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Tidal ﬂats are subject to dynamic processes, characterized by sedimentation and erosion, which become more
important in times of climate change. To investigate impacts of elevation levels on ecosystem functioning, we
focused on macrozoobenthos as an essential ecosystem component that links trophic levels and determines
sediment structure. Therefore, three elevation levels of six experimental islands (each 2 × 6 m) and six natural
reference sites (nearby tidal ﬂats) were sampled for species richness, abundance and biomass in the back-barrier
system of the island of Spiekeroog (German Wadden Sea, southern North Sea) from 2014 to 2016. Reference sites
had constant biodiversity and abundance over time that were higher compared to the three elevations of the
experimental islands. At the lowest elevation, the community became more diverse over time, including marine
and terrestrial taxa. At the middle elevation, community shifted from a marine species inventory over an opportunist-dominated assemblage to a less diverse community dominated by Enchytraeidae (Oligochaeta). The
community of the highest elevation mostly remained constant, resembling the second, opportunistic community
from the middle elevation that was dominated by the snail Peringia ulvae (Pennant, 1777) and the oligochaetes
Enchytraeidae spp. and Tubiﬁcoides benedii (d'Udekem, 1855). Correspondingly, food web structure was more
complex and comprised more trophic interactions at the lowest elevation compared to the other elevations
mainly inhabited by deposit feeders. Results demonstrate negative impacts of increased sediment elevation on
macrofaunal biodiversity and functional diversity, originating from reduced inundation and vegetation establishment.

1. Introduction
The Wadden Sea ecosystem of the southern North Sea is subject to
semidiurnal tides, creating highly dynamic conditions with regard to
hydrography, morphology and sedimentology (Hild, 1999; Niesel,
1999). Its coastal areas represent a transition zone between marine and
terrestrial boundaries, resulting in gradients and variability of abiotic
parameters, which in turn aﬀect species inventory and biodiversity.
During the last decade, the loss of biodiversity and its consequences
for ecosystem functioning has become a major focus of international
research (Cardinale et al., 2012). Macrozoobenthos has an important
impact on the functioning of marine ecosystems, e.g. as ecosystem engineer and trophic link (Braeckman et al., 2014; Kristensen et al., 2014;
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Waldbusser et al., 2004). Especially in the Wadden Sea, macrozoobenthos represents a highly abundant food resource for higher
trophic levels, such as ﬁshes (De Vlas, 1979) and birds (Noordhuis and
Spaans, 1992). Thus, any decrease in macrozoobenthos (e.g., as caused
by habitat modiﬁcation) could hold serious consequences for a coastal
ecosystem (Braeckman et al., 2014).
The recent biodiversity change reﬂects anthropogenic impacts on
nature (Elahi et al., 2015; Hillebrand et al., 2018). Moreover, eﬀects of
climate change, such as more frequent storms (Donat et al., 2011) and
sea level rise (Kirwan et al., 2010) will alter the natural habitats of the
Wadden Sea ecosystem and probably enhance the impacts of sedimentation and erosion. These processes potentially lead to the establishment of segregated habitats, e.g. the formation of small islands and
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Fig. 1. Study area (A) in the German Wadden Sea (southern North Sea) at (B) the island of Spiekeroog. (C) Back-barrier system of Spiekeroog with sampling sites,
comprising six experimental islands (black squares) and six tidal ﬂat reference sites (orange triangles). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

2008).
In general, succession is aﬀected by diverse biotic interactions, e.g.
predation, competition, facilitation and mutualism (Stachowicz, 2001;
Wilson, 1990). Furthermore, the presence or absence of certain species
during the community development depends on their functional traits,
including recruitment success and tolerance against abiotic factors, as
well as on the prevailing environmental conditions, such as the species
pool present and food availability (Beukema and Dekker, 2005;
Schückel et al., 2013). Environmental stress results in less complex
communities dominated by r-selected, opportunistic species that are
usually associated with decreasing biodiversity in marine and terrestrial
ecosystems (Pearson and Rosenberg, 1978; Rapport et al., 1985).
Consequently, food webs of these ecosystems become simpler and
multilevel interactions decrease (Menge and Sutherland, 1987). In fact,
the loss of biodiversity aﬀects ecosystem functioning in terms of productivity as it causes a decline in production and biomass in multiple
trophic groups, potentially leading to lower decomposition and incomplete resource depletion (Cardinale et al., 2013). Current studies
addressed multi-trophic interactions and structural properties of

stronger abiotic gradients or frequent environmental changes that require appropriate adaptations of the local organisms (Lange et al.,
2018).
Apart from sediment accumulation and stronger environmental
gradients, the formation of small islands in the Wadden Sea is characterized by successional changes of macrobenthic community structure involving the colonization of new species and the disappearance of
previously established species. However, dynamic systems, such as
coastal areas, undergo periodic (daily, seasonally), stochastic (e.g.
storm surges, cold winters) and deterministic (e.g. sea level rise) environmental changes with regard to abiotic conditions and resource
availability (Brose and Hillebrand, 2016). These perturbations are
likely to inﬂuence the relationships between biodiversity and ecosystem
functioning (BEF). In fact, stochastic disturbances continuously interrupt the direction of community development of isolated habitats and
induce successional shifts in species composition that depend on dispersal ability and competitiveness of arriving species as well as on
persistence of resident species. Moreover, priority eﬀects by early arriving species inﬂuence community development (Loeuille and Leibold,
2
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island of Spiekeroog.

communities as well as their response to stressors in the context of BEF
research (Barnes et al., 2018; O'Gorman et al., 2012).
However, BEF experiments have widely ignored the stochastic disturbances that need to be considered during in situ community assembly
and disassembly in dynamic ecosystems. The present study provides
ﬁrst insights in macrozoobenthic community establishment in newly
formed habitats, describing changes in biodiversity and benthic community structure as well as the implications for ecosystem functioning.
This process has rarely been studied across marine and terrestrial ecosystems. The Wadden Sea is a dynamic transition zone between land
and sea, which is strongly inﬂuenced by human activities. Therefore, it
represents a suitable system to investigate in situ relationships between
biodiversity and functional structure of macrozoobenthos from marine
to terrestrial environmental conditions.
The objective of our study was to imitate the dynamic emergence of
small islands in the Wadden Sea and to show which factors determine
the biodiversity and community structure of benthic macrofauna in an
ecosystem that is subject to rapid environmental gradients and stochastic disturbances. In this context, we investigated the distribution of
feeding types representing functional groups during community establishment to reveal the links between biodiversity and ecosystem functions across the boundary between marine and terrestrial ecosystems.
We expect that the succession on new islands primarily depends on the
inundation regime. At low elevation, we expect to see a development
from r-selected opportunists towards a more diverse community of
long-living, marine taxa, similar to the tidal ﬂats. At higher elevation,
we expect a decline in the abundance of marine species and an increase
of terrestrial or opportunistic species. Therefore, we expect a higher
food web complexity at lower elevation. Finally, we expect stochastic
disturbances to interrupt the direction of community development.

2.3. Sampling
Samples were taken every April (t1, t4), July (t2, t5) and October
(t0, t3, t6) from October 2014 to October 2016 at each elevation level
(“pio”, “low”, “upp”) of each bare island. In addition, natural references
were obtained by concurrent sampling of the tidal ﬂats at a distance of
approximately 4 m to each of the six islands (Fig. 1C). Macrozoobenthos
was collected with hand corers (15 cm in length, 5 cm inner diameter).
To better cover the patchy distribution of the macrozoobenthos, two
core samples, each of 0.002 m2, were always taken per elevation level
and experimental island, amounting to an area of 0.004 m2 per sample.
Samples were placed in 500-ml Kautex-containers and sieved over a
0.5-mm mesh. The material retained on the mesh was collected and
preserved in a 4% buﬀered formaldehyde solution.
To analyze total organic carbon (TOC) as well as sand (fraction
63–2000 μm) and mud (fraction < 63 μm) contents, surface-sediment
samples (< 3 cm depth) were taken with a spoon. All sediment samples
were stored in separate plastic bags and immediately frozen at −20 °C
until measurement. Sediment samples for the determination of porewater salinity were also taken with a spoon (< 3 cm depth) and stored
in plastic bags at room temperature until measurement (not longer than
two months later).
2.4. Macrozoobenthos processing
In the laboratory, samples were washed with tap water through a
0.1-mm sieve mesh and stained with Bengal rose prior to sorting with a
stereomicroscope (Leica MZ 95, Leitz, Wetzlar, Germany) and an optical microscope (Leica DM LS 2). All organisms were identiﬁed to the
lowest possible taxonomic level (standardized to the World Register of
Marine Species; http://www.marinespecies.org/index.php), counted
and wet-weighed. All taxa were ascribed to the following functional
groups according to their feeding type (Fauchald and Jumars, 1979;
Jumars et al., 2015; Schückel et al., 2013): surface deposit feeders (SD),
subsurface deposit feeders (SSD), suspension feeders (SF), sand lickers
(SL), omnivores (O), predators (P), herbivores (H) and interface feeders
(IF). Insect larvae were categorized as “other”.

2. Material and methods
2.1. Study area
This study was carried out in the mesotidal back-barrier system of
the island of Spiekeroog (E 7°43′30″, N 53°45′31″), which is located in
the Wadden Sea National Park of Lower Saxony (southern North Sea),
Germany (Fig. 1A,B). The coastal region south of the island is characterized by sandy and mixed tidal ﬂats passing into salt marshes with a
high mud content (Flemming and Davis Jr., 1994; Flemming and
Ziegler, 1995). Its morphology is subject to semidiurnal tides and storm
waves ﬂowing in from the North-West via the tidal inlet “Otzumer
Balje” (Hertweck, 1995).

2.5. Environmental variables
Samples for TOC measurements were freeze-dried using a Lyovac
GT2 (STERIS GmbH, Huerth, Germany) and subsequently ground using
a Planetary Ball Mill PM200 (Retsch GmbH, Haan, Germany).
Thereafter, pulverized sediment was weighed into silver capsules and
treated with HCl until all carbonates were completely removed. TOC
content was measured with a CHNS-Elemental-Analyzer “vario EL
cube” (ELEMENTAR Analysensysteme GmbH Heraeus, Langenselbold,
Germany) that was calibrated with sulfanilic acid. The precision of the
measurements was < 0.2%.
To determine sand and mud contents, approximately 100 g sediment of each sample were wet-sieved over a 63–2000 μm mesh cascade
to determine the proportion of gravel (> 2000 μm), sand (63–2000 μm)
and mud (< 63 μm).
Plant coverage was estimated as the proportion (%) of the complete
area of the sampled plots at one elevation level (of 2 m2). Oxygen
concentrations at sediment depths of 0, 0.5, 1.0 and 2.0 cm were
measured in the ﬁeld with an oxygen probe (PreSens®, Regensburg,
Germany).
In the laboratory, sediment samples for the determination of porewater salinity were weighed in pre-weighed tubes. After air-drying, the
samples were weighed again to calculate dry weight and water content
(=loss in weight). A deﬁned amount of ultrapure water was added
before measuring salinity with a HQ40D multi meter and an attached
conductivity electrode (Hach Lange GmbH, Germany). Pore-water

2.2. Experimental islands
Within the framework of a joint research project, a total of 12 experimental islands were built in situ in August 2014 (for details, see
Balke et al., 2017), in which six islands were completely transplanted
with vegetation sods from the lower salt marsh and six islands were
ﬁlled with circumjacent tidal ﬂat sediment (not treated) down to 10 cm
below the top of the island construction and left bare. For our experimental set-up, only the six bare islands (Fig. 1C) were investigated
because we wanted to study the development of marine benthic communities depending on environmental changes due to elevation gradients. The islands were positioned at the same tidal elevation approx.
80 cm above standard elevation zero (NHN). All islands were arranged
next to shallow tidal creeks running from North-East to South-West and
were placed from 240 m (west) to 460 m (east) oﬀshore from the salt
marshes on Spiekeroog. Each island had a footprint of 2 × 6 m and
consisted of 12 1-m2 steel cages (Fig. 2), of which four together formed
one of three diﬀerent elevations (70 cm, 100 cm and 130 cm) corresponding approximately to those of the three naturally occurring salt
marsh zones: the pioneer zone (“pio”), the lower salt marsh (“low”) and
the upper salt marsh (“upp”). The lowest elevation (“pio”) faced the
3
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Fig. 2. Photographs of an experimental island at low tide. (A) Highest elevation level “upp” after two years. (B) Side view. (C) Middle elevation “low” after two years.
(D) Front view. (E) Lowest elevation “pio” after two years. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this
article.)

scaling (MDS). Thereafter, the dominant taxa and feeding types were
identiﬁed using the similarity percentage routine (SIMPER). Spearman's
rank-order correlation between the macrozoobenthic community
structure and all normalized environmental variables were tested using
comparative (Mantel-type) tests on similarity matrices (RELATE).
Afterwards, the environmental variables that correlated most strongly
with community structure were identiﬁed using the BEST routine with a
BIO-ENV procedure as implemented in PRIMER 6 & PERMANOVA+.
Principal coordinates analysis (PCO) was used to show correlation
patterns between community structure and environmental variables.
Visualization of taxon number, Shannon index, abundance and biomass
of the macrozoobenthos as well as respective regression and correlation
analyses were performed in R v3.3.0 (The R Foundation for Statistical
Computing, Vienna, Austria) (R Core Team, 2016).

salinity was calculated as the product of the measured salinity and the
amount of ultrapure water, all divided by the calculated water content.
Temperature were measured using temperature loggers (DEFI-T
Miniature Temperature Recorder, JFE Advantech Co., Ltd., Tokyo,
Japan) that were locally installed at approximately 5 cm sediment
depth within the experimental islands. Data for the surrounding waterlevel were obtained with a locally installed tide and wave logger
(RBRduo T.D / wave, RBR Ltd., Ottawa, Canada) next to the experimental islands. Data for the groundwater-level within the experimental
islands were measured with pressure loggers (Hobo U20 L Water Level
Loggers, Onset Computer Corporation, Bourne, MA, USA; DEFI-D
Miniature Pressure, JFE Advantech Co., Ltd.) that were installed at each
of the three elevation levels (Zielinski et al., 2018). For information on
data analysis and data quality control steps for temperature and waterlevel data see Zielinski et al. (2018).
Salinity, temperature and water-level data for the reference sites in
2014 were provided by the Time Series Station Spiekeroog (Reuter
et al., 2009) as part of the COSYNA observatory (Baschek et al., 2017).
The mean values for all measured environmental parameters are shown
in Table 1.

3. Results
In total, 55 taxa from six taxonomic groups (18 Polychaeta, 10
Crustacea, 9 Insecta, 8 Mollusca, 6 Oligochaeta, 4 other) were found
during our sampling. Thereof, 44 taxa (18 Polychaeta, 9 Crustacea, 2
Insecta, 7 Mollusca, 5 Oligochaeta, 3 other) were present at the tidal
ﬂat reference sites. At the elevation level “pio”, a total of 22 taxa (8
Polychaeta, 1 Crustacea, 3 Insecta, 3 Mollusca, 4 Oligochaeta, 3 other)
occurred. In total, 18 taxa (2 Polychaeta, 5 Insecta, 4 Mollusca, 5
Oligochaeta, 2 other) were found at the elevation level “low” and 17
taxa (2 Polychaeta, 1 Crustacea, 6 Insecta, 2 Mollusca, 4 Oligochaeta, 2
other) were present at the elevation level “upp”.

2.6. Statistical analysis
To analyze spatial and temporal diﬀerences in macrozoobenthic
community structure, multivariate analysis on the square-root-transformed abundances of the found taxa were carried out using PRIMER 6
& PERMANOVA+ (PRIMER-E Ltd., Plymouth, United Kingdom)
(Anderson et al., 2008; Clarke and Gorley, 2006). Group average cluster
analysis with a similarity proﬁle test (SIMPROF) based on Bray-Curtis
similarities were performed initially, followed by multidimensional
4
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Table 1
Environmental parameters (mean values) at the tidal ﬂat references (“ref”) and the three elevations of the experimental islands, corresponding to the salt marsh
zonation: pioneer zone (“pio”), lower salt marsh (“low”) and upper salt marsh (“upp”) at the sampling dates: t0 = October 2014, t1 = April 2015, t2 = July 2015,
t3 = October 2015, t4 = April 2016, t5 = July 2016 and t6 = October 2016.
Time/Station

Mud [%]

Sand [%]

Gravel [%]

TOC [%]

Plant cover [%]

Oxygen [mg/L]

Salinity [‰]

Temperature [°C]

Water level
[m]

t0ref
t1ref
t2ref
t3ref
t4ref
t5ref
t6ref
t0pio
t1pio
t2pio
t3pio
t4pio
t5pio
t6pio
t0low
t1low
t2low
t3low
t4low
t5low
t6low
t0upp
t1upp
t2upp
t3upp
t4upp
t5upp
t6upp

2.83
0.51
1.83
0.72
0.86
1.81
1.37
2.83
2.83
2.84
2.88
4.00
11.70
14.53
2.83
2.83
1.91
1.46
1.36
1.88
3.83
2.83
2.83
1.67
0.64
1.49
1.54
1.63

97.13
98.55
97.50
98.27
98.06
97.26
97.19
97.13
97.13
96.33
95.88
95.15
87.76
84.17
97.13
97.13
96.97
97.39
98.04
97.51
95.69
97.13
97.13
97.32
99.12
98.09
97.93
98.07

0.04
0.04
0.03
0.03
0.12
0.06
0.47
0.04
0.04
0.12
0.24
0.08
0.06
0.67
0.04
0.04
0.59
0.66
0.04
0.09
0.07
0.04
0.04
0.35
0.01
0.12
0.10
0.04

0.24
0.14
0.17
0.17
0.15
0.21
0.26
0.24
0.24
0.17
0.24
0.49
0.88
0.60
0.24
0.24
0.21
0.18
0.22
0.16
0.21
0.24
0.24
0.12
0.11
0.14
0.10
0.10

0
0
0
0
0
0
0
0
0
1
1
1
1
4
0
0
1
1
6
21
31
0
0
0
1
3
6
20

7.59
9.74
9.21
10.39
9.34
8.09
7.44
8.06
10.84
9.34
10.07
8.95
7.68
9.22
8.06
10.54
9.64
10.61
8.57
7.90
8.45
8.06
10.27
9.48
10.52
9.06
7.76
7.95

30.78
32.92
34.25
54.37
35.60
38.49
30.35
29.11
40.87
21.73
44.45
37.95
46.19
26.62
32.60
107.10
6.02
46.43
42.53
62.66
35.52
26.93
118.33
3.23
40.34
54.15
76.08
25.92

16.43
11.44
17.76
8.32
9.16
17.14
10.52
13.13
8.23
17.54
9.13
9.56
17.58
10.13
13.50
8.19
17.18
9.31
9.58
17.11
10.20
12.78
7.05
16.47
8.94
9.62
16.78
9.66

0.97
1.30
1.21
1.18
1.21
0.94
1.07
0.92
1.54
1.43
1.35
1.29
1.47
1.49
0.92
1.13
1.13
1.11
0.24
0.46
0.52
0.92
1.32
1.34
1.33
1.22
1.27
1.41

the community development is given in Fig. 5. At the elevation level
“pio”, two diﬀerent communities were present. From t0 to t4, this
elevation level was dominated by the oligochaete Tubiﬁcoides benedii,
with additional contributions by the gastropod Peringia ulvae, Nematoda spp., the oligochaete Baltidrilus costatus (Claparède, 1863), the
polychaete Hediste diversicolor (O.F. Müller, 1776) and the bivalve
Limecola balthica (Linnaeus, 1758) (community d). After 21 months (t5),
the community had signiﬁcantly changed and biodiversity had increased. This second community (community e) was mainly dominated
by T. benedii, Enchytraeidae spp. and Nematoda spp. together with
Dolichopodidae larvae, H. diversicolor, the polychaete Pygospio elegans
Claparède, 1863, B. costatus, Collembola spp. and the polychaete Arenicola marina (Linnaeus, 1758) (Table 2).
At the elevation level “low”, three diﬀerent communities were
found between t0 and t6. From t0 to t1, the ﬁrst community of this
elevation level resembled the ﬁrst community from the elevation level
“pio”, representing one statistical unit (community d). After these initial
nine months, however, both species richness and abundance had declined. The second community from t2 to t4 was dominated by P. ulvae
and Enchytraeidae spp. together with T. benedii and Nematoda spp.
(community f). Finally, after 21 months (t5), biodiversity had declined
so strongly that the community consisted of Enchytraeidae only (community g).
Smaller changes in community structure were found for the elevation level “upp”, where, except for t1, the community resembled the
second one of the elevation level “low” (community f). By contrast, the
t1-community of the elevation level “upp” resembled the ﬁrst communities of each of the elevation levels “pio” and “low” (community d).
Finally, three entirely diﬀerent communities to those on the islands
were found at the tidal-ﬂat reference sites during the sampling period.
At t0, the benthic community (community a) was dominated by the
oligochaete T. benedii and the polychaete P. elegans, both of which
reached high mean abundances (78 ± 61 and 23 ± 24 ind.
0.004 m−2, respectively), with additional contributions by L. balthica,

3.1. Temporal changes in mean taxon number, abundance, biomass and
biodiversity
During our sampling from October 2014 (t0) to October 2016 (t6),
mean taxon number was always higher at the reference sites compared
to each of the three elevation levels (Fig. 3A). The simple linear regression explained little variance in number of taxa over time
(r2 = 0.076, p = .550). The mean number of taxa of the elevation level
“pio”, in contrast, increased in 2016 (r2 = 0.642, p = .030). The mean
taxon numbers of the elevation levels “low” and “upp” displayed the
opposite trend (“low”: r2 = 0.846, p = .003; “upp”: r2 = 0.684,
p = .022), decreasing to 1 taxon at t6. Shannon diversity (Fig. 3B)
correlated with the number of taxa (Pearson's product-moment correlation; r = 0.715, p < .001).
Like with mean taxon number, mean abundance of the reference
sites was always higher compared to each of the three elevation levels
(Fig. 3C) without a linear trend over time (r2 = 0.354, p = .158). There
were also no signiﬁcant trends in mean abundance of the elevation
levels “pio” (r2 = 0.076, p = .549) and “low” (r2 = 0.547, p = .058)
over time. At the elevation level “upp”, mean abundance decreased
signiﬁcantly (r2 = 0.750, p = .012).
Mean biomass was also always higher at the reference sites compared to each of the three elevation levels (Fig. 3D). There was no
signiﬁcant trend in mean biomass of the reference sites over time
(r2 = 0.026, p = .731); the same was true for the elevation level “pio”
(r2 = 0.008, p = .852). By contrast, the mean biomass of the elevation
levels “low” (r2 = 0.703, p = .018) and “upp” (r2 = 0.800, p = .007)
both decreased over time.
3.2. Changes in community structure
The SIMPROF test (p = .001) and MDS revealed seven diﬀerent
communities (labeled a through g) during the macrofaunal succession
in the entire study site from t0 to t6 (Fig. 4). A schematic illustration of
5
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Fig. 3. (A) Mean numbers of taxa per sample (0.004 m2)
(B) Shannon diversity (H′(loge))
(C) mean abundances (individuals 0.004 m−2) and (D) mean wet weights (g 0.004 m−2) with standard deviations at the tidal ﬂat references (“ref”) and the three
elevations of the experimental islands
corresponding to the salt marsh zonation: pioneer zone (“pio”)
lower salt marsh (“low”) and upper salt marsh (“upp”) at the sampling dates: t0 = October 2014
t1 = April 2015
t2 = July 2015
t3 = October 2015
t4 = April 2016
t5 = July 2016 and t6 = October 2016

Here, in addition to the dominant species of the former time periods,
the polychaetes Capitellidae spp., A. marina and Eteone longa (Fabricius,
1780) as well as the amphipods Corophium arenarium Crawford, 1937
and Urothoe poseidonis Reibish, 1905 dominated the community (community c).
BEST routine with BIO-ENV procedure revealed that plant coverage
correlated best with the macrozoobenthic community matrix

P. ulvae and H. diversicolor. After six months (t1), community composition had signiﬁcantly changed (community b). Although T. benedii still
dominated the community, the remainder was composed of Nematoda
spp., H. diversicolor, L. balthica, P. ulvae, the polychaete Scoloplos armiger
(Müller, 1776), the gastropod Retusa obtusa (Montagu, 1803) and the
oligochaete Tubiﬁcoides pseudogaster (Dahl, 1960). A ﬁnal signiﬁcant
change in the community structure became visible after 12 months (t3).
6
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Fig. 4. MDS plot based on the square-root transformed abundances of the taxa present at the tidal ﬂat references (“ref”) and the three elevations of the experimental
islands, corresponding to the salt marsh zonation: pioneer zone (“pio”), lower salt marsh (“low”) and upper salt marsh (“upp”) at the sampling dates: t0 = October
2014, t1 = April 2015, t2 = July 2015, t3 = October 2015, t4 = April 2016, t5 = July 2016 and t6 = October 2016. Colored lines indicate percentages of similarity.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. Schematic representation of the community development at the diﬀerent elevations of the experimental islands (“pio” “low” “upp”) from October 2014 to
October 2016 with indication of the surrounding tidal ﬂat communities (“ref”). Communities and their dominant taxa are given as indicated by group average cluster
analysis with SIMPROF test and SIMPER analysis, respectively. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of
this article.)

e (PCO1, 30.2%; PCO2, 15.9%), whereas oxygen showed relationships
with the communities d and f. All remaining environmental variables
had correlations < 20% with both of the two major PCO axes.

(rho = 0.603). The PCO analysis conﬁrmed this relationship. Here, the
ﬁrst two PCO axes explained 59.0% of the total variation in the similarity matrix of the macrozoobenthic community (Fig. 6). The correlations between these axes and all environmental variables showed that
plant coverage had the strongest correlation with PCO1 (61.3%) and
PCO2 (49.8%), revealing thereby a strong relationship with community
g. By contrast, water level correlated with community d, (PCO1, 37.2%;
PCO2, 31.5%). TOC showed the strongest relationship with community

3.3. Variability in functional trophic groups
The distribution of functional trophic groups, given as feeding types,
diﬀered signiﬁcantly (SIMPROF, p = .001) between the diﬀerent
7
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feeding type P did not occur until t4. Among the present taxa, SSD had
the highest mean abundances from t0 to t6. However, abundances of
“other” increased at the end of our sampling (t5 and t6). By contrast,
the highest mean biomasses among the diﬀerent feeding types did not
include SSD at any time but rather IF (t0, t2, t5), SF (t1) or O (t3, t4, t6).
A signiﬁcant shift in the distribution of feeding types was found for
the elevation level “low”. Initially (t0 to t1), the distribution resembled
that of the elevation level “pio” but thereafter was similar to the single
distribution that characterized the elevation level “upp”, with increased
contributions of SSD and SD and with IF having no importance (Fig. 7).
In contrast to the reference sites, SL, SF and P were always absent for
“low” and “upp” and the number of O, SD and IF was also comparatively lower. Mean abundances of the elevation level “low” were
dominated by SSD, except for t3 when SD were dominant; mean biomasses were dominated by SD, except for t0 when O had the highest
biomass and t5 when SSD dominated. At the elevation level “upp”, the
highest mean abundances were obtained by SD (t0), SSD (t1, and from
t3 to t6) and “other” (t2), whereas mean biomass was dominated by SD
at all times.

Table 2
Results of the SIMPER analysis based on square-root transformed abundances
(ind. 0.004 m−2) of the taxa that occurred at the tidal ﬂat references (“ref”) and
the three elevation levels of the experimental islands, corresponding to the salt
marsh zonation: pioneer zone (“pio”), lower salt marsh (“low”) and upper salt
marsh (“upp”) at the sampling dates t0 = October 2014, t1 = April 2015,
t2 = July 2015, t3 = October 2015, t4 = April 2016, t5 = July 2016 and
t6 = October 2016. Av.Abund = average abundance, Av.Sim = average similarity explained by the taxon, Contrib% = contribution to similarity (%), Cum.
% = cumulated contribution to similarity (%).
Taxon

Av. Abund

Av. Sim

Contrib%

Cum.%

Community b (t1-2ref), average similarity: 63.01%
Tubiﬁcoides benedii
5.80
20.06
Nematoda spp.
3.26
8.97
Hediste diversicolor
2.23
8.02
Limecola balthica
1.98
6.25
Peringia ulvae
5.32
6.25
Scoloplos armiger
1.41
3.03
Retusa obtusa
0.81
2.63
Tubiﬁcoides pseudogaster
1.00
2.63

31.83
14.23
12.73
9.92
9.92
4.81
4.17
4.17

31,83
46.06
58.80
68.72
78.64
83.45
87.62
91.78

Community c (t3-6ref), average similarity: 71.07%
T. benedii
5.20
17.81
Nematoda spp.
3.30
10.29
S. armiger
2.86
8.50
T. pseudogaster
1.89
4.81
L. balthica
1.82
4.49
H. diversicolor
1.05
3.46
Capitellidae spp.
2.12
3.31
Corophium arenarium
0.84
2.57
Arenicola marina
0.86
2.55
Urothoe poseidonis
0.95
2.50
Eteone longa
0.90
2.47
P. ulvae
1.13
2.25

25.06
14.47
11.96
6.77
6.31
4.87
4.66
3.62
3.59
3.52
3.47
3.17

25.06
39.54
51.49
58.26
64.57
69.44
74.10
77.73
81.31
84.84
88.31
91.48

Community d (t0-4pio, t0-1low, t1upp), average similarity:
T. benedii
3.97
30.07
P. ulvae
1.96
13.73
Nematoda spp.
1.15
8.02
Baltidrilus costatus
1.03
6.68
H. diversicolor
0.80
6.22
L. balthica
0.68
4.19

74.76%
40.22
18.37
10.73
8.93
8.32
5.60

40.22
58.59
69.32
78.25
86.56
92.16

Community e (t5-6pio), average similarity: 75.76%
T. benedii
3.54
20.69
Enchytraeidae spp.
2.44
13.84
Nematoda spp.
2.43
13.37
Dolichopodidae larva
0.71
4.38
H. diversicolor
0.81
4.38
Pygospio elegans
1.06
4.38
B. costatus
0.58
3.57
Collembola spp.
1.00
3.57
A. marina
0.41
2.53

27.30
18.27
17.65
5.78
5.78
5.78
4.72
4.72
3.34

27.30
45.57
63.22
69.00
74.78
80.56
85.27
89.99
93.33

Community f (t2-4low, t0 + t2-6upp), average similarity: 38.70%
P. ulvae
1.30
14.82
38.30
Enchytraeidae spp.
0.43
10.52
27.19
T. benedii
0.54
7.98
20.63
Nematoda spp.
0.40
2.48
6.42

38.30
65.50
86.13
92.54

Community g (t5-6low), average similarity: 55.32%
Enchytraeidae spp.
2.23
55.32

100

100

4. Discussion
The species assembly on newly formed islands in the Wadden Sea
depends in part on the present species pool. During this study, both salt
marsh fauna and the faunal community of the surrounding tidal ﬂats
provided potential colonizers and residents. Because of the nature of
how the islands were constructed, some fauna on the experimental islands might derive from the untreated tidal ﬂat sediments that were
used to ﬁll the islands initially, with others potentially have gone extinct due to the change in habitat and/or competition from other, true
colonizers. More importantly, periodic inundation of the islands caused
by the tidal cycle supplies their lower elevations with marine taxa and
their larval stages, coming from the North Sea into the Wadden Sea.
Inundation duration and frequency decreased with increasing elevation
(calculated from water-level sensor, for details see Balke et al., 2017).
During sampling, average ﬂooding duration per month varied between
approximately 9.0 to 12.2% at elevation level “pio” and 1.5 to 2.7% at
elevation level “low” and 0.1 to 0.4% at elevation level “upp”. Finally,
severe disturbances including storm surges will also aﬀect community
composition and could suddenly and dramatically change the direction
of community development on the experimental islands while also
promoting the input of species from the tidal ﬂats.
In general, the Wadden Sea is a dynamic ecosystem that is subject to
short-time variability. Furthermore, the shallow tidal ﬂats represent a
depositional environment of marine sediments, oﬀering a convenient
substratum for microphytobenthic communities (Miller et al., 1996).
These communities, which have a high contribution of diatoms, constitute an abundant food resource for deposit feeders (Hagerthey et al.,
2002; Miller et al., 1996; Schückel et al., 2013). Accordingly, the present species pool mainly included deposit feeders.
The successional sequence of new habitats or the recolonization of
habitats after disturbance is strongly aﬀected by the dispersal of potential colonizers (Negrello Filho et al., 2006). The dispersal of marine
fauna and their larval stages primarily depends on hydrological conditions. Importantly, diverse functional traits including post-larval migration, lateral movement and mortality of the organisms will result in
faunal variability (Lundquist et al., 2006; Negrello Filho et al., 2006;
Whitlatch et al., 1998) that inﬂuences the species assembly and community succession in any newly available habitat. In addition, migration of species can be caused by competition for space and food (Wilson,
1990) as well as also by abiotic factors, e.g. sediment properties, currents and waves (Armonies, 1994; Bolam et al., 2004), depending on
the ecological tolerances of the species. Thus, marine opportunists
dominated the initial benthic communities at all elevation levels of the
experimental islands, whereupon subsequent community succession
during the next two years developed diﬀerently at each elevation level.

elevation levels. At the reference sites, distribution was similar except
for the initial sampling (t0) when SSD (e.g. T. benedii) and IF (e.g. P.
elegans) represented the dominant feeding types (SSD, 52.2%; IF,
24.9%) with additional contributions by SD (15.9%) and O (5.8%).
After t0, the contributions of both SSD and IF were lower and that of SD
also declined slightly. Nevertheless, SSD, SD and IF still represented
dominant feeding types, with O and P also having a signiﬁcant impact
on the composition of feeding types (Table 3).
At the elevation level “pio”, feeding type distribution was also similar during our sampling. SSD again represented the dominant feeding
type although there was a decline in SF and SD compared to the reference sites. Other major feeding types that were present include
“other” (e.g. Insecta), SD and IF (Fig. 7). SL were completely absent and
8
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Fig. 6. PCO explaining 59% of the total variation of the macrozoobenthic community structure based on Bray-Curtis similarities of
square-root transformed abundances at the tidal ﬂat references (“ref”)
and the three elevations of the experimental islands corresponding to
the salt marsh zonation: pioneer zone (“pio”) lower salt marsh (“low”)
and upper salt marsh (“upp”) at the sampling dates: t0 = October 2014
t1 = April 2015
t2 = July 2015
t3 = October 2015
t4 = April 2016
t5 = July 2016 and t6 = October 2016. PCO axes are correlated with
environmental variables (TOC = total organic carbon content
MUD = mud content
SAND = sand content
GRAVEL = gravel content
TEMP. = temperature)
(For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

elevation levels.
In contrast, other feeding types lost importance or disappeared with
increasing disturbance of the middle and the highest elevation, such as
predators and suspension feeders, demonstrating the depletion of
functional diversity along the elevation gradient. Studies on depth
gradients also revealed a functional structuring of benthic communities,
at which suspension feeders primarily occurred in shallow waters,
while deposit feeders were abundant in deeper, muddy sediments
(Pearson and Rosenberg, 1987; Rosenberg, 2001). Investigations on
environmental gradients in the Baltic Sea showed a shift from complex
to functional poor communities that was associated with a loss of carnivores, while suspension feeders and surface deposit feeders increased
importance (Bonsdorﬀ and Pearson, 1999). Investigations at tidal ﬂats
in the Dutch Wadden Sea after a period of eutrophication supported
these results. Here, the proportion of carnivores decreased, while suspension feeders remained constant and deposit feeders increased
(Beukema, 1991).
Deposit-feeding opportunists, such as the oligochaete T. benedii, are
typically characterized by high reproduction rates (r-selected) and fast
growth, leading to the high abundances (Pearson and Rosenberg, 1978;
Schückel et al., 2013; Vöge et al., 2008) that were observed at all elevation levels, early in the experiment. Moreover, these organisms have
diﬀerent larval and adult dispersal stages, enabling high recolonization
potential of newly formed habitats and after disturbances (Bolam et al.,
2004; Norkko et al., 2006; Vöge et al., 2008). Reproduction strategies of
aquatic Oligochaeta represent adaptations to unpredictable environmental conditions. While asexual reproduction occurs during favorable
conditions, sexual reproduction with cocoon deposition allows the
survival of populations during periods of stress (Parish, 1981). A similar
eﬀect is achieved by the dauer larvae of opportunistic Nematoda
(Bongers and Ferris, 1999; Derycke et al., 2013). Since sediment used
for the experimental islands was not defaunated prior to the experiment, this adaptive strategy of reproduction likely explains the initial
dominance of Nematoda and the oligochaetes T. benedii and B. costatus.
Other common species with great ecological tolerance, e.g. the
polychaete H. diversicolor and the snail P. ulvae dominated the community during early succession as well. This is consistent with other
ﬁndings, where these species were described as pioneers of intertidal
mudﬂats (Bolam et al., 2004) and an inﬁlling salt-marsh clay pit (Vöge
et al., 2008). The formation of this marine pioneer community requires

Table 3
Results of the SIMPER analysis based on square-root transformed abundances
(ind. 0.004 m−2) of the feeding types that occurred at the tidal ﬂat references
(“ref”) and the three elevation levels of the experimental islands, corresponding
to the salt marsh zonation: pioneer zone (“pio”), lower salt marsh (“low”) and
upper salt marsh (“upp”) at the sampling dates t0 = October 2014, t1 = April
2015, t2 = July 2015, t3 = October 2015, t4 = April 2016, t5 = July 2016 and
t6 = October 2016. Av.Abund = average abundance, Av.Sim = average similarity explained by the feeding type, Contrib% = contribution to similarity (%),
Cum.% = cumulated contribution to similarity (%).
Feeding type

Av. Abund

Av. Sim

Contrib%

Cum.%

33.58
15.07
9.20
8.63
5.73
4.70

41.76
18.74
11.44
10.73
7.13
5.85

41.76
60.50
71.94
82.67
89.80
95.65

t0-6pio, t0-1low, t1upp, average similarity: 82.77%
Subsurface deposit feeder
4.43
41.49
Other
1.66
12.76
Surface deposit feeder
1.68
12.68
Interface feeder
0.97
7.93

50.12
15.42
15.32
9.58

50.12
65.54
80.87
90.45

t2-6low, t0 + t2-6upp, average similarity: 53.11%
Subsurface deposit feeder
1.18
30.04
Surface deposit feeder
1.11
14.25
Other
0.61
7.96

56.56
26.84
15.00

56.56
83.40
98.40

t1-6ref, average similarity: 80.42%
Subsurface deposit feeder
6.66
Other
3.28
Surface deposit feeder
3.04
Interface feeder
2.09
Omnivore
1.45
Predator
1.15

The lowest elevation (“pio”) of the experimental islands, which
corresponded to the elevation of the salt marsh pioneer zone, was long
characterized by marine pioneers and opportunistic species (community d). Particularly deposit feeders comprise opportunistic taxa, which
are described to be associated with organic enrichment (Pearson and
Rosenberg, 1978). Usually, such species are generalists with a broad
ecological range and the ability to tolerate disturbances. The elevation
gradient of the experimental islands represents a disturbance gradient
(decreasing inundation periods, decreasing inundation frequency,
silting, increasing vegetation), which changes the predictability of the
environment for the organisms. These conditions were reﬂected by the
presence of surface and subsurface deposit feeders (e.g. Oligochaeta),
which contributed the most to all recognized communities, at all
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Fig. 7. Schematic representation of the changes in feeding type distribution at the diﬀerent elevations of the experimental islands (“pio” “low” “upp”) and the
surrounding tidal ﬂats (“ref”) from October 2014 to October 2016. Grouping and dominant feeding types are given as indicated by group average cluster analysis
with SIMPROF test and SIMPER analysis, respectively. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this
article.)

(van Wesenbeeck et al., 2007). At the elevation level “pio”, vascular
plants had no adverse eﬀect on the presence of A. marina because vegetation here was sparse. However, plant coverage increased in July
and October 2016 compared to the previous sampling dates. This
probably oﬀered suﬃcient conditions for terrestrial taxa, such as Enchytraeidae, Collembola and Dolichopodidae larvae that dominated the
community. These taxa are typical for salt marshes (Haynert et al.,
2017; Meyer et al., 1995). The growth of salt marsh vegetation depends
on shore height that determines inundation duration and inundation
frequency (Balke et al., 2016; Bockelmann et al., 2002). An increase in
frequency and duration of inundation and the consequent waterlogging
probably led to the sparse vegetation of the lowest elevation of the
experimental islands, forcing a diﬀerent development of the macrofaunal community and feeding type distribution compared to the higher
elevation levels.
However, insuﬃcient periods of inundation probably caused the
decrease in mean taxa numbers at the middle elevation (“low”) and the
highest elevation (“upp”) over time. Suspension feeders, for instance,
depend on a minimum of inundation time for suﬃcient ﬁlter feeding
(Asmus and Asmus, 2005). Consequently, they were rare at the lowest
elevation level (“pio”) and absent at both higher elevation levels
(“low”, “upp”), while they regularly occurred at the periodically
ﬂooded tidal ﬂat references. By contrast, interface feeders were also
regularly present at the elevation level “pio” and declined only at the
elevation levels “low” and “upp”. Interface feeders are able to switch
between suspension feeding and deposit feeding (Dauer et al., 1981;
Ólafsson, 1986). The organisms probably compensate the short inundation periods that are inadequate for suspension feeding with the
deposit-feeding mode. This may enable life in upper intertidal zones
(Asmus and Asmus, 2005; Lange et al., 2018).
Furthermore, the community of the elevation “low”, corresponding
to the lower salt marsh level, was dominated by small opportunists,
such as Enchytraeidae (Oligochaeta) that have terrestrial aﬃnities.
They usually dominate higher marsh habitats, where they tolerate less
tidal inundation (Lange et al., 2018; Vöge et al., 2008). Thus, a shift
from marine to terrestrial conditions was indicated early. After
21 months (t5), biodiversity of the middle elevation strongly declined,
while mean abundances showed a slight increase. This increase was
caused only by Enchytraeidae, which predominated the community
(community g). The shift from several opportunistic species towards an
Enchytraeidae assemblage was associated with increased coverage of

suﬃcient inundation periods because of the pelagic dispersal of P. ulvae
via ﬂoating (Barnes, 1981) and the short pelagic larval period of H.
diversicolor (Scaps, 2002). The water level measured during the experiment correlated strongly with the early community of marine pioneer species (community d). The high water coverage likely inhibited
plant growth and was favorable for the presence of marine species.
After 21 months (t5), community structure of the elevation “pio”
changed and the number of taxa, biodiversity and biomass increased,
while abundances remained similar. Moreover, 2016 was characterized
by increasing biomass of omnivores and the presence of predators.
These feeding types were absent at both higher elevation levels. The
presence of predators was likely caused by the biodiversity increase as
well as by the increase in biomass, providing suﬃcient prey. Predation
indicates a complex food web as it increases the trophic levels within
the community. Furthermore, predation is considered to increase biodiversity and ecosystem complexity because it reduces competition
between species (Paine, 1966).
This conﬁrms our expectation of a shift towards a more complex
community with more competitive species, which are characterized by
slower growth and longer life spans as described in the succession
model of Pearson and Rosenberg (1978). The biodiversity increase in
July (t5) and October 2016 (t6) resulted from the settlement of marine
as well as terrestrial taxa. This period was characterized by an abrupt
increase in mud content (> 10%) and TOC, oﬀering favorable conditions for terrestrial as well as marine Annelida, e.g. P. elegans, which is
known from intertidal mudﬂats (Reise et al., 1994; Schückel et al.,
2013). Its ability of asexual reproduction, primarily during summer
(Gibson and Harvey, 2000), probably caused the rapid populating and
made P. elegans one of the dominant taxa of the more diverse community of the elevation level “pio” from July to October 2016 (community e). The marine polychaete A. marina, which has a relatively long
life span, also dominated this community, contributing to the increase
in biomass during this period. The lack of a pelagic larval stage disables
the dispersal of this polychaete over long distances. However, the
highly mobile postlarval stage of A. marina likely enabled the increase
in juveniles in July and October 2016 after overwintering in subtidal
areas (Reise et al., 2001). Successful settlement of the polychaete via
postlarval migration is also known from recovery studies in the Dutch
Wadden Sea (Beukema et al., 1999). Certainly, inhibitory interactions
can limit the establishment of A. marina via habitat modiﬁcation, such
as silt accumulation and rooting by patches of salt marsh vegetation
10
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5. Conclusions

vascular plants. This is consistent with the assumption that Enchytraeidae are associated with salt marsh vegetation (Healy and
Walters, 1994).
In contrast to both lower elevation levels, the rarely inundated,
highest elevation level (“upp”), corresponding to the upper salt marsh
level, was constantly poor in species because of the prompt extinction
of marine taxa due to desiccation. The species inventory of this elevation level remained constant during the experiment, except for April
2015 (t1), where more marine pioneer species occurred. This likely
resulted from the storm events at the beginning of the year, which increased inundation frequency and the supply of marine taxa during this
period. Such an event represents a typical example for stochastic disturbances in the Wadden Sea that forces interruptions in community
establishment.
Overall, species richness, abundances and biomasses at the experimental islands remained low compared to the tidal ﬂats references.
However, the number of diﬀerent feeding types at the lowest elevation
level (“pio”) was similar to the adjacent tidal ﬂats, although the total
number of taxa and abundances of omnivores and predators were lower
at the elevation level “pio”. Sand lickers, which feed on organic matter
while individual sand grains are rotated by the mouthparts, were
completely absent. Species of diﬀerent feeding types show dissimilar
aﬃnities to biotic factors such as food availability (Dauwe et al., 1998)
and food quality (Lange et al., 2019; Wieking and Kröncke, 2005),
leading to diﬀerent communities. Sand lickers and interface feeders, for
example, beneﬁt from intermediate amounts of high-quality food
(Wieking and Kröncke, 2005). Competition for food probably led to the
disappearance of sand lickers at the experimental islands in favor of the
more ﬂexible and partly opportunistic interface-feeding taxa.
Apart from feeding type distribution, the communities of the tidal
ﬂats and those of the experimental islands signiﬁcantly diﬀered in the
proportion of taxa and, therefore, in their dominant traits. Especially,
the contribution of typical Wadden Sea species, such as S. armiger, R.
obtusa and C. arenarium was higher at the tidal ﬂats than at the experimental islands. This suggests that the elevation gradient and the
resulting diﬀerences in environmental conditions represent disturbances that cannot be tolerated by all marine invertebrates from the
species pool of the tidal ﬂats. Thus, results point to adverse eﬀects of
increased sediment elevation on macrofaunal biodiversity in the
Wadden Sea, suggesting impacts on ecosystem functioning in terms of
decreasing productivity as shown for marine and terrestrial systems
(Cardinale et al., 2013).
Moreover, the diﬀerent communities of the experimental island
elevations did not fully resemble the natural salt marsh communities of
the island of Spiekeroog (Haynert et al., 2017; Lange et al., 2018). The
pioneer zone elevation of the experimental islands had a more diverse
community compared to the pioneer zone of the natural salt marsh
because of the higher proportion of marine taxa. In contrast, the diversity of the elevation levels “low” and “upp” were low compared to
the natural lower and upper salt marsh, which are inhabited by several
(semi-) terrestrial Arthropoda (Lange et al., 2018). Admittedly, the
study period of two years is insuﬃcient for the formation of a mature
salt marsh and the upper levels of the experimental islands will have
diﬃculties in receiving migrants due to the spatial distance to the
natural salt marshes. Nevertheless, these results indicate functional
diﬀerences of macrofaunal communities during the diﬀerent stages of
salt marsh succession, which are dissimilar to older natural marshes.
Findings about macrofaunal succession in young artiﬁcial marshes in
North Carolina, USA that were studied for four years conﬁrm these
results (Levin et al., 1996) and long-term investigations on ecosystem
assembly in the Netherlands describe functional changes, indicating
that successional development is not driven by vegetation alone but
also depends on food web dynamics (Schrama et al., 2012).

This study demonstrates the negative eﬀects of increased sediment
elevation, which may result from strong sedimentation, on biodiversity
and functional diversity of macrozoobenthos on tidal ﬂats. Elevation
gradients in the Wadden Sea substantially alter hydrodynamic conditions, which potentially change vegetation zonation and sediment
composition. Such changes aﬀect overall biodiversity patterns and
species assembly of coastal zones that determine the functional traits
within the ecosystem.
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Glossary
Abbreviation: Deﬁnition
BEF: Biodiversity – Ecosystem functioning
pio: elevation level, corresponding to the salt-marsh pioneer zone
low: elevation level, corresponding to the lower salt marsh
upp: elevation level, corresponding to the upper salt marsh
TOC: total organic carbon
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