource 5). In a few species, the effect of
shell detritus changed seasonally. The abundance of Nephtys
species, for example, correlated negatively with the amount of
shell detritus in autumn but not on an annual base.

Fig. 5 Contribution of preferably intertidal, subtidal, or indifferent species to the total species pool (a) and in the intertidal (b) and subtidal (c) sections,
respectively. Species numbers are the totals for the 2003 to 2013 period; abundances are the overall means per 0.02 m² core
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Discussion

Sediment stability

The surface sediments proved to be highly stable over the studied
17-year period; obviously, for the study area, Sylt island is a
highly effective barrier to North Sea waves. Accordingly, no
significant change in sediment granulometry could be detected
after storm Kyrill; more generally, we could not find any

correlation between sediment changes and storm frequency or
intensity (though this may partly be due to insufficient data), or
NAO indices. Thus, higher hydrodynamics brought about by
global change is unlikely to affect sediment composition in the
study area unless it becomes high enough to decrease the barrier
function of the island itself. This stability is in strong contrast to
the tidal channels which have the highest morphological activity
along the East Frisian coast (Winter 2011). However, morpho-
logical changes in these tidal inlets are likely to influence the

Fig. 6 Macrozoobenthos species
density (a mean number per core)
and abundance (b log-
transformed) along the tidal gra-
dient. Vertical bars indicate the
95% confidence ranges; water
depth refers to mean tidal level
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routes of the tidal waters and the position of small-scale turbu-
lence areas in the following tidal channels. Thus, we suggest that

the periods of change towards finer or coarser sediment we ob-
served in the study area (Fig. 3) might be brought about by

Fig. 7 Seasonality of macrozoobenthic species number per sample set, species density per sediment core, and abundance per 0.02m2 (log-transferred) in
the studied inter- and subtidal sites. Vertical bars indicate 95% confidence ranges

Table 4 One-way ANOVAs on macrozoobenthos species numbers and abundance over the 17-year study period in the shallow subtidal

Effect SS DF MS F p

Species/core Constant 100203.5 1 100203.5 2571.423 <0.0001

Year 2851.7 16 178.2 4.574 <0.0001

Error 32733.2 840 39.0

Log(abundance) Constant 1749.662 1 1749.662 10563.45 <0.0001

Year 32.878 16 2.055 12.41 <0.0001

Error 139.132 840 0.166
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Table 5 Linear regression of autumn species numbers and abundance over the 17-year study period in the shallow subtidal

Effect SS DF MS F p r2

Species/core Constant 168.88 1 168.8754 4.0795 0.0437

Year 191.57 1 191.5693 4.6278 0.0317 0.0042

Error 35393.38 855 41.3958

Log(abundance) Constant 1.6520 1 1.6520 8.3055 0.0041

Year 1.9513 1 1.9513 9.8107 0.0018 0.0102

Error 170.0591 855 0.1989

Fig. 8 Long-term temporal trends
in autumn species density (a) and
abundance (b)
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morphological changes in the tidal inlet ‘List deep’ and/or its
southward branch ‘Lister Ley’. This implies that the tendency
of change towards finer or coarser sediment will depend on the
position of the studied area within the catchment area of the tidal
inlet: local change cannot spatially be upscaled. However, the
observed long-term stability of sediments was only true for the
subtidal section of the study area while the intertidal was subject
to ongoing morphological changes accompanied by changes in
sediment composition; sediment delivery from erosion of the
artificial sand dune along the southern border of the study area
still increased these changes (Armonies 2020).

Faunal variability

The overall pattern of macrofaunal distribution with highest
species richness in the subtidal and highest abundance in the
intertidal of the study area conforms well with previous find-
ings in the southern North Sea (Schückel et al. 2013). Within
the subtidal, the spatial variation of macrofaunal abundance

and species richness correlated positively with water depth
and negatively with increasing current towards the tidal chan-
nel (Fig. 6); the same factors were found to best explain the
spatial variations in macrofaunal community structure in the
tidal channels of Jade Bay (Schückel et al. 2015). This high-
lights the importance of water depth (respectively, tidal level)
and current velocities for macrofaunal community structure in
the Wadden Sea. But despite these common structuring fac-
tors, there are major differences between the macrobenthos
communities of the northern and southernWadden Sea, likely
attributable to differences in sedimentological characteristics
(Schückel et al. 2015).

Seasonally, abundances in the inter- and subtidal were ex-
pected to correlate to some degree because individuals of both
tidal sections derive from a common larval pool and are wide-
ly subject to the same physical factors. Within single species,
we only found minor differences in seasonality, presumably
due to slower warming of the subtidal in spring. Nevertheless,
total macrozoobenthic abundances in the inter- and subtidal
were uncorrelated; hence, abundance estimates from one tidal
level cannot be generalised to the other. Presumably, this is
due to species-specific preferences for tidal levels and level-
specific predation pressure which combined result in different
community compositions.

In the subtidal, abundances and species numbers signifi-
cantly varied over years (Fig. 8). Just as in sediment parame-
ters, long-term change occurred in ‘waves’, i.e. some years
with increasing numbers were followed by a sequence of
years with decreasing numbers. However, the timing and du-
ration of faunal waves do not coincide with the waves of
changing sediment parameters. Therefore, we assume differ-
ent causes.

In the intertidal of the DutchWadden Sea, species numbers
have been shown to increase over the past 50 years (Beukema
and Decker 2020a); this was partly due to global warming
favouring winter-sensitive species, and partly to the arrival
of new species while no established species disappeared. In
the shallow subtidal of the Sylt-Rømø Bight, we see the same
trend (Fig. 8), and as in the Dutch Wadden Sea, this is partly
due to the arrival of new species (Lackschewitz et al. 2015).
However, with respect to winter-sensitive species, our data

Table 6 Autumnal long-term variability and trends of higher taxa
abundance

Taxon Annual variability Trend Linear regression

p r r2 p

Hydrozoa <0.0001 → 0.0512 0.0015 0.1341

Anthozoa 0.0047 → 0.0345 0.0001 0.3129

Nemertea 0.0003 → 0.0507 0.0014 0.1383

Polychaeta <0.0001 ↗ 0.1047 0.0098 0.0021

Oligochaeta 0.0576 → 0.0571 0.0021 0.0951

Gastropoda 0.1895 ↘ 0.0803 0.0053 0.0187

Bivalvia <0.0001 ↗ 0.0812 0.0054 0.0174

Amphipoda <0.0001 ↗ 0.1585 0.0240 <0.0001

Cumacea 0.0003 → 0.0566 0.0020 0.0978

Decapoda <0.0001 ↘ 0.0939 0.0077 0.0059

Pycnogonida 0.0093 ↘ 0.0709 0.0039 0.0379

Echinodermata 0.1144 → 0.0295 0.0003 0.3878

Tunicata 0.1544 → 0.0143 0.0010 0.6759

Abundance values log-transformed; in linear regression r2 corrected for
degrees of freedom

Table 7 Correlations of
environmental factors with
macrozoobenthos abundance in
autumn

Factors r r2 p

Winter temperature

Log(abundance) vs. Sea surface temperature −0.4586 0.2104 0.0641

Log(abundance) vs. No. of days with SST < 4°C 0.3631 0.1318 0.1520

Log(abundance) vs. No. of days with SST < 1°C 0.5975 0.3570 0.0113

Log(abundance) vs. No. of days with SST < 0°C 0.5423 0.2941 0.0245

Salinity

Log(abundance) vs. Mean salinity in May 0.4917 0.2418 0.0450
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either show no significant trend (e.g. Lanice conchilega and
Nephtys spp.) or even a decreasing trend as in Carcinus
maenas and Crangon crangon. For the first two species, the
lack of a long-term temporal trend may be due to the virtual
absence of cold winters with massive ice formation during the
study period (but see below). But the decreasing trend in the
latter two species cannot be explained by winter temperatures;
possibly they suffered from competition for food with intro-
duced species asHemigrapsus takanoi (Cornelius et al. 2021)
or from changing predation/fishery pressure (Temming and
Hufnagl 2015). Anyway, since the latter two species are im-
portant predators on infauna (in particular on bivalve recruits,
Beukema and Decker 2020b; Beukema and Dekker 2020a),
their decrease in abundance may have contributed to the over-
all increasing trends of abundance and species number.

Abundance of total macrozoobenthos in autumn correlated
negatively with SST in the preceding winter and significantly
positively with the number of cold days, with best fit for the
number of days with an SST <1°C (Table 7). However, ‘real-
ly’ cold winters with massive ice cover of the Wadden Sea
were frequent in the preceding decades while during the study
period only the winter of 2010 was relatively cold; in the same
year, total abundance and species density peaked (Fig. 8).
Apart from this year, we assume that winter temperatures dur-
ing the study period were high enough to avoid massive

mortality of winter-sensitive species but still low enough to
promote recruitment, either by lower survival of predators like
C. maenas and C. crangon or by reduced recruitment success
of the latter species by temporal mis-match effects (Strasser
and Günther 2001). Thus, benthos abundance in autumn
seemed to be fine-tuned by subtle differences in winter sensi-
tivity between predators and their prey, though other factors
like variations in fishery intensity and top-predator abun-
dances (such as seal Phoca vitulina and harbour porpoise
Phocoena phocoena) are likely to contribute to local changes
of epibenthic predation pressure. This fine-tuning may be an-
other reason for the lack of correlations between inter- and
subtidal abundances: since birds mainly feed in the intertidal
and fish in the subtidal, different predator spectra may give
different fine-tuning results over tidal levels.

In summary, winter temperature effects in the northern
Wadden Sea during the past two decades resemble the effects
monitored in the Dutch Wadden Sea during the past five de-
cades as summarised by Beukema and Decker (2020a). In the
light of global warming, this is not astonishing: meanwhile,
the rise in SST (since 1962 +1.76°C, i.e. +0.31°C per decade,
Wiltshire et al. submitted for publication) may have levelled
the latitudinal differences between the Dutch and the northern
Wadden Sea. Thus, past temperature effects in the Dutch
Wadden Sea may be well suited as a model for today’s effects
in the northern Wadden Sea. Accordingly, current changes in
the DutchWadden Sea such as the ongoing replacement of the
clam Macoma balthica by Abra tenuis on the high tidal flats
(Dekker and Beukema 2021) are expected to forecast the fu-
ture in the Northern Wadden Sea.

Variations of temperature during other seasons as well as
variations in NAO, salinity and chlorophyll concentrations
were all checked for correlations with abundance over
month-wise increasing lag-times. There were a few significant
correlations on the species level but not on the community
level. Compared to the open North Sea, short-term variations
in these factors are common in the Wadden Sea. Accordingly,
species permanently living in the Wadden Sea need to be
adapted to these variations. At the same time, these variations
may be a major reason for the low abundances in the Wadden
Sea of a number of species that are common in the adjoining
North Sea. About a third of all species recorded belong to the
latter group.

Table 8 Probability levels of one-
way ANOVAs on effects of storm
Kyrill (18 and 19 Jan 2007)

Before-after:

16 Jan vs. 26 Feb 2007

The year before:

Feb 2006 vs Feb 2007

Annual variability:

Autumn 2006–2008

Abundance 0.2572 0.5648 <0.0001

Log(abundance) 0.4771 0.2633 <0.0001

Mean species number 0.1396 0.5279 <0.0001

Detailed ANOVA results in Online Resource 4, ‘Storm effects’

Table 9 Variation of species richness and abundance over classes of
sediment parameters

DF Species number Abundance

F p F p

All data

D10 (μm) 5;2441 1.0309 0.3976 1.4127 0.2164

D50 (μm) 8;2438 5.6860 <0.0001 4.6468 <0.0001

D90 (μm) 6;2440 3.7479 0.0010 3.8083 0.0009

Shell detritus 6;2451 157.4779 <0.0001 115.9697 <0.0001

Autumn only

D10 (μm) 10;870 0.9708 0.4673 1.9518 0.0356

D50 (μm) 7;873 7.6029 <0.0001 6.9946 <0.0001

D90 (μm) 8;872 11.8416 <0.0001 10.3133 <0.0001

Shell detritus 6;850 60.2107 <0.0001 47.1472 <0.0001
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Fig. 9 Variations of species richness (left) and total abundance (right)
with sediment parameters. D10, D50 and D90 median diameters of the
sediment particles at the 10th, 50th and 90th percentiles by weight of the

cumulative particle size graph; shell detritus is the total weight per sedi-
ment core of shells retained on a sieve with 4-mm mesh size and occa-
sionally included some stones
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NAO was often used as a proxy for climate variability
integrating several climatic variables such as SST, prevailing
wind direction and wind speed. In the shallows of the southern
North Sea, NAO was clearly associated with the development
of benthos until the year 2001 but no more afterwards
(Kröncke et al. 1998, 2013; Schückel and Kröncke 2013).
For our 2003 to 2019 study period, we also failed to find a
significant correlation. We assume NAO mainly indicated ef-
fects of the series of cold and warm winters that occurred
before the year 2000 while there were no series of cold
winters afterwards. In the southern North Sea, Kröncke et al.
(2013) obeserved the importance of winter cold fading away
around the turn of the century. This allowed more winter-
sensitive species to come in and finally resulted in a regime
shift (Meyer and Kröncke 2019). Acoordingly, NAO partly
lost its indicative value for benthos development (Dippner
et al. 2014). In addition, the relationship between climate
proxies and benthic communities is not consistent across re-
gions since theymay be influenced by the local environmental
conditions and the local species composition (Birchenough
et al. 2015). In our study area, it is the sheltered position
behind a barrier Island which prevents westerly storms asso-
ciated with strongly negative NAOs to exert influence on the
benthic community while the same storms may strongly struc-
ture the shallow water benthos communities in the adjoining
North Sea (Nehls and Thiel 1993; Armonies et al. 2014). On
the other hand, in the twentieth century cold winters, effects
on benthic communities were more pronounced in the near-
shore than in the offshore regions of the North Sea (Reiss et al.
2006). With respect to global warming, we thus expect that
benthic community dynamics in the near- and offshore areas
may become more similar to each other.

Animal-sediment relationships

In the shallow subtidal, abundance of most species was posi-
tively correlated with increasing grain size; accordingly, total
abundance showed the same tendency. However, since
granulometric sediment composition had been highly stable
over the study period and because the entire study area was
rather homogenous fine sand, most of these correlations are
rather marginal, i.e. they turned statistically significant be-
cause of the high sampling intensity but explained little of
the variability as estimated by r2 numbers in regressions, or
F-values in ANOVAs. The amount of coarser shell material,
in contrast, turned out to be both highly significant and quan-
titative important, for the majority of species as well as for
total abundance. In an environment of unconsolidated soft
sediments, shells provide the only anchorage for the more
sessile fauna, and most species apparently do not differentiate
between life bivalves and empty shells. And once established,
epibenthic species attract further species. Thus, positive cor-
relations between the amount of shell material and epibenthic

species had been expected. However, most of the infaunal
species correlated positively with shell detritus as well. We
assume that shells buried in the sediment hamper predators;
infaunal predators may be restricted in movement ability and
epifaunal predators in the efficiency to ransack the sediment,
and both types of predators may have problems to localise and
catch their prey. These results corroborate the finding that
shell debris constitutes small-scale habitat structure which
promotes beta diversity (Hewitt et al. 2005; Casado-Coy
et al. 2022).

However, on the level of species, the importance of shell
debris may turn out to be more complicated because shell
effects may vary over size classes. For the Nephtys species
(free-moving infaunal predators, Schubert and Reise 1986),
abundance correlated positively with the amount of shells in
spring and summer when recruits were abundant; but as indi-
viduals had grown to size in autumn and winter, the correla-
tion became negative. Presumably, the shelter-from-predation
function of the shells surpassed the effects of restricted move-
ment in juveniles but not in grown-ups.

The relationship between the amount of shells and faunal
abundance became most evident when we ordinated abun-
dances according to classes of shell weight while it was less
visible in simple correlations. This is so because our sampling
depth in the sediment (usually) surpassed the sediment layer
that was actually populated while the amount of shells was
evaluated from the entire sediment core. Thus, ‘amount of
shells’ included material from deep sediment layers that had
not been populated during sampling and, therefore, could not
(directly) influence faunal abundance. For further studies, we
therefore suggest to consider the vertical distribution of shells
and fauna, e.g. by subdivision of the sediment cores into depth
layers. Alternatively, high-resolution hydroacoustic seafloor
mapping may be used to classify sediments according to the
amount of shell material at the sediment surface (Mielck et al.
2014) which potentially gives a chance to estimate infaunal
abundance from hydroacoustic data.

Our results corroborate previous findings that mollusc shells
are a structural element in the shallow subtidal that may strong-
ly influence faunal abundance and diversity (Gutiérrez et al.
2003). Shells are continuously produced by life organisms
and decomposed by mechanical stress including shell-boring
organisms and chemically. Since most of the shells are based
on CaCO3, seawater chemistry in general and pH values in
particular are crucial for the rates of chemical destruction.
Thus, ocean acidification by still rising CO2 levels is likely to
accelerate shell decomposition; in Sylt-Rømø bight, mean sea-
water pH decreased by 0.23 units during the past 40 years (Rick
et al. submitted for publication). At the same time, pH-
dependent decreases in calcification rate, shell dissolution and
reduced growth have been observed in life bivalves and gastro-
pods (Fabry et al. 2008; Guinotte and Fabry 2008). Thus,
reduced shell growth and calcification in life animals meets
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with increased chemical decomposition. Over time, this might
result in sediments depauperated in shell fragments and, accord-
ingly, populated by less abundant and less diverse fauna, and
this effect of reduced structural complexity is likely to enhance
the direct effects of ocean acidification on the species’ physiol-
ogy (Kroeker et al. 2011). From this point of view, ocean acid-
ification might turn shell debris a threatened resource.
However, the effects of ocean acidification vary over habitats
(Waldbusser and Salisbury 2014). In the Wadden Sea, bivalve
species introduced during recent decades such as American
razor clams Ensis leei and pacific oysters Crassostrea gigas
meanwhile attained high abundance. Since both species grow
rather large, they might compensate or even over-compensate
potential losses of shell material due to ocean acidification.
Thus, the future availability of benthos as a food resource for
higher trophic levels depends on the balance between ocean
acidification effects and the compensatory power of the new
species. In cases of conflicting evidence like this, further atten-
tion to the problem is advisable.

Conclusions

In the twentieth century, the Wadden Sea benthos community
was strongly shaped by cold winters with prolonged ice cover.
With global warming, the importance of winter cold faded
away. Today, benthos community structure seems to be main-
ly regulated by predation, with just fine-tuning of predator
effects due to differential sensitivity to winter cold.
Accordingly, other factors limiting or promoting predation
pressure seem to have become more important. Our results
indicate that in the fine sandy sediments of the Wadden Sea,
the amount of coarse shell detritus is such a factor. This de-
serves further attention, in particular because the shell pool in
the sediments is potentially threatened by ocean acidification.
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