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Abstract
In order to counteract heavy foreland losses in the lower reaches of the Weser estuary, a system of sedimentation fields 
surrounded by brushwood groynes was constructed in 1958. Over the next forty years, the land accretion process was moni-
tored by surveys of bottom-surface elevation, sedimentology, development of vegetation cover and changes in bottom-fauna 
composition. From the viewpoint of coastal protection, the sedimentation fields achieved a continuous growth of half a 
metre within forty years and successfully reduced the regression of the eroding shoreline. The ecological results represent a 
documentation comprising all succession stages from a bare tidal flat to a vegetated salt marsh. However, though the larger 
parts of the fields had already exceeded mean high-water level at the final survey of 1997, aquatic elements were still present 
in the vegetation as well as in the bottom fauna. The lack of a seaward inclination was most likely the reason, why saline 
water from spring tides and storm surges remained enriched in the soil. With growing elevation and condensing vegetation, 
each of the fields had developed a branched creek system and a varied geomorphological relief. Their habitat and species 
diversity proved to be equal to naturally grown mainland salt marshes.

Keywords Estuarine shoreline · Sedimentation fields · Salt marsh communities · Benthos monitoring · Biodiversity · Long-
term succession

Introduction

The reasons for conducting this study go back to the 1950s: 
A section of shoreline in the lower reaches of the Weser 
estuary was suffering from severe land losses of an old salt 
marsh. In some places, an eroding cliff had already been 

approaching the summer dike as shown in Fig. 1. After a 
number of base-line studies (Homeier 1958: Historic mor-
phology; Köritz 1958: Hydrology; Müller 1958: Sediments 
and biology), the Coastal Research Station Norderney rec-
ommended protecting the endangered sites by using a system 
of land reclamation fields, which was implemented already 
in 1958. The expectation was that the process of land accre-
tion induced by this means would lower the effects of current 
and wave attack and prevent further erosion.

From the beginning, it had unanimously been agreed by 
the coastal engineers and the Coastal Research Station, to 
use this opportunity to conduct a complete study of the salt 
marsh formation process until the status of a new salt marsh 
could be reached. Certainly, nobody had expected that this 
process would have taken half a century. Two interim reports 
have been submitted on the state of development until 1961 
(Müller 1962) and until 1978 (Grotjahn et al. 1983). The 
aspects of plant sociology and environment protection 
(Arens et al. 2003) and of geomorphology (Ladage and Ste-
phan 2007) have been recorded in particular accounts.

To document and to understand the mutual physical and 
biological effects of a salt marsh formation process were the 
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Fig. 1  Study area in the lower reaches of the Weser estuary with the land reclamation fields constructed in 1958
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original research questions. Today, in the face of climate 
change and accelerated sea-level rise, sedimentation fields 
are of relevant interest not only for coastal protection but 
also for nature conservation.

Material and methods

The area concerned is situated on the southern and north-
ern side of the small inlet Cappeler Tief at the eastern 
shore of the Weser estuary (Fig. 1). The eleven land rec-
lamation fields constructed in 1958 cover a length of 4 
km and a surface area of roughly 1  km2. The fields were 
surrounded by brushwood groynes with an opening in the 
front groyne allowing tidal waters to flow in and out. After 
the violent storm surge of 1962 and the destructive ice 
period of the winter 1962/63, the front groyne was recon-
structed by using natural stone. In the first years, a sys-
tem of draining trenches was maintained. However, since 
1962, these activities have been discontinued, enabling the 
development of a quasi-natural salt marsh.

Information on hydrological conditions is provided by a 
gauge in the neighbouring harbour Spiekaer Tief. The mean 
tidal range in the area is about 3.0 m. The mean high water 
(MHW) in the period 1961–1965 amounted to 1.46 m above 
mean sea level (MSL) and rose to MSL + 1.61 m between 
1991 and 1995. The salinity levels in this area lie within 
polyhaline ranges (Müller 1962). The nearshore seston con-
tents in the area itself and in the area adjoining to the south 
amounted to a few hundred mg/l, which reflects a poor to 
moderate supply (Müller 1962, 1963). The site is exposed 
to wind and wave action prevailing from the west.

At the beginning of regular assessments conducted in 
1960 within and outside the land reclamation fields, an 
investigation design was established which mostly had 
been maintained until the final survey of 1997. Bottom-
surface elevation was measured in 28 transects, four 
transects in seven of the eleven fields and additionally 
on 10 points outside (Fig. 1). In total, from 1960 through 
1997, ten surveys were carried out, until 1984 by 
levelling methods, in 1989 by tachymeter surveys and in 
1997 by using GPS-techniques. From the data derived at 
distances of ten metres, the mean values were calculated 
for each of the investigated fields, for the groups of the 
northern (Nos. VI, VIII, X and XI) and southern fields 
(Nos. I, III and V) and for the total area. The values of 
ditches and channels, of course, remained unconsidered. 
After a branched creek system had developed in the 
1970s, aerial-photograph analysis was used for mapping 
the surface structures. The campaigns for measuring 
topography were carried out independently from seasons, 
while samplings and surveys of sediments, vegetation 

and bottom fauna were limited to the period from June 
to August.

Sedimentology was investigated at 30 permanent 
plots, one outside in front of each of the fields numbered 
I to X and two plots inside (Fig. 1). Sediment sampling 
was not used in the 1970 survey, and the sampling in 
1977/78 was limited to the inside of the fields (30 
stations different from the permanent plots). Samples 
of sediments were taken from the surface down to 5 cm 
depth. Using the Atterberg method, analysis of grain-
size distribution started in 1957. However, after 1961, 
this was changed to the areometer method. Because of 
unsatisfactory comparability, only the results gained by 
the latter method are represented as accumulated curves 
of grain-size distribution. As additional parameters, lime 
content  (CaCO3 after Scheibler) and water content (% of 
wet weight) were determined, and in 1985 and 1997 also 
the content of water-soluble chlorides (dried sediment 
diluted with aquadest 1:5, titration after Mohr-Knudsen) 
was measured.

Until the end of the 1960s, vegetation was assessed by 
descriptive methods only. In the course of the 1970s, a 
branched creek system and a surface relief had developed, 
which resulted in an increasingly diversified vegetation 
cover. Therefore, a more thorough assessment was 
required by increased station numbers and by analysis 
of aerial photographs. Three series of photographs 
became available from contemporary projects: from 
the summer of 1978, infrared-false colour diapositives, 
from the summer of 1985, a set of black and white photo 
copies, and from the summer of 1997, colour-infrared 
diapositives. After standardising and georeferencing the 
different images, the map contents were transferred to a 
geographic information system (details given by Arens 
et  al. 2003). The analysis comprised the topographic 
situation including the creek systems and the foreland 
border. The colour and the structure characteristics were 
used to delimit the areas of open water, uncovered tidal 
flats and vegetation types. Thereafter, the proportions 
of the different units were determined by planimetry. By 
these means, the surface area could be subdivided into 
a number of units, mainly related to geomorphological 
structures, viz

– Bare tidal flats without overgrowth of vascular plants
– Low-lying areas with sparse plant covering less than 50%
– Plane areas of high elevations with dense plant covering 

50 to 100% (with different subunits)
– Elevated bank ridges
– Sparsely covered fringe under the eroding cliff
– Areas developed by technical land reclamation due to the 

activities of a farmer since the 1980s
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The farmer started with digging trenches until nearly to 
the front groyne of the northern fields VIII and IX. Later, 
between 1985 and 1988, he extended his activities down to 
the fields VI and VII and northward to the edge of field X 
(Arens et al. 2003).

Furthermore, another factor began affecting the veg-
etation: grazing. The technically reclaimed fields (and also 
nearshore zones of some other fields) were opened to differ-
ent intensity of sheep, cattle and horse grazing, as described 
by Arens et al. (2003).

The ground-truth investigations included the description 
of localities, the total vegetation cover (%), the coverage of 
individual plant species (%) and the presence of rare species.

The invertebrate bottom fauna was investigated at the 30 
permanent plots inside (20) and in front of the fields (10), 
but at places of particular interest, additional samples were 
taken. In his baseline study of 1957, Müller (1958) took 
samples of 0.25  m2, 30 cm deep, extracting the fauna by 
sieving with 1 mm mesh size. This procedure was continued 
until 1965. The survey of 1970 was restricted to qualitative 

Fig. 2  Two examples of change in bottom-surface elevation from 1960 to 1997, transects number 2 (field I) and number 22 (field VIII)
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sampling. Since 1977/78, methods have changed because of 
the increased proportions of small species like oligochaetes 
and collembolans. Tubes of 177  cm2 cross-sectional area 
and 30 cm length were used; per station, three samples were 
taken inside and seven samples outside the fields. Instead of 
sieving, the fauna was sorted in live state and after species 
identification and counting the material was frozen. Ash-free 
dry weight (ADW) was determined after return to the home 
laboratory.

Results

Surface elevation

The measurement of bottom-surface elevations in 1957, 
before the construction of land reclamation fields, resulted 
in values of about 1.0 m above mean sea level, which is 
approximately half a metre below MHW. In 1960, when 
the regular measuring programme was started, the mean 

elevation within the fields had slightly increased to 
MSL + 1.12 m. The surface was still plane and not yet sub-
divided by creeks, as shown by the examples of transects 
2 and 22 in Fig. 2. The increase of elevation went more 
or less constantly with average annual rates of 1.6 cm. In 
the early 1970s, the trend of increasing values for surface 
elevations (Fig. 3) seemed to have slowed down signifi-
cantly. However, as evident from the transects of 1970 
and 1976 (Figs. 2 and 4), just in this phase, a decisive 
step of development took place: A branched creek system 
had developed in each of the fields, subdivided them and 
established a morphological relief of contrasting elevations 
(Figs. 4 and 5). As evident from Fig. 3, the southern fields 
since the 1980s had increasingly surpassed the northern 
ones, in spite of the rigorous land reclamation efforts in 
the fields Nos. VI to IX.

During the period of 1960 till 1997, the growth of elevation 
resulted in an increase of 0.59 m (average 1960: MSL + 1.12 m; 
1997: MSL + 1.71 m). Thus, the average for 1997 had already 
exceeded the mean tidal high-water mark by about 0.10 m (period 

Fig. 3  Growth of bottom-
surface elevation in the land 
reclamation fields. Separate 
curves based on mean values of 
the southern fields, the northern 
fields and the whole area
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1991–1995: MSL + 1.61 m according to the gauge of Spiekaer 
Tief). Taking in consideration that this occurred over a period of 
almost forty years, it has actually to be reduced by the sea-level 
rise of 0.15 m during this period. Thus, in the average of all fields, 
the remaining elevation growth amounts to only 0.44 m.

Furthermore, it has to be emphasised that elevation within 
the fields did not increase evenly. Larger and medium-sized 
creeks were still lined by low-lying fringes at the beginning 
(Fig. 5). Later, in the 1980s, they were becoming zones of 
preferred growth caused by the sediment-catching effect 

Fig. 4  Example of a selected transect in field VI: growth of elevation, relief formation and development of vegetation
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of vegetation. This mechanism gave rise to the origin of 
elevated bank ridges, which essentially contributed to the 
existence of a geomorphological relief.

To follow the dynamics of the eroding shoreline (Fig. 6), 
a topographical map drawn by the Coastal Research Station 
on a scale of 1:5000 was used, based on levelling of the year 
1965. In this map, the trace of the eroding cliff is precisely 
represented and allows comparisons with later situations 
based on analysis of aerial photography. The results reveal 
that until 1976, the cliff in the southern fields suffered an 
abrasion of 3 to 8 m. In the northern fields, the losses in some 

wedges intruding the foreland reached up to 22 m. In the 
following period up to 1997, the changes indicate only small 
proportions of regressing erosion. By 2006, Ladage and Ste-
phan (2007) realised an annual loss of 0.3 m in the southern 
fields and a standstill of the break off in the northern fields.

Sediments

In the situation of 1957, before the set-up of the recla-
mation fields, the tidal flat bottom was described as 

Fig. 5  Surface morphology and vegetation cover in field VII, obtained by analysis of aerial photographs from 1978, 1985 and 1997 and by 
ground-truth investigation. Increased farming land use changed the morphology drastically between 1985 and 1997



 Marine Biodiversity (2024) 54:3232 Page 8 of 21

well-sorted fine-sandy sediment (Müller 1958). Afterward, 
sediment composition and related parameters developed 
differently outside and inside the fields (Fig. 7). While the 
grain size distribution in front of the fields retained their 
fine-sandy character, inside the fields, the sediments devel-
oped to a sandy, strongly silty mud on the way to a soil, 
of which the surface layer was densely interspersed with 
roots of salt marsh plants. Together, with clay and silt also, 
the lime and water content increased considerably (Fig. 8). 
As regards water-soluble chlorides (measured only 1985 
and 1997), the values inside are remarkably higher than 
outside the fields:

Inside 1985: 868 mg ± 231 mg /100 g
Inside 1997: 1412 mg ± 555 mg /100 g
Outside 1985: 548 mg ± 100 mg /100 g
Outside 1997: 640 mg ± 125 mg /100 g

Vegetation

Before construction of the land reclamation fields in 1957, 
the tidal flats in front of the eroding cliff were free of vas-
cular-plant vegetation except the occasional occurrence of 
Zostera noltei, Salicornia sp., Spartina anglica and Tripo-
lium pannonicum. Since 1958, a vegetation cover developed 
gradually inside the newly constructed fields.

The plant species encountered inside and outside the 
fields are given in Table 1 (only vascular plants), arranged 
according to their time of appearance. Until 1965, the pio-
neer vegetation of Salicornia, Spartina and Tripolium pre-
dominated in low coverage. In the course of the 1970s, the 
fields made a rather essential step: Because the condensed 
vegetation hampered the water from easily flowing over 
the plains, a system of branched creeks had originated in 
each of the fields and converged towards the inlets in the 
seaward front groyne. By the interaction of seston trans-
porting creeks and seston catching vegetation, a distinct 
morphological surface relief had now developed, which 
resulted in an increasingly diversified vegetation cover. 
At the survey of 1977/78, additionally, to the original pio-
neer species, Puccinellia maritima and Suaeda maritima 
had appeared and became dominant. Moreover, some first 
representatives of later succession stages joined the salt 
marsh community.

Based on the pattern reached by relief formation in the 
1970s, the fields continued their further development until 
the last survey of 1997 (Figs. 9 and 10). Though unexpect-
edly, due to activities of a farmer since the 1980s, an addi-
tional unit had appeared in the northern fields: the areas 
developed by technical land reclamation (Figs. 5, 9 and 10).

The ‘Bare tidal flats without vascular plants’ sometimes 
carried a scattered vegetation of benthic algae, predomi-
nantly Vaucheria sp., less frequently Enteromorpha sp. The 
‘Low-lying areas’ initially (1977/78) were loosely covered 

Fig. 6  View of the eroding cliff in field I, summer 1978
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Fig. 7  Change of surface sediments outside and inside the fields. Accumulated curves of grain-size distribution from selected years
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by Salicornia and later, with rising surface altitude, became 
interspersed by Spartina anglica, Puccinellia maritima, 
Tripolium pannonicum and Suaeda maritima. Until the last 
survey of 1997, this unit had been shrinking to negligible 
size (Figs. 9 and 10).

The ‘Plane areas of high elevation’ since 1977/78 
already represented the largest share of the whole area. 
Supported by morphological criteria, a division into 
three subunits of different plant communities appears 
useful:

– Subunit dominated by Spartina anglica and Puccinel-
lia maritima (Fig. 11). In 1977/78, both species were 
growing in a rather regular distribution. Accompanying 
species in low densities were Salicornia sp., Tripolium 
pannonicum, Suaeda maritima, Triglochin maritima and 
Cochlearia anglica. Species spectrum and dominance 
relations remained similar until 1985 and 1997, except 
the additional appearance of Atriplex prostrata and Sper-
gularia media. Obviously, this subunit represents ele-
ments as well of the pioneer zone as of the low marsh

Fig. 8  Changes in the sediment parameters water content (% of wet weight) and lime content (%  CaCO3 of dry weight)
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– Subunit ‘humpbacked’ Puccinellia lane. This habi-
tat, limited to a narrow strip behind the front groyne 
(Fig. 12), increased faster in elevation than all other areas 
(s. transects in Figs. 2 and 4) and had already in 1977/78 
approached the mean high-water level or even reached 
it. By its way of growth on small hilltops the dominating 
grass Puccinellia maritima had created a peculiar sur-
face structure. Accompanying species were Cochlearia 
anglica, Suaeda maritima, Spergularia media, Tripolium 
pannonicum and Plantago maritima. It turned out from 
the surveys of 1985 and 1997 that the stage of a higher 
salt marsh had been reached, which was indicated by the 
presence of species like Limonium vulgare, Glaux mar-
itima and Armeria maritima

– Subunit transition areas to the foreland. In the northern 
fields, from the middle of field VII to field XI, the border 
between the accretion area and the foreland is no longer 
formed sharply by the cliff. It consists of a gradual tran-
sition reaching the stage of a high marsh. With rising 

elevation, areas dominated by Puccinellia are replaced 
by areas dominated by Festuca with the corresponding 
accompanying species. Higher up, a Juncus-gerardii lane 
is reached, associated with Festuca rubra, Elymus atheri-
cus and glycophyte species in the top section of Table 1

The ‘Elevated bank ridges’ are a prominent element 
of the surface relief. In the 1970s, the bank areas lining 
the newly originating creeks were still low-lying fringes 
(Fig. 5), but in the 1980s, they started to rise and finally 
stood out against the surrounding areas. The vegetation 
on these ridges in certain seasons differed sharply from 
the adjoining habitats. In spring, the banks were lit up by 
a white bloom of Cochlearia anglica (Fig. 13). Towards 
summer, the herb material of Cochlearia decayed and 
became covered by rampant growth of Suaeda mar-
itima, followed by Tripolium pannonicum and Atriplex 
prostrata. By 1997, the bank-ridge was dominated by 

Table 1  Composition of plant 
species before (1957) and 
after the set-up of the land 
reclamation works (1960–
1997). Numbers and symbols 
indicate frequencies (presence 
resp. % of plots inhabited). 
Nomenclature: According to 
Rothmaler (2021)

Species 1957 1960 1961 1962 1963 1965 1970 1977/78 1985 1997
Vicia cracca ------

Sonchus arvensis ------

Festuca arundinacea ------

Leontodon autumnalis ------

Phragmites australis ------

Centaurium pulchellum ------

Potentilla anserina ------

Trifolium fragiferum ------

Puccinellia distans ------

Agrostis stolonifera 1

Trifolium pratense -------

Trifolium repens -------

Lotus corniculatus ------- ------

Elymus repens ------- ------

Spergularia marina 1 ------

Atriplex littoralis 1 5

Juncus gerardii 3 5

Atriplex prostrata 17 74

Bolboschoenus marit. 2 ------- 1

Elymus athericus 2 3 12

Artemisia maritima 3 1 3

Atriplex portulacoides 3 5 43

Limonium vulgare ------- 7 3 9

Festuca rubra 7 ------- 25

Glaux maritima 7 9 11

Armeria maritima 10 5 6

Plantago maritima ------- 10 13 25

Cochlearia anglica 18 37 61

Triglochin maritima ------- ------- 20 24 47

Spergularia media 20 17 43

Suaeda maritima 50 83 84

Puccinellia maritima ------- < 50 79 97 89

Tripolium pannonicum ------- < 50 < 50 > 50 60 90 91

Spartina anglica ------- < 50 < 50 < 50 < 50 < 50 > 50 72 65 58

Salicornia spec. ------- < 50 < 50 ------- < 50 < 50 > 50 70 59 78

Zostera noltei ------- ------- ------- -------

-------

<1% 1-49% ≥50%
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Fig. 9  Morphology and vegetation of the land reclamation fields in summer 1997, resulting from aerial-photograph analysis and ground-truth 
investigation
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Fig. 10  Composition of geomorphological and vegetation units during the surveys of 1977/78, 1985 and 1997

Fig. 11  View of the widely-spread Puccinellia-Spartina vegetation in 
summer 1985

Fig. 12  Fringe of the so-called ‘humpbacked’ Puccinellia lane behind 
the front groyne, which is characterised by an accelerated accretion. 
Summer 1978
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Puccinellia maritima. Plants from surrounding salt marsh 
zones occurred in small abundances.

‘Areas developed by technical land reclamation’: In the 
1980s, a farmer had begun to reclaim land in the northern 
fields, the major part of which became converted to an arti-
ficial salt marsh until 1997 (Fig. 9). It is clear that the natu-
ral structures of the originating salt marsh were completely 
destroyed by this. The plane parts of the area were domi-
nated by short-grazed Puccinellia maritima accompanied by 
slightly taller individuals of other salt marsh herbs. In places 
of uprising sediment material deposited between the trenches, 
representatives of later succession stages had established, e.g. 
Elymus athericus and even a number of glycophytes.

Finally, two small-scale habitats have to be mentioned 
briefly:

– The ‘Sparsely covered fringe under the eroding cliff’. 
Being located in the range of the high-water line, the soil 
is irregularly flooded and intensely drained; only a few 
members of the Puccinellia community may occasionally 
grow here

– In 1985, a strip of ‘Swampy sinks’ was found lining the 
abovementioned ‘Sparsely covered fringe’ (Fig. 5). In 
the stagnant water Triglochin maritima, Suaeda maritima 
and Spartina anglica were thriving

Considering the whole area, a mean surface elevation of 
MSL + 1.51 m was reached in 1985 and the diversity had 

increased to a number of 25 species. Puccinellia maritima 
had now become omnipresent followed by Tripolium pannon-
icum, Suaeda maritima and Spartina anglica. In the summer 
of 1997, the mean elevation of MSL + 1.71 m had exceeded 
the mean tidal high-water level (1991: MSL + 1.61 m), and 
the major part of the area lay above that height (Fig. 3). Nev-
ertheless, in large parts of the reclamation fields, the aspect 
of a finally developed high salt marsh vegetation did not exist. 
The species composition confirms this impression (Table 1). 
It had increased to 34 taxa (Table 1), when for the first time 
the two Salicornia species, S. europaea and S. stricta, were 
distinguished. Though Puccinellia maritima was present and 
dominant everywhere, due to sufficient water content and 
increased salinity of the soil, all representatives of the earlier 
succession stages maintained their dominant positions, for 
example, Salicornia sp., Spartina anglica, Suaeda maritima 
and Cochlearia anglica. Figure 9 shows the state of develop-
ment as assessed by the last survey in 1997.

Bottom fauna

During the period of investigation, 42 species were identi-
fied in the bottom fauna, and 6 additional animal taxa are 
named on higher levels (Tables 2 and 3). Under ecological 
aspects, the animals can be divided into two groups: first, 
a low number of tidal flat species, mainly representatives 
of polychaetes, crustaceans, gastropodes and bivalves. Sec-
ond, with proceeding growth of surface elevation, specific 

Fig. 13  Blooming Cochlearia 
anglica on the bank ridge of a 
creek, spring 1985
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animals of a lower salt marsh are establishing, mostly halo-
biontic and halophilous Hexapoda and occasional members 
of other classes. Their species number, when considering 
only the endofauna of the bottom, is also low.

As to be expected, the faunal composition outside and 
inside the land reclamation fields developed differently. Origi-
nally, before the set-up of groynes in 1957, twelve species 
had lived in the tidal flat bordering the eroding cliff (Table 2 
and 3). Outside the fields, a constant group of these species 
remained dominant until the final surveys of 1985 and 1997 
(Table 2). Two polychaete species which had spread as neozoa 
in the entire Wadden Sea appeared later: Tharyx killariensis 
since the end of the 1960s (Michaelis 1981, cited as Tharyx 
marioni) and Marenzelleria cf. wireni in the 1970s (Essink 
and Kleef 1988).

Inside the land reclamation fields, elements of the origi-
nal tidal-flat fauna disappeared gradually and animals of salt 
marsh border habitats established (Table 3). The decisive 
change occurred in the 1970s. In 1976, the mean elevation 
rose to heights in the range of MSL + 1.30 to MSL + 1.35 m 
and the mean inundation time decreased to 1.8 h per tide. 
As first indicators of a salt marsh formation process, the 
collembolan Archisotoma pulchella, larvae and pupae of 
the dipterous family Dolichopodidae and the opistobranchi-
ate gastropod Alderia modesta appeared; the latter species 

lives as a feeding specialist on the benthic alga Vaucheria 
sp., which itself is specific for brackish and salt marsh bor-
dering habitats. On the final surveys, 1985 and 1997, the 
animals of lower salt marsh habitats became predominant 
in species composition. Meanwhile, large parts of the areas 
exceeded the mean tidal high water level, partly by natural 
development, in most of the northern fields, by technical 
activities. The most frequent and characteristic animals 
of these habitats proved to be unidentified Enchytraeidae 
(1997: 100%), the larvae of Dolichopodidae (1985: 52%, 
1997: 86%) and the oligochaete Tubifex costatus. Further-
more, larvae and pupae of unidentified Diptera and other 
Insecta had increased considerably in frequency.

As already noted with regard to vegetation, also in the 
bottom fauna, a group of originally tidal flat animals was 
still present, when the reclamation fields had reached or 
exceeded the mean high water level, ten species in 1985 
and eight species in 1997. Nereis diversicolor in 1985 
occurred with a frequency of 72% and of still 55% in 1997. 
Also, Hydrobia ulvae (41%), Carcinus maenas (23%) and 
Macoma balthica (14%) are belonging to this group.

The summarising parameters of bottom fauna, i.e. spe-
cies number, abundance and biomass, are given in Table 4. 
The fluctuations until 1963 were similar outside and inside 
the fields. In the 1970s, the assemblage inside the fields 

Table 2  Animal species 
composition during the surveys 
before (1957) and after the 
set-up of the land reclamation 
works (1960–1997). 
Changes outside the fields. 
Nomenclature: Wolff and 
Dankers (1981)

Species 1957 1960/61 1962 1963 1965 1970 1977/78 1985 1997
Unident. Hexapoda (*)

No

data

10

Tubifex costatus 30

Polydora ligni 10

Marenzelleria cf. wireni 90

Tharyx killariensis 10

Anaitides mucosa 30

Bylgides (Harmot.) sarsi 30

Unident. Nemertini 20 10

Cerastoderma edule 10 10

Haustorius arenarius 20

Peloscolex benedeni 60 100 100 100

Bathyporeia pilosa 89 50

Unident. polychaete II 100

Unident. polychaete I 80

Capitella capitata 100

Littorina littorea 90

Hydrobia (
1
) ulvae 100 100 100 60 40 90 80

Nereis (2
) diversicolor

d
100 100 100 100 100 100 100 100

Heteromastus filiformis 60 90 100 67 100 100 100 90

Carcinus maenas 30 100 10 30

Macoma balthica 90 100 100 100 20 100 100

Pygospio elegans 40 100 100 100 100 20 100 90

Corophium volutator 100 80 100 100 90 100 40

Crangon crangon 40 40 44 90 40 20

Arenicola marina 50 100 60 100 80 90 40

Eteone longa 70 100 80 100 80

Nephtys hombergii 30 22

Mya arenaria 70 60 40 20 40 60

Scoloplos armiger 10

(*) Larvae and pupae

(
1
) Peringia -------

(
2
) Hediste <5 5-49% ≥50%
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began to pursue a deviating course, as already indicated by 
the species spectrum. The total species number increased 
significantly while the number per station dropped to low 
values. Abundance declined gradually and biomass drasti-
cally. Finally outside and inside the fields, two opposite 
habitats were facing each other, as already shown up by 
the characteristics of geomorphology, sedimentology and 
vegetation.

Discussion

On the coast of Lower Saxony, the scientific attention to the 
questions of salt-marsh formation, development and erosion 
arose in the 1930s and 1940s with studies on the biota of 
the Jadebusen shallows (Linke 1939a), on the importance 
of suspended matter supply (Linke 1939b) and on the role 
of the newly introduced cordgrass Spartina (Linke 1973). It 

is a long-established experience of coastal inhabitants that 
surface elevation is a main variable controlling the distribu-
tion of salt-marsh habitats with their plant and animal life. 
Local techniques of land reclamation and economic use of 
the marshlands depended on this knowledge. On the border 
between sea and land, the frequency and duration of tidal 
inundations delimit the landward distribution of marin-
aquatic organisms and the seaward intrusion of terrestrial 
plants and animals. Numerous - if not innumerable - stud-
ies have been dealing with the ecological zonations arising 
from these conditions (e.g. Bilio 1963; Heydemann 1967; 
Ranwell 1972; Dijkema 1983; Beeftink 1987; Bockelmann 
et al. 2002; Dijkema et al. 2005). More recent examples are 
given by Suchrow and Jensen (2010), based on an extensive 
data set from the North Sea coast of Schleswig-Holstein, 
by Hartmann and Stock (2019) in a long-term view on a 
selected site in that area, by Esselink et al. (2017) in a status 
report on salt marshes of the entire Wadden Sea, and by 

Table 3  Animal-species 
composition during the surveys 
before (1957) and after the 
set-up of the land reclamation 
works (1960–1997). Changes 
inside the fields. Nomenclature: 
Wolff and Dankers (1981) and 
Illies (1967)

Species 1957 1960/61 1962 1963 1965 1970 1977/78 1985 1997
Pogonus chalceus -------

Manayunkia aestuarina -------

Dicheirotrichus gustavi 9

Clitellio arenarius 23

Heterocerus flexuosus 18

Heterocerus maritimus 27

Unident. Hexapoda (*) 8 41

Unident. Diptera (*) 16 73

Enchytraeus albidus 20 14

Assiminea grayana ------- 59

Paranais litoralis 32

Bledius arenarius ------- ------- 23

Orchestia gammarellus ------- 9

Unident. Enchytraeidae 43 72 100

Tubifex costatus 50 56 32

Archisotoma pulchella 33 13 ------- 32

Dolichopodidae (*) 11 47 52 86

Alderia modesta ------- ------- 8

Pelosolex benedeni 60 ------- 37 24 -------

Idotea chelipes -------

Bathyporeia pilosa 10

Unident. polychaete II 100

Unident. polychaete I 47

Capitella capitata 95

Littorina littorea 58 ------- 7 8

Hydrobia (
1
) ulvae 100 90 100 40 40 80 12 41

Nereis (2) diversicolor 100 100 100 90 100 70 83 72 55

Heteromastus filiformis 60 90 95 40 87 7 17 -------

Carcinus maenas 42 75 20 22 ------- ------- 23

Macoma balthica 90 100 100 100 26 7 12 14

Pygospio elegans 40 37 90 90 87 10 ------- -------

Corophium volutator 100 42 100 100 10 81 24 -------

Crangon crangon 16 25 55 30

Arenicola marina 50 11 10 40

Eteone longa 70 95 ------- -------

Nephtys hombergii 30 5

Mya arenaria 70 11

Scoloplos armiger 10

(*) Larvae and pupae

(
1
) Peringia -------

(
2
) Hediste <5 5-49% ≥50%
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Table 4  Summarising parameters of the bottom fauna outside and inside the fields, before (1957) and after (1960–1997) the set-up of technical 
land reclamation. Mean values ± standard deviations, except for the data from 1962 and 1963 taken from Grotjahn et al. (1983)

*Original fresh-weight data converted into ADW

Parameters 1957 1960/61 1962 1963 1965 1970 1977/78 1985 1997

Outside the fields
  Total species 

number
12 14 10 10 12 10 No data 15 16

   Mean species 
number/station

7.8 ± 1.23 11 ± 1.25 9 9 9.5 ± 1.35 9.7 ± 3.375 9.4 ± 1.08

   Mean number 
of individu-
als/m2

52,917 ± 41,280 87,710 ± 46,138 13,601 129,345 7212 ± 4099 13,562 ± 5280 8969 ± 7727

   Mean biomass 
(gADW/m2)

39.25* 14.04* 24.01 ± 18.34 35.63 ± 35.84

Inside the fields
   Total species 

number
12 14 9 9 8 11 16 21 24

   Mean species 
number/station

7.8 ± 1.23 7.37 ± 1.71 7 7 6.65 ± 1.81 4.42 ± 1.8 4.44 ± 1.96 7.05 ± 2.03

   Mean number 
of individu-
als/m2

52,917 ± 41,280 47,383 ± 32,096 7432 62,487 24,686 ± 14,196 13,076 ± 16,965 11,564 ± 13,222 4380 ± 35,347

   Mean biomass 
(gADW/m2)

25.37* 15.08* 20.49 ± 20.21 6.26 ± 6.36 1.58 ± 1.85

Fig. 14  The coast of Lower Saxony with the study area and the sites 
of earlier salt-marsh investigations cited in the discussion. 1 Study 
area Cappeler Tief; 2 Leybucht: Scherfose (1989), Niemeyer (1991), 

Arens and Heiber (1999); 3 Hilgenriedersiel: Heykena (1970); 4 Nor-
derney south: Bätje and Michaelis (1976); 5 Norderney south-east: 
Hobohm (1993); 6 Jadebusen: Linke (1939a, b), Michaelis (1987)
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Balke et al. (2016) in a global approach to define the lower 
border of salt-marsh vegetation. The latter authors conclude 
that an increase of tidal ranges by sea-level rise will not lead 
to an expansion of salt marsh belts along the seashores.

In the sedimentation fields of Cappeler Tief, the appear-
ance of vascular plant species during forty years is more or 
less identically reflecting the spatial distribution in which 
salt-marsh plants are arranged along the gradient of increas-
ing elevation. Certain deviations from this general pattern 
point to peculiarities in local or regional factor constella-
tions, as shown by examples from other poly- and euhaline 
sites (Fig. 14). Close to Hilgenriedersiel on the mainland 
coast existed a hitherto (1970) untouched salt marsh show-
ing a species distribution under natural conditions (Heykena 
1970). Limited to the true halophytes from Salicornia sp. 
and Spartina anglica up to the first occurrences of Juncus 
gerardii, Atriplex littoralis and Elymus athericus, the spec-
trum comprised the same 20 species as present in the fields 
of Cappeler Tief in a similar sequence. Opposite to Hilgen-
riedersiel, on the southern edge of the island Norderney, a 
counterexample to Cappeler Tief was studied from 1957 to 
1971 (Bätje and Michaelis 1976). Situated in waters with 
extremely low suspended matter content (less than 100 mg/l 
in the tidal and seasonal cycle), these fields were bordered 
by lateral trenches and not protected by brushwood groynes. 
They experienced permanent alterations in growth and inter-
mittent relapses of elevations and remained in a dynamic 
equilibrium on the early stage of a lower salt marsh, low in 
diversity (11 species). The Leybucht, a polyhaline bay in the 
Ems estuary, is a site where rapid accretion in recent dec-
ades resulted in the formation of extended salt marsh areas 
(Niemeyer 1991). The increase amounted to more than 20 
 km2 from 1948 until 1999 (Arens and Heiber 1999). Due to 
a predominating flood current of the tidal regime, the bay 
receives an excessive suspended matter supply of more than 
1600 mg/l (Scherfose 1989). Assigned to annual inundation 
frequencies, the succession stages from the pioneer zone up 
to the ‘Festucetum’ (in terms of phytosociological systemat-
ics) are represented (Scherfose l. c.). The species spectrum 
is comprised of about 20 halophytes. In their sequences and 
dominances, cattle grazing is one of the relevant factors.

In the other bay of the Lower Saxony coast, the Jadebusen 
(southernmost part of the Jade Bight), a conspicuously impov-
erished salt-marsh vegetation, occurred in the 1970s (Michae-
lis 1987). Only Salicornia sp., Spartina sp., Aster tripolium 
(= Tripolium pannonicum), Puccinellia maritima, Suaeda 
maritima, Triglochin maritima and Limonium vulgare are 
named as being present. Seston supply in the nearshore areas 
is unknown, for the main channel mean values about 100 mg/l 
are recorded. Already earlier, before the invasion of Spar-
tina, Linke (1939a) had pointed to the remarkably low species 
number of the salt-marsh vegetation in this bay, citing Sali-
cornia europaea, Aster tripolium (= Tripolium pannonicum) 

and Festuca thalassica (= Puccinellia maritima) as the only 
species occurring. In contrast to the highly dynamic Leybucht, 
the Jadebusen is constrained in stable boundaries by a law 
from 1886 in order to maintain the bay as a reservoir for flush-
ing and preserving the depth of the waterway to Wilhelms-
haven (Michaelis l. c.). The comparison of the Leybucht and 
the Jadebusen demonstrates that morphological variability is 
an important prerequisite for the plant species diversity of 
a salt marsh. Consequently, certain dynamics and a number 
of additional halophytes returned into the bay (Jadebusen), 
when in recent decades, many pits had been excavated in the 
vegetated areas to gain bottom material for coastal protection 
measures (Arens, unpublished observations).

Examples of high species richness are represented by some 
sandy salt marshes of the East Frisian barrier islands. Appar-
ently, these are the main sites, where natural salt marshes 
are still increasing (Bunje and Ringot 2003). Esselink et al. 
(2017) affirm this trend also for the Wadden Sea islands of 
the Netherlands and Denmark. On Norderney, an extended 
transition area from dunes to tidal flats is situated at the 
southeastern part, the ‘tail’, of the island (Hobohm 1993). In 
these naturally structured, varied and dynamic habitats small 
patches of lower and larger areas of higher salt marshes are 
irregularly distributed. The number of halophytic salt-marsh 
species is higher than elsewhere, including a dozen of red-
list species as, for instance, two representatives of the genus 
Centaurium (Hobohm l. c.). This kind of salt marsh does not 
owe its existence and diversity to a high supply of suspended 
matter but to accretion by latitudinal wind and water-driven 
sediment displacement (Bunje and Ringot 2003).

Compared to the relatively natural vegetation of the main-
land sites Cappeler Tief, Hilgenriedersiel and Leybucht, the 
foreland marshes of the Schleswig–Holstein coast exhibit a 
fairly different species composition and species sequence along 
the elevation gradient (Suchrow and Jensen 2010). For exam-
ple, two characteristic representatives, Cochlearia anglica and 
Limonium vulgare, remained unconsidered because of their 
low frequencies. These areas in Schleswig-Holstein consist 
predominantly of artificially reclaimed fields drained by regu-
lar trench systems and over long periods exposed to intensive 
sheep grazing (Stock et al. 2005, Suchrow & Jensen l. c.).

Since 1986, the Wadden Sea area of Lower Saxony has 
gained the conservation status of a national park and is inte-
grated in the Dutch-German-Danish ‘Trilateral Monitoring 
and Assessment Programme’ (TMAP). In this framework, 
the dynamics of salt marshes play an important role. For 
reasons of trilateral comparability, a classification was devel-
oped that separates the succession stages of salt marshes into 
a number of ‘types’ (Petersen et al. 2014). Arens and Götting 
(2008) translated the results of the survey from 1997 (Cap-
peler Tief) into this system, according to which the main 
part of the area belongs to the Puccinellia maritima type 
followed by the Spartina anglica type.
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Concerning the occurrence of Spartina, in 1928/29 speci-
mens introduced from England had been planted in the Ley-
bucht and at some other sites of the East Frisian coast (s. 
Nehring and Hesse 2008). Taxonomically, the plants were rep-
resentatives of the sterile bastard species Spartina townsendii. 
The plantations became extinguished down to some dozens 
of surviving specimens, which, however, in the 1940s started 
with blooming and excessive propagation. In 1948, Linke 
(1973) performed a survey of the pioneer vegetation along 
the East Frisian coast, where Spartina meanwhile occupied an 
area of nearly 1000 ha and had become a dominant member of 
the flora. Hence, the sterile bastard Spartina townsendii, only 
capable to vegetative reproduction, must have been replaced 
by the fertile Spartina anglica already in those early years. 
In retrospect, it may have been wrong to renounce the dis-
crimination between the two hybrids in the current project. 
Evidently, S. townsendii is still surviving beside S. anglica, 
limited to the Wadden Sea regions of Lower Saxony and the 
Netherlands (Granse et al. 2022). In 1957, Spartina is cited 
as being present at Cappeler Tief (Müller 1958), and since the 
1970s was a dominant element of the vegetation (Grotjahn 
et al. 1983). Until the surveys of 1997 and 2007, the species 
had increasingly consolidated its dominating role (Arens and 
Götting 2008), which proves to be true for the entire Wad-
den Sea (Granse et al. 2020). According to reviews of Reise 
(1994), Loebl et al. (2006) and Nehring and Hesse (2008), 
Spartina anglica is even going to extend worldwide, because 
it might benefit from global warming.

Of course, in view of the investigators, the activities of 
technical land reclamation and grazing after the survey of 
1985 were regarded as rather disturbing and unwelcome fac-
tors. The effects of these impacts, analysed field by field, are 
given by Arens et al. (2003).

In the bottom fauna, going along with the habitat change 
from a bare tidal flat to a densely vegetated salt marsh, the 
marine aquatic animal species have gradually withdrawn and 
became replaced by the indicators of a salt marsh habitat. The 
first representatives appearing are still aquatic animals like 
Tubifex costatus, Paranais litoralis, Enchytraeidae, Alderia 
modesta and Assiminea grayana. The collembolan Archiso-
toma pulchella and the larvae of the Dolichopodidae belong 
to the semiterrestric halophilous insects which intrude into the 
intertidal zone. The specialist Dr. R. G. Sommer (Kiel Univer-
sity) identified the two species Hydrophorus oceanus Mac-
quart and Maecharium maritimae Hal. from images that had 
been raised from the pupae in sandy cocoons collected dur-
ing several summers. To the next succession stage belong the 
amphipode Orchestia gammarellus and beetles of the genera 
Bledius, Heterocerus and Dicheirotrichus. Until the final stage 
of the surveys, three representatives of the original tidal flat 
fauna, Nereis diversicolor, Hydrobia ulvae and Macoma bal-
thica, maintained a dominant role in one or two of the param-
eters frequency, abundance and biomass. It has to be explicitly 

pointed to the fact that the bottom fauna of the investigated cat-
egory represents a decreasing fraction with the advance of salt 
marsh formation. The newly originating ecosystem becomes 
invaded by real armies of other animal groups which are going 
to populate the surface layer, the detritus layer and the herbal 
layer. The survey of 1997 resulted in 24 species of the ‘bottom 
fauna’ in narrow sense. Its loss of ecological relevance is dem-
onstrated by the biomass of the fauna living in the sediment: 
In 1997, it had dropped to less than two grammes ADW per 
square metre. That is only 5 to 6% of general tidal flat values, 
which during summer range between 30 and 40 g ADW in the 
Wadden Sea (Michaelis and Wolff 2001). However, a parallel 
study from 1985, dealing with the abovementioned subhabitats 
(Stiffel 1990), provided proof of excessive numbers of spider 
and insect species living in the surface, detritus and herbal lay-
ers. Numerously represented were the orders Araneae, Acari, 
Collembola, Hemiptera, Coleoptera, Hymenoptera, Diptera, 
Lepidoptera, Aphidina and Cicadina. Studies from the west 
coast of Schleswig-Holstein focussing on the salt marsh fauna 
resulted in numbers of more than 1500 invertebrate species, 
as emphasised in summarising reports of Heydemann (1981, 
1983/84) and Dijkema and Heydemann (1984).

As mentioned before, there is a certain contrast between 
bottom surface elevation and biological succession stage 
in the sedimentation fields. In spite of having long since 
exceeded the elevation of mean high water level, the vegeta-
tion and the faunal assemblages still contained elements of 
early succession stages, even in dominant roles. Examples to 
be mentioned are the plant species Salicornia sp., Spartina 
anglica, Suaeda maritima, Spergularia media and Coch-
learia anglica as well as the animals Nereis diversicolor, 
Hydrobia ulvae and Macoma balthica. An explanation can 
be found in the fact that major parts of the newly originated 
salt marsh did not develop a seaward slope, which according 
to Verhoeven (1983) is a general characteristic of strongly 
wave-exposed salt marshes. In the present case, sediment 
accumulation behind the front groyne is considered an 
additional factor. Therefore, seawater after spring tides and 
storm surges could not run off completely and water from 
precipitations was retained. As a consequence, soil humid-
ity and salinity remained sufficiently high - salinity content 
was even higher than outside the fields - for providing life 
conditions to the species group mentioned.

Daring a look into the future, the Wadden Sea countries hope 
for being saved from a worst-case scenario like that on the south-
eastern English coasts. There, the rapid decrease of pioneer zone 
and forelands caused by reckless embanking and sea-level rise 
is called ‘coastal squeeze’ (Reed 1995; Hughes 2001). In Lower 
Saxony, when assessing losses and gains of salt marshes until the 
beginning of this century, a considerable increase was ascertained 
for the Weser estuary (Ladage and Stephan 2007) as well as for 
the entire coast (Bunje and Ringot 2003). In general, however, 
the growth of area was not due to natural accretion but in major 
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parts to coastal protection activities, in the first line by setting 
up land reclamation fields. In the other Wadden Sea countries, 
the situation is more or less similar (Stock et al. 2005; Esselink 
et al. 2017). In Lower Saxony, the lack of a pioneer zone seems 
particularly conspicuous (Esselink et al. l. c.). In Schleswig-Hol-
stein, on the contrary, a number of foreland sites show remark-
able growth of a natural marsh outside, in front of the sedimen-
tation fields, as indicated by Hartmann and Stock (2019) and 
also by latest information from ongoing studies (Elschot et al. in 
prep) and from coastal shop talk. Nevertheless, the risk of a loss 
can only be encountered by intensive land-reclamation works, 
as currently practised all along the Wadden Sea. This kind of 
solution may ensure the existence of lower salt marshes for a 
number of decades. As transitional habitats, however, they have 
a limited lifetime within their firmly enclosed territories. After 
attaining a later succession stage, the reclamation fields do not 
offer space for gaining foothold to new pioneer vegetation. To a 
limited degree, the reopening of protected higher salt marshes 
will allow a return of initial stages. The Wadden Sea national 
park of Schleswig-Holstein is going to act in this way (Stock 
et al. 2005), and also in Cappeler Tief, two of the fields became 
connected with higher marsh areas by opening the summer dike 
(Arens and Götting 2008). Outside of the technical structures, it 
remains questionable, whether sea-level rise and growing expo-
sure of the coastline will permit a really substantial settlement of 
a new pioneer zone (Houwing et al. 1999). Thus, the highly spe-
cialised plant and animal communities depending on lower salt 
marsh habitats might lose extensive areas of their environment.
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