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Abstract
Bare sandy flats at and below low tide level of the Wadden Sea (eastern North Sea, European Atlantic) were observed in 
2020 to have been invaded by an introduced grass-like alga, Vaucheria cf. velutina (Xanthophyceae). A dense algal turf 
accumulated and stabilized mud, where resident seniors of the lugworm Arenicola marina had reworked rippled sand. Algae 
and worms were incompatible. Initially, rising patches with algal turf alternated with bare pits where lugworms crowded. 
Their bioturbation inhibited young algae, while the felt of established algal rhizoids clogged feeding funnels of worm bur-
rows. Eventually, a mosaic pattern of competitors gave way to a coherent algal turf without lugworms. Concomitantly, a rich 
small-sized benthic fauna took advantage of the novel algal turf. This exotic Vaucheria may have the potential for drastically 
altering the ecological web at the lower shore.
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Introduction

In an increasingly interconnected human world, invasive 
alien species (IAS) transform ecological webs, particularly 
on island and coastal ecosystems (Anton et al. 2019; Bailey 
et al. 2020; Pyšek et al. 2020), which may entail high eco-
nomic costs (Cuthbert et al. 2021). In marine and estuarine 
sediments, effects may escalate when alien sediment sta-
bilizers rival with resident destabilizers for bioengineering 
dominance (Crooks 2002; Sousa et al. 2009; Guy-Haim et al. 
2017).

Fringing the eastern North Sea, the Wadden Sea com-
prises estuaries, salt marshes and extensive tidal flats, shel-
tered by sand bars and barrier islands (Reise et al. 2010). The 
small filamentous algae of the genus Vaucheria (Xanthophy-
ceae) were only known from uppermost shore, while none 
have been found around low tide level before until we found 
two near the island of Sylt in 2020 (Rybalka et al. 2022). 
V. longicaulis may constitute a complex of hidden species 
(Christensen 1996) and is assumed to have been introduced 

to the Dutch Rhine Delta in the 1990s (Stegenga et al. 2006), 
an estuarine region adjacent to the Wadden Sea. In contrast 
to this rather inconspicuous species, we also encountered 
another member of the genus Vaucheria, which grows in 
extensive turfs, accumulating mud at the transition between 
intertidal and subtidal sandy flats.

Based on plastid encoding rbcL-gene sequences and 
psbA/rbcL spacer region, this Vaucheria is distinct from that 
at upper shore salt marshes, although morphology suggests it 
may belong to the cosmopolitan V. velutina C. Agardh 1824 
(Rybalka et al. 2022). Most records are from upper shore, 
while Gallagher and Humm (1981) for the Golf of Florida, 
and Womersley (1987) and Wilcox (2012) for the southern 
Pacific, found V. velutina at lower shore positions. We sus-
pect a complex of hidden species, and refer to the population 
of the lower shore near Sylt as V. cf. velutina, until a taxo-
nomic revision based on specimen from various habitats and 
coastal regions worldwide untangles this complex.

We argue that V. cf. velutina is not native, but constitutes 
a recent introduction: (1) the Wadden Sea region has been 
exceptionally well surveyed for species of Vaucheria in the 
past (i.e., Simons 1975; Polderman 1979a, b; Krieg et al. 
1988). It is highly unlikely that a conspicuous species like V. 
cf. velutina went unnoticed; (2) based on genetics, morphol-
ogy and habitat, V. cf. velutina does not match any other of 
the 29 species recorded previously, making misidentification 
in previous investigations unlikely; (3) the Vaucheria bed 
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we encountered in 2020 did not occur prior to 2018 (Reise 
et al. 2022). Given the steady influx of alien species into 
the Wadden Sea in recent decades, particularly by macroal-
gae from East-Asian coasts (Buschbaum et al. 2012; Lack-
schewitz et al. 2015, and in prep.), we assume V. cf. velutina 
originates from overseas.

In only 3 years, V. cf. velutina spread at four sites over an 
area of together 180 ha at the lee side of the island of Sylt 
in the northern Wadden Sea, generating bumpy mud with 
hummocks up to 20 cm higher than ambient sand flats (Reise 
et al. 2022). Green unicellular filaments, up to 8 cm long and 
with a mean density of 1.5 mm−2, are anchored by felted 
rhyzoids down to 5 cm in the sediment. The accumulated 
mud persists as hummocks or plateaus. Thalli overwintering 
in the sediment give rise to a new green turf next summer. 
In that study (Reise et al. 2022), we addressed changes in 
habitat structure and sediment composition, while here we 
consider the biological impacts with a particular focus on 
Arenicola.

The spread of V. cf. velutina (hereafter called simply 
Vaucheria) at the lower sandy shore in the Wadden Sea con-
stitutes a paradox. On these sand flats, the large sedentary 
polychaete Arenicola marina L. abounds, reworking and 
irrigating the sediment (Reise 1985). This activity seems 
incompatible with sediment-stabilizing Vaucheria. Resident 
lugworms recycle the upper layer of sediment 10–20 times 
per year through their guts (Cadée 1976). They keep the sand 
permeable and oxygenated, increase mineralization and ben-
thic–pelagic exchange processes (Volkenborn et al. 2007), 
with cascading effects on associated benthos (i.e., Reise 
1985; Flach 1992; Volkenborn and Reise 2007; Volkenborn 
et al. 2009; Kuhnert et al. 2010; Lei et al. 2010; Suykerbuyk 
et al. 2012). Feeding funnels with downward sliding surface 
sediment and mounds of fecal strings with ejections about 
every half hour cause an unstable upper sediment layer (Riis-
gård and Banta 1998; Wendelboe et al. 2013). Such a habitat 
should be entirely unsuitable for a small and slender alga to 
become established.

We here present data indicating a regime shift from 
marine sandy bottom reworked by resident lugworms 
Arenicola marina toward a muddy turf generated by a 
sediment-stabilizing alga introduced from overseas. This is 
a striking example for ecological change in the wake of an 
unintentionally translocated species. However, at the lower 
shore, where the largest lugworms dwell, their density is 
modest compared with much higher densities of juveniles 
and adults at the upper shore (Beukema and de Vlas 1979; 
Farke et al. 1979; Lackschewitz and Reise 1998; Reise 
et al. 2001). We hypothesize (1) that the low density of 
those senior lugworms at the lower shore leaves gaps with 
sufficiently stable sediment for colonizing Vaucheria. This 
may explain the absence of Vaucheria further up on the 
shore where abundance of Arenicola is high, although 

Vaucheria may also avoid prolonged tidal exposure. Some 
small tube-building polychaetes and amphipods manage 
to coexist with Arenicola in spite of the sediment insta-
bility on lugworm flats (Flach 1992; Lackschewitz and 
Reise 1998). May such coexistence also be possible for 
Vaucheria? We hypothesize (2) that alternating patches 
of Vaucheria and Arenicola may allow for coexistence at 
the lower shore. The alternative would be that interference 
competition between such antagonistic benthic bioengi-
neers inevitably leads to exclusion.

Although we observed senior lugworms and Vaucheria 
at the same tidal level, their contrasting effects on sediment 
composition and bedform morphology (Reise et al. 2022) 
likely entail a shift in associated benthic community struc-
ture. We hypothesize (3) that the dense turf of Vaucheria 
with long rhyzoids provides shelter and food for small zoo-
benthos. On the other hand, mud accumulated by Vauche-
ria may be hostile for benthic fauna requiring oxygenated 
sediment.

Methods

Study site

List tidal basin at the Danish–German boundary (eastern 
North Sea, northern Wadden Sea) comprises 400 km2 with 
vast intertidal and shallow subtidal flats, intersected by 
deep channels (Gätje and Reise 1998). It extends north of a 
causeway connecting the island of Sylt with the mainland 
(Fig. 1A). Tides are semi-diurnal with a range of almost 2 m. 
Salinity ranges from 26 to 32, and mean water temperatures 
from 0 to 20 °C with a recent warming of 1 °C since the 
1980s (Rick et al. 2022). We first discovered muddy beds of 
Vaucheria cf. velutina in June 2020 at shoals in Blidsel Bay, 
east of northern Sylt (54°97′ N, 08°38′ E; Rybalka et al., 
submitted; Reise et al. 2022).

At Blidsel Bay, the upper shore is sandy with large diago-
nal sand waves (Fig. 1B), passing over into shallow subtidal 
beds of Sargassum muticum and of mixed mussels and oys-
ters. Further seaward at the lower shore, dark Vaucheria beds 
show sharp boundaries where adjoining bright sand bars. 
We encountered Vaucheria from + 0.2 to − 0.5 m relative to 
mean low tide level. Exposure to air was limited to spring 
low tides, combining with offshore winds. Our time of 
access was rather short and never more than 2 h per low tide 
period. During neap tides and onshore winds, the Vaucheria 
beds remained submerged. At Blidsel Bay, the Vaucheria 
bed established in 2018 and 2019 (Reise et al. 2022), and 
since June 2020 spread further into surrounding lugworm 
flats, visible from the air as wide blotchy belt in front of a 
distinct boundary of the old bed (Fig. 1C, lower right).
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Why could Vaucheria conquer lugworm flats 
at the lower shore?

We compared the sub-population of A. marina at the upper 
shore (about mean tide level), where we found no Vauche-
ria, with the sub-population at the lower shore (spring low 
tide level), where we encountered an expanding Vaucheria 
bed in June 2020 (Fig. 1B, site 1 and 2). The aim was to 
infer different levels of bioturbation from Arenicola size and 
abundance. We randomly dug eight worms at each site in 
June 2020. When relaxed in seawater, we measured lengths, 
then put worms on blotting paper and determined their indi-
vidual volume in a calibrated cylinder to nearest 0.1 cm3. For 
additional comparisons of mean lugworm size, we measured 
diameters of fecal strings to the nearest millimeter (Reise 
et al. 2001) at 20 fecal mounds of each site. As a proxy for 
abundance, we counted fecal mounds at the end of low tide 
exposure, using randomly spread 0.25-m2 frames, 15 times 
at upper and 20 times at lower shore (Fig. 1B, site 1 and 2, 
respectively).

When we encountered an established Vaucheria bed for 
the first time on June 03 in 2020, muddy hummocks with 
a dense turf formed a distinct boundary with the adjoining 
bare lugworm flat in the north (Fig. 1B, site 2). On the sec-
ond visit on June 10, barely recognizable sand wave ridges 
became visible when tidal emergence commenced, alter-
nating with pits. Ridges seemed to have less fecal mounds 

than pits. However, we were not able to quantify this with 
our 0.25-m2 frame because of gradual transitions between 
ridges and pits. At the same time, we observed close to the 
Vaucheria bed a faint shine of green filaments on ridges 
and never in pits. Already by June 17, a mosaic of bare pits 
and slightly elevated plateaus with a turf of Vaucheria was 
apparent in front of the northern and western edge of the bed 
(see blotchy areas in Fig. 1C and irregular patches of bare 
sand within an algal cover on the lugworm flat in Fig. 2A). 
Later in June, this weakly pronounced pattern developed into 
a distinct mosaic (Fig. 2A). On June 17 in 2020, we counted 
fecal mound abundance at 10 bare pits and 10 elevated pla-
teaus overgrown with Vaucheria, using the 0.25-m2 frame.

Do Vaucheria and Arenicola coexist in spite 
of interference competition?

Assuming that the central part of the Vaucheria bed con-
stitutes a late succession stage compared to the belt with 
young growth, we also counted fecal mounds there. Due to 
low numbers, we randomly selected 6 squares of 10 m2 for 
estimating fecal mound abundance (June 2020). For further 
exploring abundance of Arenicola in response to developing 
growth of Vaucheria, we repeated counting fecal mounds 
in August 2020. Vaucheria at the belt with young growth 
now had also invaded the formerly bare pits (see Fig. 2B). 
To account for low abundance and patchiness, we used a 
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Fig. 1   Study site. A Island of Sylt with tidal flats shaded. For rectan-
gle see B aerial image (August 2020) showing the upper tidal flats 
(sample site 1), dark subtidal Sargassum beds and mixed mussel and 
oyster beds, while the dark areas adjacent to bright seaward sand 
bars depict Vaucheria beds (sample site 2), discernible in the closeup 

aerial view C there positioned between two oyssel beds (OM: oys-
ters and mussels mixed), Sargassum muticum (S) and lattice-shaped 
Ulva (U). The 150-m long transect line with 25-m intervals runs from 
old (since 2018–2019) through young growth (since June 2020) of 
Vaucheria into surrounding bare sand. Arrow points north
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1-m2 frame, randomly replicated 60 times for counting fecal 
mounds. For comparison, we also counted in the central part 
of the Vaucheria bed, this time using a 1-m2 frame 40 times. 
On the bare sand flat north of the Vaucheria bed with higher 
abundances of fecal mounds, we counted them by randomly 
replicating a frame of 0.25 m2 60 times.

To explore the quantitative relation between Arenicola 
and Vaucheria on more refined scale, we sampled at 25-m 
intervals along a transect perpendicular to the conspicuous 
boundary of the established Vaucheria bed. We chose as 
position of the transect, where the belt of young growth 
extended approximately 50 m into the adjacent lugworm flat 
on June 23, 2020 (Fig. 1C). This transect reached from the 
central old bed across the pioneer belt into the bare lugworm 
flat adjoining the Vaucheria bed in the northern direction.

We again estimated abundance of Arenicola by counting 
fecal mounds with a 0.25-m2 frame, replicated 20 times at 
each transect interval, randomly along 20 m perpendicular to 
transect line. To measure Vaucheria, tubes of 10 cm2 cross 
section with sharpened lower edge, we gently drilled through 

the algal turf to a depth of 5 cm. This was replicated three 
times at each transect interval. After washing the obtained 
sediment cores through a 125-μm mesh, we picked up algal 
tufts with forceps (Fig. 2E). To remove adhering sand grains, 
we continued washing under running tap water. Entangled 
tubes of spionid worms and other algae (mainly Rhizoclo-
nium and Ectocarpus) we removed manually when present 
(see Fig. 3). We then spread the tufts of Vaucheria on blot-
ting paper, exposed for 6 h to bright sunlight to dry. Weights 
obtained to nearest mg we employed as a rough proxy for the 
phytomass of Vaucheria.

What zoobenthic shift is associated with advancing 
Vaucheria?

To compare benthic fauna between the adjacent bare sandy 
lugworm flat (50 m to the north) with that within the dense 
turf of Vaucheria (50 m inside the bed from the old edge), 
we randomly sampled both habitats for live meio-, meso- 
and macrofauna. For obligatory and temporary meiofauna, 

Fig. 2   Vaucheria cf. velutina 
advancing in a mosaic fashion 
on a sand flat of the lower shore 
in Blidsel Bay, June 2020. A 
Plateaus with dense algal turf 
alternated with lighter pits 
occupied by Arenicola marina. 
B In the course of summer, 
algae also spread at pits. C 
Algae clogged feeding funnels 
of lugworms (arrow), while lug-
worms deposited fecal castings 
upon algal turf. D Algal turf in 
July 2020. E Algal tuft cleaned 
from sediment, green filaments 
above and a felt of pink rhizoids 
below. Thicker than rhizoids 
are entangled tubes of spionid 
worms
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we repeatedly filled a beaker with 1 cm3 (1 cm2 core to 
1 cm depth) sample of surface sediment with filtered sea-
water, stirred it, and then decanted through a 63-μm mesh 
several times until no more animals were retained. In 
addition, we also inspected the residual sand. We pipetted 
individuals from petri dishes under a stereo microscope, 
identified permanent meiofauna (taxa passing a 250-μm 
mesh even as adults) to major taxon and temporary mei-
ofauna (the young of macrofauna passing a 250-μm mesh) 
to species level, and then counted. We took four replicates 
from bare sand and four from the Vaucheria turf on June 
17 in 2020.

For mesofauna (small-sized macrofauna) retained by a 
250-μm mesh, we washed 10-cm2 sediment cores (depth 
from surface to 5 cm) in seawater. We picked the individu-
als with forceps from white dishes with the sieve residue, 
identified and counted them to species level under a stereo 
microscope. We took 6 replicates from bare sand and 6 
from the Vaucheria turf (see above) on June 12 in 2020. 
To assess mesofauna specifically associated with above-
ground green siphons of Vaucheria (see Fig. 2E), these 
were clipped at the sediment–water interface on 6 areas of 
50 cm2 and then washed over a 125-μm mesh. For further 
treatment see above.

To retain larger macrofauna, we sieved cores of 50 cm2 
(depth from surface to 20 cm) through a 1-mm mesh in 
the field. We randomly took ten replicates from bare sand 
50–100 m north of the Vaucheria bed, 10 from inside the 
bed at muddy hummocks with a dense turf, and 10 from 
sandy troughs between hummocks with sparse and patchy 
growth of Vaucheria (July 13–22 in 2020).

On the exposed sand flats at and below low tide level, 
we usually encountered no macroalgae, while the Vauche-
ria bed intermittently accumulated drift algae between 
July and September (Fig. 3). Since their presence was 
mainly transient, we only qualitatively recorded the taxa 
observed with notes on their relative abundance. We add 
this information because of potential effects on fauna 
dwelling in the Vaucheria bed.

Statistical analyses

For the upper vs. lower shore comparisons we analysed lug-
worm volume, lugworm length and fecal diameter as linear 
models. Number of mounds was analysed as a poisson dis-
tributed generalized linear model (GLM). For the transect 
analysis, transect intervals were transformed into a single 
7-level factor. Mounds per m−2 were analysed as a poisson 
distributed GLM, while Vaucheria mass was analysed as 
a linear model. All model fits were checked for high lev-
erage values and predictor bias by inspecting residual vs. 
fitted and normal Q–Q plots. After detecting significant 
variation between all intervals, pairwise post-hoc tests were 
used to identify significant differences among interval pairs 
using Tukey contrasts implemented in the multcomp pack-
age. Pearson’s product-moment correlation was applied to 
detect inverse relation between Arenicola-mound abundance 
and Vaucheria mass. To compare community composition 
associated to the different habitat types we used Permuta-
tional Multivariate Analysis of variance (PERMANOVA) 
based on Bray–Curtis distance matrices implemented in the 
adonis function of the vegan package, followed by simper 
analysis to identify taxa contributing most to community 
differentiation. Community composition was visualised by 
non-metric multidimensional scaling (NMDS) using the 
metaMDS function. All analyses were performed using the 
R statistical environment (R Core Team 2021).

Results

Why could Vaucheria conquer lugworm flats 
at the lower shore?

When comparing the lugworm population at upper and 
lower shore sand flats near the island of Sylt (Fig. 1B, site 1 
and 2), mean worm size increases and abundance decreases 
from upper to lower shore (Table 1). Dug up worms from 
their deep (> 20 cm) burrows at lower shore were on average 

Fig. 3   Brownish braids of 
Ectocarpus at Vaucheria hum-
mocks (A) and wads of green 
Rhizoclonium (B) with floating 
mud snails Peringia ulvae (light 
dots) between tufts of Vauche-
ria, Blidsel Bay in July 2020
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3-times bigger and 2-times longer than lugworms dug at the 
upper shore site in June 2020. Mean size difference was also 
apparent from diameters of defecated strings of sand. On the 
other hand, abundance of fecal mounds was 4-times lower at 
the lower shore compared to upper shore (Table 1). Young 
lugworms were notably absent from lower shore. When mul-
tiplying individual worm volumes with fecal mound abun-
dance, the obtained total biovolume of lugworms per m2 
was 156 ± 12 cm3 at the upper and only 114 ± 18 cm3 at the 
lower shore, suggesting 27% less sediment reworking. Fur-
thermore, coefficient of variation (SD/mean) of fecal mound 
abundance at 0.25-m2 scale was 59% at lower shore com-
pared to only 22% at upper shore. Although hardly recogniz-
able, parallel ridges of sand waves at m-scale seemed to have 
less lugworm castings than wet depressions between them. 
However, counting fecal mounds on the scale of 0.25 m2 
could not reveal this because of gradual transitions between 
ridges and pits in between.

At June 17 in 2020, fecal mounds of lugworms con-
centrated at bare pits with 15.6 ± 3.6 [range 12–20] m−2, 
while at the slightly higher vegetated plateaus castings were 
almost absent (0.4 ± 1.2 [range 0–4] m−2) (GLM, z = 8.499, 
p < 0.001), scaled up from 0.25-m2 counting squares. 
Assuming a roughly equal share of pit and plateau area 
(Fig. 2A), combined abundance of fecal mounds (8 per m2) 

was similar to that of the bare sand flat further north (8.8 per 
m2, see Table 1).

Do Vaucheria and Arenicola coexist in spite 
of interference competition?

The detrimental effects of the algal turf on lugworm abun-
dance is apparent from their near absence from the central 
part of the bed (< 1 m−2). By July 2020, the mosaic pat-
tern in the belt of young growth gradually became blurred 
(Fig. 2B), and in August the overall abundance of fecal 
mounds had decreased by 59% since June. Abundance was 
now only 3.3 ± 1.9 m−2. During the same time, abundance 
of fecal mound on the adjacent bare sand flat had increased 
to 18.4 ± 6.0 m−2. In the central part of the bed, fecal mound 
abundance remained < 1 m−2.

An inverse relationship between lugworms and the algal 
turf was also apparent along a transect running from bare 
sand flat habitat into the old Vaucheria bed (Fig. 4). This 
transect runs across patches of young Vaucheria growth 
alternating with lugworms in pits, and from there further 
to old hummocks covered by a dense turf, alternating with 
patchy growth in troughs between these hummocks. Note 
that in Fig. 4, we scaled up data to m2 from counting areas 
of 0.25 m2 for lugworm fecal mounds, and from sediment 

Table 1   Arenicola marina size 
and abundance at Blidsel Bay 
upper and lower shore in June 
2020

Means ± standard deviation and range of data []; *** significantly (p < 0.001) higher values. Lugworm vol-
ume, length and string diameter analyzed as linear model, and fecal mound abundance as generalized linear 
model with Poisson distribution

Blidsel Bay Upper shore Lower shore

Volume of lugworms (cm3) 4.1 ± 1.4 [range 2–6] 12.9 ± 3.4 [range 8–19]***
Length of lugworms (cm) 12.7 ± 2.3 [range 9–16] 20.5 ± 3.4 [range 17–26]***
Fecal string diameter (mm) 2.8 ± 0.5 [range 2–4] 4.8 ± 0.9 [range 3–6]***
Fecal mounds 0.25 m−2 9.5 ± 2.1 [range 7–14]*** 2.2 ± 1.3 [range 0–4]

Fig. 4   Abundance of Arenicola 
marina fecal mounds (columns, 
means with standard devia-
tion; same letters above each 
transect interval indicate a lack 
of significant Tukey contrasts in 
multiple comparisons of means) 
and phytomass of Vaucheria 
cf. velutina (green line; vertical 
bars refer to standard devia-
tion), along a transect from bare 
sand flat (left) across a belt of 
young algal growth and into 
hummocks and troughs within 
old growth (right). Data were 
collected at Blidsel Bay at Sylt, 
June 23 in 2020
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cores of 10 cm2 for dry weight of Vaucheria. This exag-
gerates variance because patchiness decreased from small 
to larger scale. Some lugworms persisted in troughs but 
none on hummocks. We found a significant inverse relation 
between Arenicola abundance and Vaucheria mass (Pear-
son’s product-moment correlation, R = − 0.891, t = − 4.400, 
p = 0.007).

What zoobenthic shift is associated with advancing 
Vaucheria?

Abundance of major groups of permanent meiofauna (i.e., 
Nematoda, Copepoda, Ostracoda) retained by a 62-μm mesh 
did not differ significantly between bare sand habitat and 
dense algal turf (R2 = 0.151, Pseudo-F1,7 = 1.067, p = 0.344). 
On the other hand, temporary meiofauna, juveniles of the 
macrofauna in the meiofaunal size range (Polychaeta and 
Mollusca) occurred with 17 ± 7 individuals per cm2 (range 
8–24) in the algal turf and with < 1 (range 0–1) in bare sand. 
Consequently, communities differed strongly between sites 
(R2 = 0.706), but not significantly (Pseudo-F1,4 = 7.192, 
p = 0.2) because three out of the four sand flat sites dropped 
out of the analyses due to missing data. Most were juvenile 
mud snails Peringia ulvae crawling on green filaments. This 
was also apparent in the mesofauna on clipped filaments 
of Vaucheria. Young mud snails dominated with 79% over 
other juvenile macrofauna (8% bivalves, 5% small and juve-
nile Annelida, 4% young Malacostraca). Small sea slugs of 
the species Alderia modesta and one Limapontia depressa 
contributed another 4%. These slugs were small (< 5 mm) 
but already produced egg masses attached to filaments of 
Vaucheria (own observation).

Small macrofauna (mesofauna) retained by a 250-μm 
mesh was 4-times more numerous and 3-times richer in spe-
cies within algal turf than on bare sand flat (Table 2). Mainly 
small annelid worms and young bivalves contributed to high 
abundances at the algal turf. Most of the young P. ulvae 
passed through this mesh. Simper analysis assigns highest 
influence to the annelids Streblospio benedicti, Tubificoides 
benedeni and Pygospio elegans. Accordingly, the species 
assemblages of the two habitats were significantly differ-
ent (R2 = 0.382, Pseudo-F1,11 = 6.190, p = 0.002) and clearly 
separated in the MDS plot (Fig. 5).

Macrofauna retained by a 1-mm mesh is compared 
between the three habitats bare sand flat, and troughs and 
hummocks within the old Vaucheria bed (Table 3). At the 
bare sand flat, macrofauna was rather poor in abundance and 
species richness, compared to the patchy algal turf in troughs 
and dense algal turf on hummocks. At hummocks, abun-
dance was 20 times higher than in bare sand. Troughs with 
a moderate or very patchy turf showed intermediate abun-
dances and species composition between hummocks and 
bare sand north of the Vaucheria bed. As shown in Table 3 

by standard deviations and wide ranges of data, macrofauna 
was highly patchy at the 50-cm2 scale, most conspicuous at 
the troughs with patchy growth of Vaucheria. Only amphi-
pods, mainly Urothoe poseidonis, known to be associated 
with lugworm burrows (Lackschewitz and Reise 1998), were 
more abundant in bare sand and there comprised 76% of 
all individuals. Annelids dominated entirely at troughs and 
hummocks, mostly with tube-dwellers. Among those, Pygos-
pio elegans occurred at all three habitats but was most abun-
dant in dense algal turf, together with Streblospio benedicti. 
Of tube-dwellers, the 1-mm mesh retained also relatively 
small individuals because tubes entangle in tufts of Vauche-
ria. Overall, we found significant differences in community 
composition between the three habitats (R2 = 0.407, Pseudo-
F2,28 = 8.936, p = 0.001). Differentiation was mainly caused 
by differences between sand flats and Vaucheria hummocks, 
while the assemblage at troughs partly overlapped with the 
other two (Fig. 5).

Drift algae accumulated intermittently from July to 
September on the Vaucheria bed (Fig. 3). Of these, Rhizo-
clonium riparium and Ectocarpus spp. were the most per-
sistent. The latter grew massively as epiphytes in adjacent 
kelp beds on Sargassum muticum, and probably drifted from 
there to the Vaucheria bed. Other species were more ephem-
eral but frequent at times: Cladophora albida, Ulva spp., 
Gracilaria vermiculophylla, Dasya bailouviana, Heterosi-
phonia (Dasysiphonia) japonica, Porphyra sp., Ceramium 
virgatum (rubrum), Polysiphonia sp., Fucus vesiculosus, 
Elachista fucicola, Sargassum muticum and Dictyota dicho-
toma. Although these drifting macroalgae could cover the 
Vaucheria bed at times, they rarely stayed more than a week 
because a next rough weather event took them off again. We 
detected no effects on Vaucheria due to smothering.

Table 2   Mesofauna (small macrofauna) 10  cm−2 (0–5  cm depth) 
retained by 250-μm mesh at bare sand flat and at algal turf on muddy 
hummocks, June 12 in 2020

In addition to total abundances and species richness, we show the 
three most influential species based on Simper analysis, and lumped 
juvenile mollusks
Given are means ± standard deviation and range of data []. Number 
behind species names give their respective contribution to community 
differentiation between sand flats and algal turfs

Habitat Sand flat Algal turf

All individuals 2.33 ± 2.34 [1–7] 10.33 ± 2.80 [7–14]
Species richness 1.83 ± 1.17 [1–4] 6.00 ± 1.67 [4–9]
Sum of species 4 14
Pygospio elegans (0.15) 0.67 ± 0.52 [0–1] 2.17 ± 1.17 [1–4]
Streblospio benedicti (0.19) 0  2.00 ± 1.26 [0–3]
Tubificoides benedeni (0.17) 0 1.83 ± 0.98 [0–3]
Juvenile mollusca (4 species) 

(cumulative contribution: 
0.24)

0.17 ± 0.41 [0–1] 3.00 ± 2.00 [0–6]
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Discussion

This study describes the beginning of a potential dis-
placement of the most characteristic benthic species in 
the European Wadden Sea, the lugworm Arenicola marina, 
from the lower shore by an invasive alga forming dense 
turfs and accumulating mud where loose sand prevailed 
before.

Contest between invading Vaucheria and resident 
Arenicola

Why could Vaucheria invade lugworm flats at the lower 
shore in spite of the bioturbation activity of Arenicola? Lug-
worm abundance at upper shore is higher than at lower shore 
where we found Vaucheria. From the Wadden Sea, a gen-
eral pattern with a belt of young Arenicola at the uppermost 

Fig. 5   MDS plot for the small 
macrofauna retained by a 
250-μm mesh (mesofauna, 
stress = 0.068) and macrofauna 
retained by a 1-mm mesh 
(stress = 0.110). At the sand flat 
in the upper panel two points 
coincide. For further explana-
tions, see Table 2 and 3
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shore, high adult abundance from upper to lower shore, and 
low abundance of the largest or ‘senior’ lugworms further 
offshore, is well known (i.e., Farke et al. 1979; Flach and 
Beukema 1994; Reise et al. 2001). Lugworm exclusion 
experiments (Volkenborn et al. 2009) and observations at 
patchy freshwater seeps avoided by lugworms (Zipperle 
and Reise 2005) have shown that tube builders and species 
requiring a more stable sediment surface took advantage in 
the absence of Arenicola. This implies that abundant lug-
worms would suppress a turf-building Vaucheria. Accord-
ingly, we only found Vaucheria at the lower shore around 
spring low tide level, where lugworms are very large but few. 
However, whether this is due to the distribution of lugworms 
or to an inherent avoidance by the species V. cf. velutina to 
low tide exposure of > 1 h, should be tested by transplant 
experiments.

How could a small and slender alga displace much bigger 
lugworms? We observed (Reise et al. 2022) initial growth 
of Vaucheria on slightly elevated sand waves at the lower 
shore adjacent to already established beds (see also Fig. 1C). 
At such ridges, deposition prevails over erosion, and this 
may offer a window of opportunity for the invader. Once 
Vaucheria established anchorage, its growth habit may con-
stitute a preadaptation to displace lugworms. We suggest 
the key mechanism is clogging feeding funnels with felted 
rhizoids and long filaments (Fig. 2C and E). These inhibit 
downward sliding of surface sediment and stay put in fun-
nels. Clogging curtails the nutrition of lugworms. Instead of 
fueling microalgae at funnels with upwelling burrow water 
(Chennu et al. 2015), lugworms now supply Vaucheria with 
nutrients while this alga is inhibiting the downward slide 
of surface sediment. Shading of the sediment surface by a 
dense growth of Vaucheria may aggravate the situation. This 

would inhibit diatom growth at sediment surface, a major 
food of lugworms (Rijken 1979; Retraubun et al. 1996; 
Engel et al. 2012).

For the inverse relationship of Arenicola versus Vauche-
ria (Fig. 4), the causes began subtle on sand waves at the 
bare sand flat. Then became significant once a mosaic of pla-
teaus with dense turf and bare pits with lugworms emerged 
in the course of June in 2020. In the old bed, conspicuous 
hummocks generated by Vaucheria alternated with troughs 
maintained by Arenicola. At the central part of the bed, 
almost all lugworms had vanished and the algal turf became 
coherent.

Antagonistic mechanisms between intertidal seagrass 
Zostera and Arenicola may support this interpretation. Sea-
grass with a mesh of roots and narrow blades is much larger 
but otherwise similar to Vaucheria. At high lugworm density 
and sheltered conditions, bioturbation may suppress seed 
germination and young Zostera, while dense growth of sea-
grass may inhibit lugworm feeding by roots and by shading 
of benthic microalgae (Philippart 1994; Valdemarsen et al. 
2011; Suykerbuyk et al. 2012; Goerlitz et al. 2015). Also 
sharp boundaries and mosaic patterns are common (Eklöf 
et al. 2011). Juvenile lugworms may aggregate in patches 
of seagrass when avoiding to intermingle with adults (own 
observations). For this ephemeral phenomenon, no corre-
spondence occurred at sites with Vaucheria because juvenile 
lugworms rarely occur at the lower shore. Another antag-
onistic relation occurs between lugworms and clusters of 
Spartina grass at the upper shore (van Wesenbeeck et al. 
2007).

Lugworm bioengineering intensity may reach a tipping 
point, probably conditional on ambient hydrodynamics, 
above which sediment-stabilizing Vaucheria have to give 

Table 3   Macrofauna 50 cm−2 
(0–20 cm depth) retained by a 
1-mm mesh at bare sand flat, at 
troughs with patchy Vaucheria 
between muddy hummocks with 
a dense cover of Vaucheria, July 
in 2020

Below total abundances and species richness of the three assemblages, and the four most influential species 
based on Simper analysis are given
Given are means ± standard deviation and range of data []. Number under species names give their respec-
tive contribution to community differentiation in the pairwise comparisons sand flat vs. trough (SF–T), 
sand flat vs. hummock (SF–H) and trough vs. hummock (T-H)

Algal turf

Habitat Bare sand flat Troughs Hummocks

All individuals 5.1 ± 5 [0–15] 19.1 ± 22.6 [1–48] 104.6 ± 21.5 [83–138]
Species richness 2.3 ± 1.2 [0–4] 4.6 ± 2.9 [1–10] 8.4 ± 2.4 [6–12]
Sum of species 9 16 23
Urothoe poseidonis 2.9 ± 4.3 [0–14] 0 0
SF-T: 0.20
Scoloplos armiger 0.2 ± 0.4 [0–1] 1.8 ± 1.5 [0–4] 0.8 ± 1.3 [0–3]
SF-T: 0.14
Pygospio elegans
SF-T: 0.13, SF-H: 0.43, T-H: 0.46

0.5 ± 0.7 [0–2] 3.9 ± 5.0 [0–14] 54.8 ± 21.5 [24–85]

Streblospio benedicti
SF-T: 0.23, SF-H: 0.37, T-H: 0.35

0 9.8 ± 15.2 [0–39] 40.1 ± 12.1 [19–56]
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way to sediment destabilizing lugworms. This could explain 
the observed mosaic pattern. Plateaus with a dense algal turf 
alternate with bare sand bioturbated by lugworms. We show 
that lugworms moved away from plateaus and aggregated at 
bare pits between, while the overall abundance in the belt 
of young growth of Vaucheria remained unchanged. Appar-
ently, lugworms did not leave the sediment to swim away. 
Aggregations at pits with concerted sediment reworking 
activity may in turn retard a further spread of young algae. 
The consequence are arising depositional plateaus generated 
by sediment-stabilizing algae, alternating with eroding pits 
still intensively reworked by lugworms.

Such a mosaic pattern is still conspicuous at the outer 
edge in the Vaucheria bed that already has established in 
the previous year (Reise et al. 2022). Here, muddy hum-
mocks covered by dense turf alternate with deep troughs 
where lugworms persevere and the algal turf remains patchy. 
Nevertheless, at the oldest part of the bed, a coherent turf 
of particularly elongated algae prevails. There hummocks 
and troughs have leveled out. Most likely, this is an effect of 
preceding winter storms (Reise et al. 2022). In addition, at 
the central part of the bed, hydrodynamics is lower than at 
elevated edges. This may result in a more even deposition of 
fine organic particles and increasing sulfide concentrations 
in the sediment, adding unfavorably to clogging of lugworm 
feeding funnels and shading of benthic microalgae to the 
disadvantage of Arenicola. Such a complete displacement 
of lugworms may take 3 years, because the mosaic pattern 
of the antagonists slows down the takeover of Vaucheria. 
This is inferred from two layers of dead algal filaments at 
the central meadow and from aerial images, which suggest 
absence of Vaucheria prior to 2018 at that site (Reise et al. 
2022). Where hydrodynamic conditions are stronger, the 
mosaic pattern may even perpetuate, as observed by us at 
another site.

Mosaic patterns are a recurrent phenomenon caused 
by aggregate settlement, large individuals shadowing or 
displacing those of other species or by clonal growth of 
plants or colonial animals. This spatial organization may be 
dynamic due to limited longevity or disturbances or remain 
in a quasi-permanent state (Remmert 1991; Rietkerk and van 
de Koppel 2008; van de Vijsel et al. 2020). The mosaic of 
an introduced Vaucheria alternating with resident Arenicola 
demonstrates that such patterns emerge spontaneously and 
do not require joint evolutionary history. Hardly discernable, 
parallel sand waves separated by slight depressions may pre-
determine the scale of mosaic patches. Both, Vaucheria and 
Arenicola respond to these in opposite ways and then modify 
and reinforce the pattern by antagonistic bioengineering and 
positive feedbacks.

Could the invading Vaucheria endanger the entire lug-
worm population? We do not assume that displacement of 
‘senior’ lugworms around spring low tide level would be a 

threat to the entire lugworm population in the Wadden Sea. 
Even if these largest worms could contribute disproportion-
ally to gamete production, their effect on population size 
would be marginal because of density dependence where 
abundances are high (Flach and Beukema 1994; Reise et al. 
2001).

Provision of novel habitat

What does a dense turf of a small alga offer to associated 
fauna? The novel habitat provided by Vaucheria functions 
as a nursery for juveniles of the intertidal macrofauna when 
still of meiofaunal size. These show a clear preference for 
the algal turf. Altogether, we found ten species of young 
bivalves in the algal turf and only one at the bare sand of the 
lugworm flat. Of particular abundance were juveniles of the 
small mud snail Peringia ulvae with up to ten individuals 
per cm2 in June, crawling at the green filaments and feeding 
on epiphytic, sessile diatoms and on the occasionally adher-
ing green alga Rhizoclonium riparium but not on Vaucheria 
(own observation). This constitutes a spontaneous mutual 
benefit for Vaucheria. P. ulvae keeps the filaments clean and 
benefits from easily accessible food.

Juvenile macrofauna likely found shelter in the algal turf 
against epibenthic predators such as shrimp (Crangon cran-
gon). Tube-dwelling spionid polychaetes occurred with more 
than two individuals per cm2 in dense algal turf, and Streblo-
spio benedicti did not occur elsewhere. In addition to shelter 
against epibenthic predators, also the sediment-stabilizing 
effect of Vaucheria could be beneficial. On tidal flats in the 
Firth of Forth (Scotland) with a low density of lugworms 
a similar preference of spionid polychaetes for patches of 
Vaucheria was observed, comprising even the same spe-
cies as we found (Pygospio elegans, Polydora cornuta and 
Streblospio benedicti) (Bolam and Fernandes (2002; pers. 
communication).

Of special interest is the obligatory feeding of the tiny 
sea slug Alderia modesta on cushions or turfs of Vauche-
ria (Hartog 1959; Seelemann 1967; Rasmussen 1973; 
Ligthart 2009). Similar to Elysia, also A. modesta saves 
chloroplasts from their diet for photosynthesis on their 
own (kleptoplasty: Clark et al. 1990; Rumpho et al. 2011). 
With the appearance of Vaucheria at the lower shore of 
the Wadden Sea, A. modesta could widen its narrow niche 
at salt marshes of the upper shore considerably. This was 
also observed in the Oosterschelde (Rhine delta) where 
Vaucheria longicaulis is spreading since 1993 (Ligthart 
2009). Whether A. modesta would be capable of stopping 
the Vaucheria invasion at the lower shore needs further 
investigation. In summer 2020, its abundances were too 
low for thinning out algal turfs. The role of other mesoher-
bivores such as gammarid amphipods also needs further 
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attention. Large herbivores, such as Brent geese or widg-
eon were not yet observed grazing at low shore Vaucheria.

On close investigation, a cocktail of inhibiting, neutral 
and facilitating effects on residents may always be the case 
with invaders (Thieltges et al. 2006). Superficially, there is 
some similarity of the Vaucheria turf with episodic mats 
of green algae on tidal flats in response to eutrophica-
tion. These mats suffocated endobenthic fauna underneath, 
but provided habitat to opportunists and epibenthic snails 
such as Peringia ulvae (i.e., Nicholls et al. 1981; Reise 
1983; Raffaelli et al. 1999; Bolam et al. 2000). However, 
Vaucheria is not ephemeral and attract a rich small fauna 
(Bolam and Fernandes 2002; this study). This follows the 
generalization of Crooks (2002) that invaders increasing 
habitat complexity entail higher abundances and species 
richness in residents. The occasionally accumulating drift 
algae in the Vaucheria bed may contribute to import and 
export of mobile epifauna, enhancing species diversity.

Although leaves of seagrass are taller and broader and 
roots go deeper than in Vaucheria, effects of Zostera on 
associated fauna are strikingly similar, i.e., high abun-
dances of tube-building spionid polychaetes and epiben-
thic mud snails (i.e., Reise 1978; Orth et al. 1984; Reise 
et al. 1994; Philippart 1995) and inhibition of lugworms 
(see above). We observed no mixing of seagrass beds and 
Vaucheria. Although expanding Vaucheria beds at the 
lower shore cannot serve as a substitute for declining beds 
of Zostera at the upper shore of northern Sylt (see Dolch 
and Reise 2010), the similarity of effects on associated 
fauna suggests some kind of compensation.

Conclusions and outlook

We present evidence that an alien alga is capable of dis-
placing a resident keystone bioengineer at the lower shore 
of the Wadden Sea. Conversely, where lugworm density 
is high, spread of Vaucheria may be inhibited. In the first 
summer of invasion, Vaucheria and Arenicola arrange in 
a mosaic fashion on m-scale. In the course of the sec-
ond summer of Vaucheria establishment, lugworms van-
ish where Vaucheria forms continuous turfs. A habitat of 
bare loose sand and reworked by lugworms is transformed 
into bumpy mud, held together by a felt of rhyzoids and 
covered by a dense turf of thin filaments. We speculate that 
Vaucheria could eventually displace lugworms entirely 
from lower shores, while other benthos finds shelter under 
a filamentous canopy, also benefitting from stabilized sedi-
ment or algal food. Presumably, the invasion will proceed, 
as there is ample bare sandy sediment at the lower shore 
equivalent to what has already been vegetated near the 
island of Sylt.
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