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SUMMARY 
 
Year-round flooding can be a cost-effective measure for rewetting highly degraded fens, and is gaining 
popularity for lowland fen restoration in Europe. We investigated the short-term effects of such permanent 
inundation on species composition and spatial distribution of the vegetation of a formerly drained coastal fen, 
and addressed the question of whether re-establishment of peat-forming reed vegetation is foreseeable. For 
vegetation mapping and monitoring we combined permanent plot data acquired during four years following 
shallow flooding, high-resolution aerial imagery and an elevation model. Five vegetation types were 
distinguished, and we analysed their spatial distribution and succession patterns throughout the years. Pre-
existing vegetation, its spatial arrangement and the water level played major roles in secondary succession. 
Existing patches of Phragmites australis showed high stability, but their growth was not consistent through 
the years and at all inundation depths. Existing stands of Bolboschoenus maritimus were outcompeted by 
Schoenoplectus tabernaemontani or vanished and formed relatively stable ponds of open water with 
hydrophytic species. We concluded that the expansion of reed as peat-forming vegetation is likely to proceed 
slowly, but fluctuations in water level and edge effects will probably maintain a persistent mosaic of vegetation 
and open water in the near future. 
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INTRODUCTION 
 
Restoration of drained and disturbed fens is aimed at 
both abiotic (physico-chemical) and biotic objectives 
(Pfadenhauer & Grootjans 1999). Abiotic objectives 
include the curtailment of peat mineralisation to 
reduce CO2 emissions, which are typically high in 
drained fen peatlands, and the retention or 
reinforcement of water retention capacity. The 
paramount biotic objectives are to restore habitats for 
specialised plant and animal species and to promote 
their re-establishment after intensive land use. 
Locally, the desired biotic developments can differ 
significantly from site to site depending on 
restoration potential, intended management effort 
and socio-economic considerations. In Europe, a 
common aim in fen restoration is to re-establish 
former species-rich target communities (Patzelt et al. 
2001, Rosenthal 2003, Klimkowska et al. 2007, 
Schrautzer et al. 2013). However, several constraints 
make this difficult to achieve. After decades of 
drainage and intensified use, the hydraulic properties 
of the decomposing peat may have changed 
irreversibly. In particular, the reduced hydraulic 
conductivity and reduced water retention capacity of 

the upper peat layers may impair successful rewetting 
(Richert et al. 2000, Holden et al. 2004). Spatially 
heterogeneous peat shrinkage can make it difficult to 
set a desirable water level for a target area as a whole 
(Succow & Joosten 2001, Hoogland et al. 2012). Peat 
mineralisation and fertiliser application can cause 
eutrophication, and the soil seed bank may be 
depleted in propagules of the desired target species 
(van Dijk et al. 2007). Finally, the development and 
stability of plant communities after an initial 
intervention to effect restoration remain unclear, and 
unpredicted and unwanted developments can occur 
(Klötzli & Grootjans 2001). 

Under these constraints, various concepts of fen 
rewetting and vegetation re-establishment have been 
discussed and applied in the past, including topsoil 
removal and sowing of the target species (Roth et al. 
1999, Patzelt et al. 2001, Succow & Joosten 2001). 
The ambitious objective of recreating a near-pristine 
state makes large investments necessary and success 
is not guaranteed (Klötzli & Grootjans 2001, 
Klimkowska et al. 2010). Thus, individual rewetting 
aims need to be reconsidered in terms of cost and 
benefit. Where cost-intensive measures like topsoil 
removal are not realisable, changed physical 
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properties of the peat often make temporal or 
permanent inundation essential to avoid its further 
aeration and mineralisation. Moreover, when peat 
shrinkage has caused the fen surface to sink below 
the level of adjacent water sources, the cessation of 
artificial drainage measures alone can result in 
permanent flooding (Timmermann et al. 2006). 

In north-eastern Germany, where this case study 
is located, rewetting of drained fens aims primarily to 
reduce ongoing peat decomposition and nutrient 
leaching under extensified use (MLUV 2009). Natural 
development without further management is desired 
on 10 % of the restored sites. Here, the aim of rewetting 
is to recreate self-regulating ecosystems with peat-
accumulating vegetation (Timmermann et al. 2006). 
This restoration paradigm focuses on the restoration 
or protection of ecosystem functions and processes 
rather than on target species (Ehrenfeld 2000). 

Under the constraints mentioned above, the 
approach of choice for these fens is often year-round 
flooding. Inundation after decades of drainage is 
heavily destabilising for the fen ecosystem and is 
supposed to cause a rapid shift to vegetation types 
dominated by helophytes (Richert et al. 2000, 
Timmermann et al. 2006, Toogood & Joyce 2009). 
However, the patterns and processes controlling 
short-term vegetation development after flooding of 
species-poor rich fens are not fully understood. 
Therefore, monitoring is important for success 
control and to improve our knowledge of early 
secondary succession patterns (Klimkowska et al. 
2010, Zerbe et al. 2013). 

Approaches for monitoring the success of 
restoration include pure floristic assessment, analysis 
of permanent plot data and vegetation mapping. 
Regular recording of permanent plots is a valuable 
tool for detecting vegetation changes over time 
(Bakker et al. 1996), and has been applied widely to 
study succession in wetlands under restoration 
(Klötzli & Grootjans 2001, Van Geest et al. 2005, 
Rosenthal 2006). However, spatial features of plant 
distribution are important factors controlling 
succession (Augustin et al. 2001). This is especially 
true for species-poor fen ecosystems in which plant 
species mainly propagate rhizomatously. Therefore, 
to detect spatial patterns and small-scale changes 
over short timescales it is desirable to complement 
plot data with annual vegetation maps. Since species-
poor rich fens are often characterised by stands 
dominated by certain species with relatively sharp 
boundaries, categorical maps of vegetation types 
offer a good representation of such ecosystems. 

Vegetation mapping based on the classification of 
aerial and satellite imagery is quite well developed 
(see Xie et al. 2008 for a review). Typically, multi- 

or hyper-spectral satellite imagery is used as the data 
source, offering good and reliable results at larger 
scales. However, high spectral resolution satellite 
imagery is still limited in spatial resolution, whereas 
airborne high spectral resolution imagery is still 
costly. Recently, unmanned aerial vehicle (UAV) 
based aerial photography has gained more and more 
attention (Colomina & Molina 2014), and low 
spectral but high spatial resolution sensors make 
these systems an affordable alternative for various 
applications. They may be especially interesting and 
valuable for monitoring ecosystem-scale vegetation 
development, although few studies are yet available. 

Here, we used annual RGB aerial images with a 
20 cm pixel width on the ground in combination with 
plot-based vegetation data and a digital elevation 
model for object-based vegetation mapping to 
monitor small-scale vegetation dynamics after 
rewetting and abandonment of a coastal 
paludification fen. We analysed both floristic 
changes and spatial patterns of vegetation 
development. Under the changed water regime we 
expected water level to remain an important factor 
controlling species distribution, and a rapid 
extinction of non-helophytic species. Since the 
remaining helophytes primarily propagate 
vegetatively, we furthermore expected that spatial 
properties of vegetation patches (primarily shape and 
distance to neighbours) may act as important controls 
for species distribution. On the basis of our short-
term observations, we strive to deduce developments 
for the future, and address the question of whether the 
objective of establishing extensive peat-forming 
vegetation is likely to be achieved. 
 
 
METHODS 
 
Study site 
The study was conducted at the “Rodewiese” 
(54° 12.7′ N, 12° 10.8′ E), a coastal paludification fen 
in the nature reserve “Heiligensee und Hütelmoor” 
located near the city of Rostock, Germany (Figure 1). 
The fen extends up to 1.6 km from north to south and 
up to 1.4 km from east to west. A small raised bog of 
a few hectares has grown on top of the fen in the 
southern part of the site. The site was episodically 
flooded with Baltic Sea water until a dune dyke was 
built in 1963. Since then, the fen has been almost 
completely hydrologically isolated from the sea, 
leading to an increase of freshwater influence 
(Scheller & Voigtländer 1996, Koebsch et al. 2013). 
The site had been actively drained and intensively 
used as grassland since 1960 with water levels down 
to  1.6 m  below  the  surface,  resulting  in  rapid  peat 
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Figure 1. a) Location of the study site within Germany; b) aerial image of the nature reserve “Heiligensee 
und Hütelmoor” showing the study area; c) positioning of sampling points within the study area. 

 
 
 
decomposition. The soil was identified as a sapric 
Histosol in 2010. 

Changed economic conditions and rising 
awareness for nature conservation led to a change in 
fen use policy in former Eastern Germany. Thus, 
active dewatering of the study site had ceased by 
1990, resulting in water levels near or above the 
ground surface in winter. However, water levels still 
dropped to 70 cm below the surface in summer, 
allowing ongoing peat mineralisation. Eventually, to 
keep water in the catchment, a loose-rock check dam 
(low-grade weir) was installed at the catchment outlet 
in winter 2009/2010. The main goals of this measure 
were to stop peat decomposition, to recreate a self-
regulating ecosystem with peat-forming vegetation 
and without the need for management, and to create 
a hydrological protection zone (Succow & Joosten 
2001) for the raised bog. It was planned as a low-cost 
experimental action with low follow-up expenses. 
The initial plan did not specify any target species, 
although expansion of Phragmites australis as the 
dominant species was expected for the fen area. 
Likewise, no adaptive further steps were planned. 

The outflow limitation resulted in year-round 
shallow flooding of most parts of the study area with 
varying mean annual water levels of 0.51 m, 0.27 m 
and 0.32 m above ground level in 2011, 2012 and 
2013, respectively, with a spatial deviation of around 
± 0.5 m. In 2009, before permanent inundation, the 
vegetation was already dominated by helophytic 
species, i.e. Phragmites australis, Bolboschoenus 
maritimus, Schoenoplectus tabernaemontani and 
Carex acutiformis, together with abundant remnants 
of grassland use. 

Field sampling 
We recorded vegetation annually in late June from 
2011 to 2014. Plant species were recorded at 64 
circular plots of 1 m radius arranged in an equidistant 
grid covering an area of 13 ha (Figure 1). The plots 
were positioned and relocated every year with an 
RTK-DGPS device allowing for centimetre accuracy 
of relocation without permanent marking. We 
estimated species cover and total plant cover values 
on a percentage scale. The area covered with open 
water or bare soil was recorded as well. In addition to 
these data, we used records of two unpublished 
vegetation surveys of the area from 2010. However, 
since their research focus was different and the 
sampling effort in our target area was lower, these 
data could be used to get an insight into diversity 
developments but not for mapping. 
 
Aerial imagery and elevation model 
Aerial RGB images of the site were acquired 
annually in late June from 2011. For logistic reasons, 
the camera platform changed over time. The 2011, 
2012 and 2014 images were taken by an aeroplane-
based camera system yielding a ground resolution of 
at least 20 cm. In 2013, a UAV-based camera was 
used yielding a ground resolution of 3 cm. We used a 
digital elevation model (DEM) of the site with 
ground resolution 1 m and vertical precision 1 dm or 
better, generated from airborne laser scanning data 
acquired by the surveying authorities in 2007, before 
the site was rewetted. This allowed us to derive water 
level information for the whole study area based on 
measurements from an automated water level logger 
that was installed at the centre of the site in 2011. 
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Vegetation classification and map generation 
We classified vegetation data using complete-linkage 
hierarchical clustering based on Bray-Curtis 
dissimilarity (Legendre & Legendre 1998). The final 
number of classes was determined by identifying the 
first break in the explained variance versus number 
of clusters (“elbow method”). Class labels were then 
specified according to species with highest fidelity 
(diagnostic species) based on their respective 
φ-coefficients (Chytrý et al. 2002). Each plot was 
thus assigned to a vegetation class and served as a 
point for aerial image classification. In more detail, 
we followed the following procedure for map 
generation: 

1. Image preparation and texture extraction: All 
images were re-sampled to 20 cm ground 
resolution for comparability. For each band, we 
calculated pixel-wise textural measures based on 
the grey level co-occurrence matrix (GLCM) of a 
local neighbourhood of 1m. The measures 
calculated were mean, energy, entropy, 
correlation, inverse difference moment, inertia 
(Haralick et al. 1973), cluster Shade, cluster 
Prominence (Conners et al. 1984). All resulting 
layers including the DEM were combined into a 
single multiband image. 

2. Image segmentation. A problem of pixel based 
image classification approaches is the salt-and-
pepper-effect (Yu et al. 2006) - neighbouring 
pixels are classified differently despite belonging 
to the same classification target due to effects of 
shadow, varying reflection, leaf senescence etc. 
The effect increases with increasing image 
resolution, because single pixels no longer 
represent the whole spectrum of the classification 
targets. Such classification results are useless for 
analysis of patch metrics. To overcome this, 
groups of connected pixels can be analysed. From 
the plethora of image segmentation algorithms 
(Dey et al. 2010) we applied the relatively recent 
mean shift algorithm (Comaniciu & Meer 2002) 
as proposed for vegetation mapping by Ponti 
(2013) with a minimum region size of the size of 
the bounding square around our ground truthing 
plots (4m²). This is likely to produce an over-
segmentation since the vegetation stands in our 
ecosystem are typically much larger. However, 
subsequent classification should merge over-
segmented areas back together. For the resulting 
segments, mean, range and standard deviation of 
all bands were calculated. 

3. Classification. Features of image segments 
intersecting with classified vegetation sampling 
points were used as training instances for an svm-

classifier with a 3rd degree polynomial kernel. 
Sampling points very close to a segment border 
were manually removed from the training dataset. 

All image processing steps including texture 
calculations and segmentation were performed with 
the open source image processing libraries scikit-
image (van der Walt et al. 2014) and Orfeo toolbox 
(Inglada & Christophe 2009) with their python 
interfaces. For all other statistical analyses we used R 
(R Core Team 2011) with various additional 
packages. 
 
Analysis of vegetation development 
Vegetation development was analysed on the basis of 
the pure plot data as well as spatially using the maps 
produced by the method described above. We applied 
non-metric multidimensional scaling (NMDS, 
Shepard 1962) based on Bray-Curtis distances (Faith 
et al. 1987) of vegetation composition between plots 
to visualise overall changes. Furthermore, we 
calculated alpha-, gamma-, and beta diversity in 
terms of effective species numbers at plot scale (Hill 
1973, Jost 2007, Tuomisto 2010). These were 
calculated with the weighting exponent q = 0 (species 
weighted equally) and q = 1 (species weighted 
according to their proportional abundances). To 
enable comparison of our data with the results of the 
2010 studies, we also calculated these measures as 
averages of 100 subsamples selected randomly from 
the 2011–2014 datasets (n = 64 each) with the same 
sample size (n = 28) as in the 2010 studies. To 
characterise the changed abiotic conditions we 
calculated site means of Ellenberg indicator values 
and the significance of their change, assuming them 
to be metrically scaled (Diekmann 2003). 

From the generated vegetation maps we 
calculated area proportions of the respective 
vegetation compartments as well as patch metrics to 
characterise spatial developments. From the plethora 
of available landscape and patch metrics that are 
regularly applied in ecological research (McGarigal 
& McComb 2011, Walz 2011) we calculated indices 
representing different aspects of landscape structure 
(Riitters et al. 1995, McGarigal 2006), namely: 
aggregation index, edge density, patch core area 
index, mean shape index, and number of patches. 
 
Factors controlling short-term succession 
To understand what controls the short-term 
succession trajectories we modelled vegetation 
changes from year to year at ecosystem scale using a 
spatially explicit multinomial logit regression model 
(Franklin 1995, Augustin et al. 2001) based on the 
vegetation maps. Predictor variables are the 
vegetation type at a certain pixel in the previous year, 
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mean water level at that position the previous year, 
the distance to the nearest edge of the vegetation 
patch that that includes the pixel (centrality), and the 
respective interaction terms. Response is the 
vegetation type found at the same point in space in 
the current year. Logit regression coefficients are 
given with respect to symmetric side constraints 
(Zahid & Tutz 2009), i.e. coefficients are presented 
with respect not to a certain reference level, but to a 
median outcome. The calculation is based on 5000 
randomly sampled pixels taken from the respective 
maps. For validation, 5000 other randomly sampled 
pixels were used. 
 
 
RESULTS 
 
Vegetation development at plot scale 
Within the coastal fen studied, overall plant species 
(gamma-) richness declined drastically after 
flooding, with the most rapid developments taking 
place in the first two years. During the two studies 
performed in 2010, 46 species were found. In the 
course of our study with higher sampling effort 
(64 plots) species richness declined from 37 to 27 
between 2011 and 2012, then increased slightly to 29 
in 2013 and 33 in 2014. When sub-sampled to the 
effort level of the 2010 studies (28 plots), total 
richness was even lower, at 24.8, 19.7, 18.7 and 22.1 
in the successive years from 2011 to 2014. We found 
a similar development at plot (alpha-) scale, with 
richness declining continuously from 6 to 4.4 species 
over the period 2010–2014. Gamma decline was 
more pronounced until 2012, resulting also in a 
decline of beta richness, but it slightly increased 
again in 2013 and 2014 (Table 1). 

We found a similar development taking species 
proportional abundances into account (q = 1, 

Table 1). From 2010 to 2014 abundance weighted 
gamma diversity declined from 14.4 to 5.6. Alpha 
diversity was low in all five years, ranging between 
2.2 and 3.2 (in 2011). High contrast between richness 
and diversity of order q = 1 indicates low evenness of 
species distribution throughout the time after 
inundation, i.e. plots were mostly dominated by one 
or two species. 

To allow direct comparison of permanent plots, in 
the following we consider only data from our own 
study covering the years 2011 to 2014 (Figure 2), 
accepting that the first year after flooding is omitted. 
Grassland species that are sensitive to high water 
levels (e.g. Holcus lanatus, Potentilla anserina, 
Trifolium repens) died back immediately, persisting 
only at a few locations that are exposed during the 
course of the year due to higher ground elevation. 
Species tolerating seasonal inundation that were 
formerly widely distributed across the area, namely 
Agrostis stolonifera and Alopecurus geniculatus, 
were present until 2011 but then rapidly declined and 
vanished from most plots. On the other hand, 
hydrophytic species depending on permanent 
inundation quickly emerged. Lemna spp. appeared 
within the first year, whereas the appearance of 
Ceratophyllum submersum was delayed until 2012. 
All submerged and floating helophytes are now 
present in almost all plots that are permanently 
inundated (Figure 3). The general successional 
trajectory towards helophytic/hydrophytic species 
composition becomes obvious in the NMDS 
ordination diagram (Figure 4). 

Among the dominant emergent macrophytes 
some consistent patterns turn up. Phragmites 
australis did not expand significantly in frequency 
from 2011 to 2014. Schoenoplectus tabernaemontani 
and Bolboschoenus maritimus had grown in co-
occurrence   in   many   plots   in   2011   with   higher

 
 
Table 1. Development of alpha-, gamma- and beta diversity (Hill numbers) with respect to sampling data from 
2010 to 2014. The weighting factor q determines how species abundances are taken into account (q = 0 yielding 
species richness). Note that the 2010 data were not acquired within this study. Numbers in brackets represent 
results after averaging 100 random subsamples of the 2011–2014 datasets to the number of plots in the 2010 
studies. 
 q = 0  q = 1 

 α γ β  α γ β 
2010 (n=28) 6.0 46 7.7  2.9 14.4 5.0 
2011 (n=64) 5.0 (5.0) 37 (24.8) 7.3 (4.8)  3.2 (3.2) 8.0 (7.9) 2.5 (2.5) 
2012 (n=64) 4.7 (4.7) 27 (19.7) 5.7 (4.1)  2.5 (2.5) 5.5 (5.2) 2.2 (2.1) 
2013 (n=64) 4.4 (4.4) 29 (18.7) 6.6 (4.2)  2.7 (2.7) 5.9 (5.6) 2.2 (2.1) 
2014 (n=64) 4.8 (4.7) 33 (22.1) 6.9 (4.6)  2.2 (2.2) 5.6 (5.3) 2.5 (2.4) 
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Figure 2. Vegetation maps of the study area generated from aerial images and plot-based vegetation data. 

 

 
abundances of Bolboschoenus tabernaemontani. In 
the following years Schoenoplectus tabernaemontani 
increased in both frequency and abundance whereas 
Bolboschoenus maritimus declined both in frequency 
and abundance and did not dominate plots anymore. 

Mean Ellenberg indicator values (Table 2) 
generally indicate very wet conditions (F value), 
marked salt influence (S), sub-oceanic climate (K) 
and openness of the canopy (L). The changed 
hydrological conditions are reflected in an increase 
of the F value from 8.2 in 2010 to almost 11 in later 
years. The N value tended to increase after 2010, 
possibly due to the lack of export and decomposing 
biomass, but this change was not significant. 

Vegetation types and their succession patterns 
Hierarchical clustering of plot vegetation data 
revealed five distinctive classes explaining 40.1 % of 
variance in the dataset. These clusters feature high 
fidelity and average cover values (Table 3) of one 
dominant emergent macrophyte in four cases and 
open water, optionally vegetated by hydrophytes, in 
the fifth case. Whereas Phragmites australis most 
often dominates plots where it occurs, co-occurrence 
of Bolboschoenus maritimus and Schoenoplectus 
tabernaemontani is quite common, and the cluster 
assignment is thus controlled by their respective 
abundance. In the following, we refer to the clusters 
by the following names: Phragmites, Schoenoplectus,
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Figure 3. Development of species frequencies (a) and abundances (b) from 2011 to 2014 (normalised to the 
value in the year of first occurrence). Only the twelve species that underwent the greatest changes are shown. 
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Figure 4. NMDS-ordination (stress 0.17) based on Bray-Curtis dissimilarities of vegetation records from 
2010 to 2014. 

 
 
 
 
Table 2. Community weighted mean Ellenberg indicator values throughout the site (standard deviation in 
brackets) in the course of the years. Significance of differences tested with t-test. Both imply the assumption 
of the indicator values being metrically scaled. 
 
  Indicator value 

year  N F L R T K S 

2010  5.5 (0.7)a 8.2 (1.8)a 7.5 (0.4)a 6.5 (1.8)a 5.5 (0.5)a 4.1 (0.9)a 0.6 (0.6)a 

2011  6.1 (0.6)ab 9.9 (1.0)ab 7.6 (0.5)a 7.1 (1.0)a 5.7 (0.5)a 3.6 (0.7)a 1.1 (0.7)a 

2012  5.8 (0.7)a 10.7 (0.9)b 7.2 (0.3)ab 7.2 (0.9)a 5.7 (0.4)a 3.4 (0.6)a 0.8 (0.5)a 

2013  6.0 (0.8)ab 10.9 (0.9)b 7.0 (0.3)b 7.3 (0.9)a 5.9 (0.5)a 3.4 (0.6)a 0.8 (0.6)a 

2014  6.8 (0.9)b 10.5 (1.0)c 6.9 (0.4)b 7.5 (1.0)a 6.0 (0.8)a 4.1 (1.1)a 0.5 (0.7)a 
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Table 3. Diagnostic species derived from vegetation clustering with fidelity (a) and cover values (b) for each 
vegetation type. The number of plots classified to each vegetation type throughout the years is given in (c). 
 
 Vegetation type 

 Phragmites Schoeno-
plectus 

Open 
water 

Juncus/ 
Carex 

Bolbo- 
schoenus 

a) Fidelity (φ coefficient)      
Phragmites australis 0.8 -0.4 -0.3 -0.1 -0.3 
Schoenoplectus tabernaemontani -0.6 0.6 0 -0.2 0.2 
Open water -0.5 0.4 0.2 -0.2 0.3 
Juncus effusus -0.1 -0.1 0 0.6 -0.1 
Poa trivialis -0.1 -0.1 -0.1 0.6 -0.1 
Potentilla anserina -0.2 -0.1 -0.1 0.6 -0.1 
Holcus lanatus -0.1 -0.1 -0.1 0.5 -0.1 
Carex hirta -0.1 -0.1 0 0.4 -0.1 
Bolboschoenus maritimus -0.4 0.2 0.1 -0.3 0.4 
      
b) Average cover (%)      
Phragmites australis 76.3 0.9 0.2 4 1.9 
Schoenoplectus tabernaemontani 0.6 34 1.3 2.1 5 
Open water 16 56.2 88.8 13 63.3 
Juncus effusus 0.5 0 0.2 18.5 0 
Poa trivialis 0 0 0 1.9 0 
Potentilla anserina 0 0 0 0.6 0 
Holcus lanatus 0 0 0 2.2 0 
Carex hirta 0 0 0 0.3 0 
Bolboschoenus maritimus 1.9 6.5 1.9 0.1 26.5 
      
c) Number of plots      
2011 25 11 4 5 19 
2012 26 11 9 5 13 
2013 27 18 5 7 10 
2014 29 17 8 6 4 
Complete dataset 107 57 26 23 46 

 
 
Bolboschoenus, Juncus/Carex, and “open water”. 
Aerial images were classified (as described in 
Methods) according to these clusters (Figure 2). The 
following analyses and the reported results refer to 
the maps thus generated. 

The five vegetation types distinguished were 
unevenly distributed along the altitude gradient 
(Figure 5). At altitudes below 0.2 m a.s.l. open water 
covered 46 % of the total area in 2011, whereas its 
cover ranged only between 5 % and 20 % at higher 
altitudes. Phragmites stands had their largest relative 
cover at 0.4–0.6 m a.s.l. but still contributed 

reasonable cover at higher and lower altitudes. 
Bolboschoenus and Schoenoplectus stands had 
noteworthy relative cover only at altitudes below 
0.6 m a.s.l., whereas Juncus/Carex stands occupied 
only areas above 0.4 m a.s.l. The latter play a minor 
role at our site because the fraction of the study area 
at these altitudes is relatively small. 

During the period of study, Bolboschoenus stands 
showed a strong spatial decline whereas open water 
areas increased continuously (Figure 6). This 
contrasts with the unclassified plot data, which do not 
indicate     a    rapid    decrease     of     Bolboschoenus.
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Figure 5. a) Distribution of surface altitude classes (metres above sea level; m a.s.l.) on the site. Altitudes 
above 1 m a.s.l. are not shown because they account for less than 1 % of the total area. b) Development of 
mean water levels within altitude classes. The vertical grey lines or rectangles indicate periods of ice cover. 
c) Development of the area proportions of vegetation types with respect to altitude above sea level. 

 
 
 

 
Figure 6. Succession trajectories for the five vegetation classes in the second to fifth years after rewetting. 
Arrows are scaled according to the area proportions of the respective paths. Only arrows representing more 
than 5 % of the total area are drawn. 
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However, its relative abundance compared to other 
species, especially Schoenoplectus, decreased. In 
other words, despite still being present where it was 
before, it was no longer dominant in later years 
(Table 3). The other classes distinguished changed 
only a little, with both Schoenoplectus and 
Phragmites stands increasing slightly and 
Juncus/Carex stands remaining little changed. 

Looking at the specific succession trajectories it is 
notable that both Phragmites and Juncus/Carex 
stands, as well as areas of open water, are relatively 
stable (Figure 6). Relative conversion rates between 
the Bolboschoenus and the Schoenoplectus type are 
high. The increase of open water can be mostly 
attributed to conversions of Schoenoplectus and 
Bolboschoenus stands, caused by dieback or very low 
shoot abundance in these two species. On the other 
hand, areas of open water were more likely to be 
recolonised by these species than by Phragmites 
australis. 

There was no consistent temporal trend in the 
selected geometrical properties for any of the 
vegetation types (Figure 7). Phragmites patches 
showed a tendency to merge into bigger contiguous 
and compact areas, expressed by increasing 
aggregation and core area indices and decreasing 
patch number and edge density from 2011 to 2014. In 
contrast, Bolboschoenus patches got smaller and 
disaggregated resulting in lower edge density and 
aggregation index. 

Consistent for all patch classes is the reduction of 
shape index (expressing the relationship between 
actual patch perimeter and the perimeter of a 
same-sized patch of maximum compactness) from 
2011 to 2012 followed by a recovery from 2012 to 
2013. The decline in 2012 can be linked to an 
exceptionally high water level late in the 2011 
growing season, caused by a heavy rainfall event. In 
contrast, 2012 was an exceptionally dry year. 

Spatially explicit succession models of the year-
to-year development had relatively high Pseudo-R² 
values sensu McFadden of more than 0.35 for each 
year. They show some consistent general trends 
accompanied by effects that change during the years 

(Table 4). According to the model coefficients, there 
is a high probability that pixels assigned to the 
Phragmites, Juncus/Carex or open water classes will 
remain in one of these (coefficient positive), as 
already suggested by Figure 5. Centrality of a pixel 
within patches of these classes (d0), i.e. its position in 
the core area of a patch, made it more likely to remain 
in these classes. Higher water levels made it more 
likely for a pixel to end up in patches of 
Bolboschoenus or Schoenoplectus. If the influence of 
water level is removed, however, we find much less 
significant and less important coefficients for the 
odds ratios involving these two classes, suggesting 
that there is a high uncertainty about the development 
within patches of these types. 

Examples of inconsistencies between periods can 
also be found; the effects of the predictors on the odds 
ratios of Phragmites varied throughout the years. For 
example, colonisation of core areas of other 
vegetation types by Phragmites was less likely from 
2012 to 2013 than in other periods (coefficients for 
interaction terms with d0 negative). Accordingly, 
deep water areas (V0_Open_water×W0) were likely to 
remain in the 2011–2012 and 2013–2014 periods, but 
not in 2012–2013. More generally, significant effects 
were found for year-to-year development of several 
predictors incorporating water level, but not for the 
others. Again, this coincides with the general water 
level trend, as seasonal water levels varied 
remarkably and were lowest in 2012. 
 
 
DISCUSSION 
 
Vegetation development 
Typically, restoration projects in peatlands 
accomplish rewetting in one single step. In contrast 
to this the water levels in the site were increased 
moderately in 1990 and, thus, had been relatively 
high for 18 years before complete inundation, with 
partial inundation in winter months. Thus, vegetation 
prior to this rewetting project was not a typical 
meadow community, but already comprised 
helophytic   species   like   Bolboschoenus  maritimus, 

 
 
 

 
 
Figure 7. Development of geometrical properties of vegetation patches in the study area by class measure 
from 2011 to 2014. 
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Schoenoplectus tabernaemontani and Phragmites 
australis. Thus, even in 2010, average Ellenberg 
moisture (F) values of the species present were high 
(8.2). Furthermore, many of these species are salt-
tolerant and indicate legacies of marine influence. 

The F value increased to almost 11 in later years, 
indicating permanent inundation. The flooding led to 
rapid change in vegetation composition associated 
with a dramatic decline of plant species diversity. 
Remnants of grassland communities and species that 
are not adapted to year-round flooding vanished 
within two vegetation periods on almost all plots, 
among them Holcus lanatus, Trifolium repens, 
Ranunculus repens and Potentilla anserina. No new 
species appeared in the area besides the hydrophyte 
Ceratophyllum submersum. This dieback and the 
cessation of mowing might have caused in increase 
in nutrient availability for the remaining species. 
Indeed, there was a minor increase in the mean 
Ellenberg N value, but this change was not 
significant (Table 2). Likewise, there was no marked 
change in the other indicator values. 

The initial stage of secondary succession was a 
mosaic of water with floating macrophytes and reed-
like vegetation. The latter may serve as starting point 
for clonal expansion, so that a faster development of 
closed-canopy reed-like vegetation after flooding 
than known from other rewetting projects (Zerbe et 
al. 2013) could have been expected. 

On the one hand, water is an important dispersal 
pathway for diaspores of many temperate wetland 
species. But even if adult individuals are adapted to 
frequent or permanent flooding, most of these species 
require exposed conditions or at least shallow water 
conditions for seed germination and establishment of 
saplings (Coops & Van der Velde 1995, Coops et al. 
2004). This also holds for the dominant species in this 
study: Bolboschoenus maritimus, Schoenoplectus 
tabernaemontani (Clevering 1995, Clevering & 
Hundscheid 1998) and Phragmites australis 
(Engloner 2009). Therefore, clonal dispersal is the 
predominating process in the establishment of reed 
vegetation under flooded conditions. Thus, the 
seedbank   in   the   area   is   unlikely   to  be  a   controlling

 
 
Table 4. Logit regression coefficients for multinomial succession models for year-to-year vegetation change. 
Coefficients are shown with respect to symmetric side constraints (Zahid & Tutz 2009). Significant positive 
values (white background) indicate a positive effect of the respective predictors on the odds ratio, negative 
values (dark grey) indicate a negative effect. V0: Vegetation at sample point in previous season, d0: distance 
to nearest different vegetation unit in previous season, W0: Water level in previous vegetation period. 
Validation accuracies are 56 %, 57 %, 65 %; McFadden’s pseudo R² values are 0.32, 0.37, 0.46 for the 
respective models. P-values: ***: p < 0.001; **: p < 0.01; *: p < 0.05; ’: p < 0.1. 
 

  Phragmites Juncus/Carex Schoenoplectus Bolboschoenus Open water 

  2011/ 
2012 

2012/ 
2013 

2013/ 
2014 

2011/ 
2012 

2012/ 
2013 

2013/ 
2014 

2011/ 
2012 

2012/ 
2013 

2013/ 
2014 

2011/ 
2012 

2012/ 
2013 

2013/ 
2014 

2011/ 
2012 

2012/ 
2013 

2013/ 
2014 

V0_Phragmites  1.3*** 1.6*** 2.6*** 0 0 -0.6’ -0.4* 0 0 -0.4* 0 0 0 -1.0** -1.2*** 

V0_Juncus/Carex  1.0*** 1.1*** 1.3*** 0.9*** 0.6* 0 0 0 0 -0.6* -1.0* -0.8* -1.0* 0 -0.7* 

V0_Schoenoplectus   0 0.6** 0 0 -1.6** 0 0.3’ 1.1*** 0.8** 0 -0.6* -1.2** 0.4** 0.4* 

V0_Bolboschoenus   0 1.1*** 0.6’ 0 0 0 0 0.7* 0 0 -1.0** 0 -0.4’ 0 

V0_Open_water   0.8** 0 -2.7* -0.9** -1.2* 1.0** -0.7** 0.8*** 0 0 -0.8* 1.0** 0.7*** 0.8*** 

V0_Phragmites×d0  0.6*** 0.8*** 0.4*** 0 0 0 0 -0.2’ -0.3’ 0 0 -0.7’ -0.7*** -0.5* 0.5*** 

V0_Juncus/Carex×d0  0.5’ -0.7** -0.3** 0.6’ 0.4’ 0.1** 0 0 0.1** 0 0.7* 0 0 0 0 

V0_Schoenoplectus×d0  0.3* -0.4** -0.6*** 0 0 0 0 0 0 0 0.3* 0 0 0.3* 0.2* 

V0_Bolboschoenus×d0   -0.7*** 0 0 0 0 0 0.5*** 0 0 0.3* 0 -0.2* 0.3* 0 

V0_Open_water×d0   -1.2*** 0 0 0 0 0 0.3*** 0 0 0 0 0.7* 0.4*** 0.5** 

V0_Phragmites×W0  -2.3*** -2.4*** 1.3’ -7.8*** -11.5*** -8.2*** 4.5*** 5.5*** 4.5*** 3.4*** 2.4* 0 2.1* 5.9*** 0 

V0_Juncus/Carex×W0  3.1** -5.4*** -2.3’ 0 -8.2*** -5.9*** 0 6.7** 0 0 5.4* 0 0 0 6.3* 

V0_Schoenoplectus×W0  2.8’ 5.2*** 4.6*** -14.3*** -11.3*** -14.7*** 4.0** 3.8*** 1.9’ 0 2.5* 4.0** 6.1*** 0 4.1*** 

V0_Bolboschoenus×W0  3.2** 3.3** 0 -13.2*** -10.7*** -19.5*** 5.4*** 3.7*** 4.3** 3.0** 0 8.6*** 0 2.8* 4.3** 

V0_Open_water×W0   0 0 -7.3** -7.2*** -10.3*** 2.1* 5.4*** 2.8** 0 2.2** 6.4*** 2.0* 0 2.3* 
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factor for species distribution. Since the mentioned 
species have differing optimum water levels and vary 
in their tolerance to water level fluctuations 
(Clevering 1995, Clevering & Hundscheid 1998, 
Pagter et al. 2005), long-term succession in the site is 
likely to be controlled mainly by water level, both 
spatially as a result of the uneven surface and 
temporally as a result of year-to-year changes in 
water supply. 

A notable effect was the strong relative decline in 
Bolboschoenus maritimus. Although its frequency 
across the plots did not change substantially 
(Figure 3), its relative abundance decreased, 
resulting in a decreasing number of plots classified as 
the Bolboschoenus type (Table 3). Accordingly, the 
spatial extent of this vegetation type decreased. This 
demonstrates that classification approaches can 
reveal developments that would remain undetected 
otherwise. Despite being a shoreline helophyte, 
permanent inundation above 30 cm seems to hamper 
vegetative expansion of Bolboschoenus maritimus 
(Clevering & Hundscheid 1998). The high water 
level in 2011 promoted this development, as shown 
in the respective significant positive model 
coefficients. The core area of Bolboschoenus stands, 
expressed in the predictor V0_Bolboschoenus×d0, had no 
pronounced positive effect on their persistence, nor 
on the formation of other patches, indicating that the 
plants in these patches either died back because of the 
inundation or that Bolboschoenus was outcompeted 
by other species. Another important effect that plays 
a role in the spatial instability of Bolboschoenus and 
Schoenoplectus stands is their tendency to form Plavs 
(Pallis 1916), floating islands of emergent 
macrophytes that are not spatially fixed. 

Phragmites australis showed high tolerance of 
varying water table levels and thus spread during the 
course of the study. This tolerance has been 
extensively observed both in situ and in experiments 
(Coops & Van der Velde 1995, Blanch et al. 1999, 
Shay et al. 1999, Pagter et al. 2005). Mechanical 
disturbance such as grazing and trampling by heavy 
animals, to which Phragmites shows high sensitivity 
(Sweers et al. 2013), rarely occurs in the site. Thus, 
existing formations of Phragmites display high 
stability and changes in the spatial extent of reed belts 
happen mainly at their edges, either as expansion or 
as dieback and thus replacement by open water. 
Intrusion of other emergent macrophytes seems to be 
impeded by competitive exclusion. 

Generally, the spatial development of Phragmites 
and open water stands was more consistent 
throughout the years and was more precisely 
predictable than that of the Bolboschoenus and 
Schoenoplectus types. This might be partially 

attributable to the less-clear separation of these two 
classes resulting in uncertainties in assignments on 
the maps and in subsequent analyses. 

The interplay of clonal dispersal and decline, 
possibly due to mechanical effects of turbulence and 
surface waves, ice cover, herbivory, or lack of 
regeneration, are those seen on shorelines of lakes 
and rivers especially under fluctuating water levels 
(Spence 1982, Coops & Van der Velde 1996). 
Varying water levels are known to promote the 
persistence of a mosaic of different vegetation types 
(Keddy & Reznicek 1986) and thus floral and faunal 
diversity. Indeed, we found pronounced compaction 
of vegetation patches expressed in their geometrical 
properties from 2011 to 2012 (high water level, 
causing partial dieback and low shoot abundance in 
Bolboschoenus maritimus and Schoenoplectus 
tabernaemontani), but an increase in the irregularity 
of patches phasing out again from 2012 to 2013 (low 
water level, allowing for clonal expansion). 
 
Developments with respect to restoration targets 
The main goal of the rewetting measure implemented 
was to restore major ecosystem functions and 
processes, in particular retention of carbon and 
nutrients due to peat formation. Peat formation as the 
result of a long-term excess of productivity over 
decomposition requires permanently anaerobic 
conditions and the presence of plant species with 
peat-forming potential (Moore 1989). The first 
requirement was directly met with permanent 
inundation, which was achievable at low cost under 
the prevalent polder-like topographic conditions. Our 
results indicate that the second requirement might be 
met as well in the long term, since Phragmites 
australis, as a species with high productivity and 
peat-forming potential (Zerbe et al. 2013), showed 
high stability and slight increase. 

With all necessary precaution in view of the short 
observation period of four years in the initial stage of 
succession after inundation, we can anticipate 
various developments in the near future. First, 
Phragmites australis and Schoenoplectus tabernae-
montani are likely to remain as the major emergent 
macrophytes. Common reed patches are likely to 
expand further, although relatively slowly. Open 
water areas with floating and submerged 
macrophytes will probably persist and increase in 
years with higher water supply. Intrusion of other 
species (e.g. Typha spp. or Glyceria spp.) will 
happen, if at all, mainly by clonal dispersal from the 
margins of the study site and is likely, therefore, to 
occur relatively slowly. As these species have lower 
peat-forming potential than Phragmites australis 
(Succow & Joosten 2001), this can be regarded 
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positively in relation to the target of restoring carbon 
retention. 

The patterns of succession we observed in this 
early stage after rewetting of a coastal brackish fen 
are similar to those observed in the initial phases of 
other rewetting projects in freshwater ecosystems 
(Timmermann et al. 2006, Zerbe et al. 2013). 

The results indicate that the reinstatement of 
major ecosystem functions in degraded fens is a 
realistic goal that can be reached at low cost in certain 
situations, although some follow-up interventions 
may be necessary. To promote faster development of 
peat-forming vegetation and ongoing peat 
accumulation, it would be necessary to ensure long-
term shallow inundation without prolonged water 
table drawdown (allowing peat decomposition) or 
high-water periods, with gradual readjustment 
following the onset of paludification. 

Conversely, the development of later successional 
stages with higher species diversity and the typical 
flora of undisturbed fens is likely to take decades. 
Generally, approaches focusing on particular target 
species or community types would require expensive 
ongoing adaptive interventions and manipulations, 
such as topsoil removal and seed transfer 
(Klimkowska et al. 2010). With regard to the highly 
degraded nature of our site and many of the fens in 
the region, it is doubtful that the re-establishment of 
typical fen flora would ever be a realistic goal. 
 
Methodological aspects 
The approach of using low spectral but high spatial 
resolution aerial images in combination with 
permanent plot data proved to be suitable for 
mapping a species-poor wetland. Our approach of 
vegetation classification and image processing 
delivered reasonable results with average 
classification accuracies of around 70 % (data not 
shown). This is lower than accuracies achievable 
with multispectral images (Frick et al. 2011) but still 
offers usable results. We have to admit that accuracy 
may have benefited from the small number of 
vegetation types in the study area. Lower class 
accuracies were associated with low occurrence of 
these classes and, thus, the small amounts of training 
area. The high ground resolution of 20 cm is a clear 
advantage of airborne images over satellite data, 
promoting both classification quality and usability in 
short-term vegetation monitoring. Spatial 
developments like the ones reported here could 
hardly be addressed with plot-based data only. 

Thus, if the task is monitoring of vegetation that 
is mostly dominated by patches of a few mono- or co-
dominant species, a spatially explicit year-to-year 
analysis based on low spectral/high spatial resolution 

aerial imagery can yield valuable insights about 
short-term and small-scale processes following 
restoration measures that could not be generated from 
monitoring plots alone. 
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