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Restoration of floodplain meadows remains a challenge, as many degraded 

sites suffer from seed limitation. The transfer of seed-containing plant material 

from species-rich donor sites is a widely used method to restore semi-natural 

grasslands. However, most studies on the success of such restoration projects 

comprise limited time frames. As factors determining restoration success 

may only become evident after many years, long-term observations are 

crucial. We re-investigated 20 restored grassland sites in the floodplain of the 

Northern Upper Rhine 13–16 years after plant material transfer with different 

soil preparation treatments. To this end, we carried out vegetation surveys on 

254 permanent plots and studied the potential influence of soil preparation, 

soil nutrients, and hydrology on plant species composition, diversity, and 

transfer of target species. Since sustainable agricultural use is important to 

ensure the long-term stability of restored semi-natural grasslands, we further 

investigated biomass productivity and feeding value. While most target 

species increased in frequency or remained stable over time, we  found no 

positive long-term effect of soil preparation on vegetation development and 

target species establishment. Instead, increased biomass yield and flooding 

frequency led to reduced restoration success, while higher soil C/N ratios had 

a positive effect. Overall, restoration measures did not affect the agricultural 

value of the restored grasslands, which had higher dry matter biomass yields 

compared with the donor sites. Our results indicate that the positive effect of 

soil preparation on the number and cover of target species, which is regularly 

reported in short-term studies, diminishes over time, and other factors such 

as site conditions become increasingly important. Furthermore, additional 

plant material transfer or manual seeding may be necessary to support target 

species establishment. Concerning agricultural usability, the integration of 

restored floodplain meadows in farming systems is possible and can ensure 

long-term management and thus stability of these ecosystems. Our study 

shows that long-term monitoring of restoration projects is necessary, as 

factors determining restoration success may only become evident in the 

long-term.
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Introduction

The worldwide degradation of ecosystems is one of the most 
urgent problems of our time (Díaz et  al., 2019). Ecological 
restoration is a major tool to counteract ecosystem degradation, 
helping the health, integrity, and sustainability of ecosystems to 
recover (Society for Ecological Restoration, 2004; IPBES, 2019). 
The current UN “Decade on ecosystem restoration” (UN General 
Assembly, 2019) underpins the increasing importance of this field. 
Growing focus is given to the conservation and restoration of 
grasslands, as they cover a large proportion of land surface and 
provide high capacity to support biodiversity, multiple ecosystem 
services and are integral to human well-being (Bardgett et al., 
2021). In Central Europe, semi-natural grasslands are of particular 
importance. They are the result of centuries of human activity, and 
low-intensive management by mowing or grazing is required to 
restore and maintain these semi-natural ecosystems and the 
services they provide (Bakker, 1989; Hejcman et al., 2013).

Floodplain meadows are outstandingly diverse grassland 
ecosystems with many rare and endangered plant species 
(Rodwell, 1992; Wesche et al., 2012). Historically, due to their high 
productivity, they served as an important source for forage 
provision for livestock (Rothero et al., 2016). Over the last decades, 
massive structural changes in agriculture resulted in severe 
consequences for floodplain meadows (Jefferson and Pinches, 
2009). Conversion to arable fields, fertilisation, higher cutting 
frequencies, and alterations of the hydrological conditions have 
led to a drastic decline both in the amount of floodplain meadows 
and their ecological quality (Böger, 1991; Joyce and Wade, 1998; 
Bissels et  al., 2004). The restoration of the plant diversity of 
floodplain meadows is therefore urgent, but is a challenging and 
long-lasting process (Engst et al., 2016).

The mere return to low-intensive management on degraded 
floodplain meadows often fails, as typical plant species hardly 
re-establish spontaneously. This is due to the transient soil seed 
bank of many typical floodplain meadow species (Bekker et al., 
2000; Hölzel and Otte, 2004a) and lacking connectivity to the few 
species-rich remnant populations (Donath et al., 2003; Bissels 
et al., 2004). Therefore, active diaspore introduction is required to 
re-establish the typical vegetation within a reasonable timespan 
(Bissels et al., 2004; Vécrin et al., 2007; Jõgar and Moora, 2008; 
Ludewig et al., 2021). Research projects have shown the suitability 
of active species introduction for grassland restoration (Kiehl 
et al., 2010). Out of the available methods, the transfer of freshly 
cut plant material is considered particularly advantageous with 
respect to genetic diversity and autochthonism, and additionally 
enables the transfer of organisms other than plants, such as 
invertebrates (Harnisch et al., 2014; Stöckli et al., 2021).

Generally, the restoration of species-rich grassland using 
freshly cut plant material is more challenging on species-poor 
grassland sites compared to arable fields or raw soils (Kiehl et al., 
2010; Hansen et al., 2022; Valkó et al., 2022). Soil preparation is 
commonly regarded as an important prerequisite for successful 
target species introduction. While it reduces competition by the 

existing grassland vegetation and creates niches for germination 
and successful establishment of seedlings with low competitive 
power (Schmiede et al., 2012), there is increasing evidence that its 
positive effects can diminish over longer time periods (Harvolk-
Schöning et  al., 2020; Freitag et  al., 2021). This affirms the 
importance of long-term monitoring to evaluate the success of 
restoration measures (Resch et al., 2019), as well as considering a 
range of driving factors (Hölzel, 2019).

However, in addition to restoration, semi-natural grasslands 
require adapted management to create adequate disturbance 
regimes and to overcome seed limitation (Klinger et al., 2021). 
Typically, management of floodplain meadows consists of 
mowing, which was traditionally complemented by grazing in 
some areas (Kapfer, 2010). To ensure an adequate management, 
farmers often receive subsidies as part of agri-environment 
schemes (Donath et al., 2021; European Environment Agency, 
2022). However, the acceptance for low-intensity management 
practices might be increased if the biomass produced on these 
sites could be used profitably. Thus it is desirable to keep floodplain 
meadows integrated in the regional farming systems (Tallowin 
and Jefferson, 1999; Donath et al., 2015). This was commonly the 
case until the middle of the last century, but with more possibilities 
to increase productivity, e.g., by fertiliser input, the interest of 
farmers to continue this practice decreased (Hejcman et al., 2013). 
If it could be shown that species diversity and composition had 
neutral or positive effects on fodder quantity and/or quality, this 
might increase the motivation of farmers to re-establish the 
management of sites with high nature conservation value (Donath 
et al., 2015). Donath et al. (2015) found that in comparison to sites 
with low nature conservation value, the fodder quality was 
comparable or even higher in sites with high nature conservation 
value, and that the harvested material could be  integrated in 
farming systems. If this were the case also for restored semi-
natural grasslands, a sustainable management of these sites and 
thus long-term restoration success could be ensured easier.

Soil conditions and productivity of floodplain meadows are 
linked to their agricultural value, which may consequently result 
in a conflict of goals for any restoration efforts (Donath et al., 
2015). Increased nutrient levels can hamper the establishment of 
target species (Gough and Marrs, 1990; Pywell et al., 2006; Waldén 
and Lindborg, 2016), but relevant nutrients and respective 
thresholds vary between study systems. In addition, nutrient 
stoichiometry can modify restoration outcomes, as, e.g., limitation 
by nitrogen (N) has been shown to compensate for negative 
impacts of high P and K availability, restricting productivity and 
species competition (Pywell et  al., 2002; Donath et  al., 2007). 
Additionally, hydrological conditions such as flood and drought 
frequencies can strongly affect species composition in floodplains 
(Hölzel, 1999; Mathar et al., 2015), but their impact on restoration 
success has barely been studied so far.

In a large-scale floodplain meadow restoration experiment 
with plant material transfer at the Northern Upper Rhine in 
Germany, the effect of soil preparation and soil properties on 
species establishment on species-poor grassland had been 
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investigated over the first 3 years (Schmiede et al., 2012). Here, 
we re-investigated the sites 13–16 years after the restoration to 
answer the following questions:

 a. How have the target species developed on the restoration 
sites, and is the effect of soil preparation on species richness 
and composition still detectable after 13–16 years?

 b. Do the restoration sites differ from the donor sites and the 
unrestored grassland in the close surrounding with respect 
to their ecological properties?

 c. What is the agricultural value of the restoration sites, 
compared to unrestored reference grassland in the 
surrounding and the donor sites?

 d. Which effect do soil properties, productivity, nutrient 
stoichiometry, and hydrological characteristics of the 
restoration sites have on the long-term restoration success?

Materials and methods

Study site

The study area is located approximately 30 km southwest of 
Frankfurt in Hesse (Germany), in the floodplain of the Northern 
Upper Rhine. The mean annual temperature of 11.1°C marks the 
region as one of the warmest in Germany, and the mean annual 
precipitation is relatively low with 550 mm (HLNUG, 2022; 
stations Frankfurt (Main) Airport for temperature and Groß-
Gerau-Wallerstädten for precipitation, 1992–2021). The 
fluctuating water level of the river Rhine results in both floods and 
droughts, with groundwater levels of up to 5 m below the surface 
(HLNUG, 2021). Soils are characterised by high clay contents 
often exceeding 50% (Burmeier et al., 2010), which adds to the 
alternating soil water conditions. The specific site conditions and 
low-intensive haymaking supported the development of species-
rich floodplain meadows of the alliances Molinion and Cnidion 
(habitat types 6410 and 6440 according to the EU Fauna-Flora-
Habitat directive), containing a high number of rare and 
endangered (alluvial) grassland species (Hölzel, 1999; Donath 
et al., 2003). However, intensification and conversion into arable 
fields caused massive habitat losses in the course of the 20th 
century, leaving only small isolated remnants of species-rich 
floodplain meadows (Böger, 1991; Hölzel and Otte, 2003).

Restoration sites and measures

After a series of major floods in 1983, 150 ha of arable fields 
were converted to non-intensively managed, unfertilized grassland 
in order to re-establish species-rich floodplain meadows (Böger, 
1991; Bissels et  al., 2004). However, typical species hardly 
re-immigrated, and the re-established grassland in the study area 
remained rather species-poor (Schmiede et al., 2012). From 2005 

to 2008, freshly mown plant material (seed-containing green hay 
sensu Kiehl et  al., 2010) was gained from eight donor sites to 
create 20 strips (“restoration sites”) on different species-poor 
grassland sites. The donor sites consisted of species-rich Molinion 
or Cnidion meadows. Each restoration site was 120 m long and 
10 m wide and divided in three segments of 40 m length, each of 
which had been prepared 2–7 weeks before the plant material 
transfer. All three segments had been mown, and then treated 
as following:

 • rotovated twice,
 • ploughed and harrowed, or
 • left untilled.

Rotovating broke up the soil surface, while ploughing 
turned over the topsoil, with subsequent harrowing breaking 
up the new surface and levelling it (Supplementary Figure A1). 
Both treatments left a fine-grained seedbed with close to no 
intact vegetation, but elimination was more complete after 
ploughing and harrowing. However, depending on the 
timespan until plant material application, modest regrowth 
occurred on both treatments. Treatments were randomly 
arranged on each restoration site. Plant material transfer took 
place between mid-September and the end of October, when 
most species on the donor sites carried ripe seeds. Harvest 
coincided with the first cut (two donor sites, five restoration 
sites) or second cut (six donor sites, 15 restoration sites), 
depending on the mowing regime at the donor sites. A detailed 
description of restoration measures and sites can be found in 
Schmiede et al. (2012).

Vegetation sampling

Between 10 May and 13 June 2021, we  investigated the 
vegetation on 254 plots (25 m2). From these, 180 were located on 
the 20 restoration sites (nine per site, three per treatment). For 
nine of the 20 restoration sites, the plots had been previously 
studied by Schmiede et al. (2010) annually in the first 3 years after 
restoration, enabling comparison over time.

Additionally, as a reference, we  placed 40 plots (two per 
restoration site) on the unrestored grassland surrounding all 
restoration sites, with a distance > 15 m to the restoration sites. 
Furthermore, on the eight donor sites, 34 plots were surveyed 
(3–5 per site, depending on their size). To enable comparability 
with the data of Schmiede et al. (2012), species abundance was 
recorded using the modified Braun-Blanquet scale (van der 
Maarel, 1979). For data analysis, species abundance classes were 
transformed to percentage values following the approach of 
Schmiede et  al. (2012). In addition to the vegetation plots, 
we recorded whole-site species lists for restoration and donor 
sites and estimated species abundances using a DAFOR scale 
(Norfolk Wildlife Trust, n.d.) with modifications 
(Supplementary Table A1).
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Soil and biomass sampling and analysis

In April and May 2021, we gathered soil samples from each 
of the 254 plots. To this end, composite samples of four topsoil 
cores (0–10 cm) were collected using a soil corer of 2.5 cm 
diameter. Samples were air-dried and sieved to 2 mm. Soil pH 
was measured in CaCl2 solution. The samples were extracted 
with calcium-acetate-lactate solution (CAL) for the 
determination of plant-available potassium (K) and 
phosphorus (P) (Blume et al., 2000). Total soil nitrogen (N) 
and carbon (C) were measured via elementary analysis (device 
“Unicube,” co. “elementar”; DIN EN 16168, 2012; DIN EN 
15936, 2012), anorganic C was calculated from the CaCO3 
content determined with the Scheibler method (Blume et al., 
2000). The organic C content was calculated as the difference 
between total and anorganic C content, and the C/N ratio as 
the ratio between organic C and total soil N content (Kuntze 
et al., 1994).

For each plot, aboveground biomass was harvested in four 
randomly placed quadrats of 0.1 m2 at a height of 5 cm. Sampling 
took place between end of May and beginning of June, shortly 
before the regular first grassland cut at 8 June. Most of the donor 
sites are cut later in summer, but were sampled at the same time for 
comparability. Biomass samples were merged for each plot to one 
composite sample, dried at 60°C for 48 h, weighed, and milled to 
0.5 mm. The acid detergent fibre (ADF), N, K, and P contents were 
determined via Near Infrared Spectroscopy (NIRS, details see 
Kleinebecker et al., 2011). As measures of nutrient stoichiometry, 
we calculated the N/K and N/P ratios. For feeding value assessment, 
we calculated the crude protein content (XP; Roth et al., 2011), the 
digestible energy (DE) for horses (National Research Council, 
1999), the metabolisable energy (ME) for ruminants, and the net 
energy for lactation (Kirchgeßner and Kellner, 1982).

Hydrological variables

For calculation of hydrological variables, we used data from 
33 groundwater wells (HLNUG, 2021) and daily water levels for 
12 points of the river Rhine along the study area between  
1 January 2001 and 31 December 2020. If data gaps for the 
groundwater wells were ≤ 30 days, we  interpolated the 
groundwater levels (GWL) between adjacent time points to obtain 
daily groundwater water levels. The daily Rhine water levels were 
linearly interpolated between gauging stations Mainz,  
Nierstein-Oppenheim, and Worms (Wasserstraßen-und 
Schifffahrtsverwaltung des Bundes, 2021). The 45 groundwater 
points were used for daily Delaunay triangulation (Sinclair, 2016), 
including all points with an entry for the respective day. The daily 
groundwater level of each of the 254 plots was estimated as the 
inverse-distance weighted mean of the three nearest groundwater 
points. For each plot, we calculated three relevant hydrological 
predictors for species distribution (following Gattringer et  al. 
(2019)):

 • days per year with GWL > 0.7 m below ground 
(“Drought frequency”).

 • days per year with inundation height > 0.5 m 
(“Flood frequency”).

 • standard deviation of the GWL (“SD of GWL”).

The location in the fossil floodplain, which is protected from 
flooding by a dyke, and the recent functional floodplain is often 
used as a hydrological predictor for ecological properties of 
floodplain meadows (e.g., Bissels et al., 2004; Donath et al., 2007). 
For our restoration sites, it was well represented by the SD of 
GWL. The mean was 0.72 m ± SD of 0.14 m for sites located in the 
functional floodplain, and 0.37 m ± 0.11 m for sites located in the 
fossil floodplain, respectively. Thus, we focused on the SD of GWL 
for further analysis, instead of the floodplain compartment.

Statistical analysis

To assess the impact of soil preparation over time, 
we compared the number and cover of target species (Schmiede 
et al., 2012, slightly modified, Table 1) as well as the number of 
species of the three soil preparation treatments for each of the first 
3 years after restoration and for 2021 separately for the previously 
studied restoration sites. If an ANOVA indicated significant 
differences, these were identified with a Tukey honest-significant 
difference test (HSD; α = 0.05). Data were ln-transformed to meet 
normality and homoscedasticity, and model assumptions were 
checked visually using diagnostic plots (Kozak and Piepho, 2018).

To assess temporal trends of the individual target species, 
we calculated their occurrence frequencies in the third year after 
restoration and in 2021 for the previously studied restoration sites 
on a plot basis. For comparison, occurrence frequencies in the 
plant material and mean diaspore input per target species for each 
restoration site were calculated from the plant material data of 
Schmiede et  al. (2010). We  performed analogous frequency 
calculations for the corresponding unrestored reference plots of 
the previously studied restoration sites and for the donor site plots 
from the 2021 data.

We explored the temporal development of the vegetation 
composition on the restoration sites using non-metric 
multidimensional scaling (NMDS) ordination for the previously 
studied restoration sites for (a) the first 3 years after restoration 
and (b) for 2021, including the corresponding unrestored 
reference and donor site plots. We performed a second NMDS for 
all restoration sites, unrestored reference plots, and donor sites. 
Ordinations were based on Bray-Curtis Distances, max. 100 
iterations, and a random starting configuration. Three-
dimensional solutions were chosen by visually checking the 
decrease of stress values with increasing number of dimensions, 
according to Leyer and Wesche (2008). To explore underlying 
ecological gradients, we  included vectors for the number of 
species and target species, the proportions of plant life forms and 
life span groups, mean Ellenberg indicator values for light (L), 
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TABLE 1 Development of target species over time.

Frequency (%)

Target species RL Trend on RS RS (third year) RS (2021) UG DS PM MDI
Increased frequency

Arabis hirsuta V ↗ 0 17 11 15 0 0

Bromus erectus * ↗ 0 6 0 32 22 6

Carex praecox V ↗ 2 15 6 12 78 12

Galium boreale V ↗ 9 17 0 15 78 225

Genista tinctoria V ↗ 2 11 0 41 22 9

Inula britannica V ↗ 9 11 0 6 89 1,636

Inula salicina V ↗ 17 26 11 53 100 890

Iris spuria 2 ↗ 0 21 0 12 33 9

Peucedanum officinale 3 ↗ 9 17 0 50 56 6

Pimpinella saxifraga * ↗ 4 5 0 6 33 6

Scutellaria hastifolia 2 ↗ 2 4 0 3 33 1

Viola pumila 2 ↗ 0 5 0 6 56 15

Viola stagnina 2 ↗ 1 4 0 12 11 5

Reduced frequency

Arabis nemorensis 2 ↘ 47 31 11 12 89 1,294

Bupleurum falcatum V ↘ 4 0 0 3 0 0

Dipsacus laciniatus * ↘ 6 0 0 0 11 0

Linum catharticum * ↘ 14 1 6 12 78 39

Rhinanthus alectorolophus * ↘ 5 0 0 6 0 0

Selinum carvifolia V ↘ 6 2 11 18 44 16

Senecio aquaticus V ↘ 5 2 0 0 0 0

Silaum silaus V ↘ 7 5 6 21 33 4

Stable frequency

Sanguisorba officinalis V ↔ 20 19 0 62 67 2

Thalictrum flavum V ↔ 4 4 6 9 33 2

Valeriana pratensis. * ↔ 15 15 11 21 11 1

Veronica maritima V ↔ 19 19 0 6 56 89

No establishment

Allium angulosum 3 - 0 0 0 15 78 139

Betonica officinalis V - 0 1 0 12 0 0

Bromus racemosus 3 - 0 2 11 12 0 0

Carex panicea V - 0 0 0 18 22 1

Carex tomentosa 3 - 1 0 0 29 89 4

Cirsium tuberosum 3 - 2 1 6 15 0 0

Gentiana pneumonanthe 2 - 0 0 0 3 0 0

Hippocrepis comosa V - 1 0 0 6 0 0

Iris sibirica 3 - 0 1 0 12 11 0

Juncus alpinoarticulatus V - 0 0 0 0 0 0

Lathyrus palustris 3 - 0 0 0 3 0 0

Lotus maritimus 3 - 1 0 0 9 22 1

Lotus tenuis V - 2 0 0 3 33 3

Melampyrum cristatum 3 - 2 0 0 21 0 0

Molinia caerulea * - 2 0 0 24 56 40

Potentilla erecta * - 2 0 0 12 22 1

Sanguisorba minor * - 1 0 0 6 0 0

Selinum dubium 2 - 0 0 0 3 0 0

Serratula tinctoria 3 - 1 1 0 32 56 10

Succisa pratensis V - 1 0 0 32 11 0

Viola elatior 2 - 0 0 0 6 44 1

Red List status (RL) refers to Germany (Metzing et al., 2018). *, not endangered; V, warning list; 3, endangered; and 2, seriously endangered. For the previously studied restoration sites (RS), 
plot-level frequencies are given for the third year after restoration and for 2021 (n = 81, respectively). The trends are only given for species with a frequency > 3% in at least 1 year. If the change 
is ≤20% of the third year value, the trend is regarded as stable. Plot-level frequencies for the unrestored reference grassland (UG, n = 18) and the donor sites (DS, n = 34) refer to the 2021 
vegetation surveys. Frequencies for plant material (PM) and the mean diaspore input (MDI, units per m2) refer to plant material samples (n = 9) taken by Schmiede et al. (2010).
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temperature (T), continentality (K), moisture (F), nutrients (N), 
and soil reaction (R), the proportion of indicator species for 
alternating water levels (data from Klotz et al., 2002), as well as the 
soil, biomass, and hydrological variables described above. The 
package “vegan” was used for the ordination (Oksanen et al., 2020).

We compared the different soil preparation treatments of all 
restoration sites with the unrestored reference grassland and the 
donor sites concerning soil C/N ratio, total soil N, plant available 
soil P and K, species and target species numbers, cover of target 
species, biomass yield, and energy content measures. Variables 
were pooled at the treatment level for the restoration sites and at 
the site level for the references. To this end, we performed an 
ANOVA, followed by a Tukey HSD test (α = 0.05). Data were 
ln-transformed if diagnostic plots indicated violations against 
model presumptions (Kozak and Piepho, 2018).

We calculated four indicators to quantify the long-term 
restoration success of the restoration sites at the site level, 
following Kiehl et al. (2010) (Supplementary Table A2). These 
were (a) absolute transfer rate of species, (b) absolute transfer rate 
of target species, (c) relative transfer rate of species, and (d) 
relative transfer rate of target species. We defined absolute and 
relative transfer rates for all species and for target species as the 
ratios between transferred and transferable species. For absolute 
transfer rates, species were regarded as transferable if their 
DAFOR abundance was R2 or higher on at least one corresponding 
donor site of a restoration site. For relative transfer rates, species 
found in the plant material from the respective restoration site 
(Schmiede et  al., 2010) were regarded as transferable. A 
transferable species was regarded as transferred if recorded on a 
restoration site in 2021. Species from the corresponding 
unrestored reference plots were regarded as resident and excluded 
from the pool of transferable and transferred species for the 
respective restoration site. We opted for the calculation of both 
absolute and relative transfer rates as we had more data points for 
the absolute transfer rates (n = 20). However, since the relative 
transfer rates (n = 15) are based on the species composition of the 
plant material used for restoration, they are considered a more 
direct success measure. At plot level, we calculated the (e) increase 
in target species number and (f) increase in target species cover as 
the difference between the plot on the restoration site and the 
mean of the corresponding unrestored reference plots.

To identify factors determining the restoration success, linear 
regression models were used for the six success variables (a–f) 
separately at site level. Eleven explanatory variables were included 
in the model selection using the “dredge” function (R package 
MuMIn, Bartoń, 2020). These were the N/P and N/K ratio of the 
biomass, biomass yield, soil pH, plant-available P and K, soil 
organic C content, and the C/N ratio. Soil N content was not 
included due to high correlation with soil organic C (r = 0.995). 
Drought and flood frequency and the SD of GWL were included 
as hydrological variables. The explanatory variables were centred 
to a mean of 0 and scaled to a standard deviation of 1. The model 
with the lowest AIC that showed no multicollinearity (all variance 
inflation factors ≤2.5) was selected.

Results

Development of the restoration sites 
over time

The development over time can only be  assessed for the 
previously studied restoration sites, which were restored in 2005 
and 2006, so the observation period is 15–16 years here. After that 
time, the differences between soil preparation treatments 
concerning target species number and cover vanished (Figure 1). 
Compared with the first years after restoration, in the long-term, 
both variables remained relatively stable for the ploughed and 
rotovated treatments but increased for the untilled treatment. In 
2021, the mean number of target species per 25 m2 ranged from 
2.2 ± 0.5 (ploughed, mean ± SE) to 3.0 ± 0.5 (rotovated), and mean 
target species cover ranged from 3.1 ± 0.8 (untilled) to 3.5 ± 0.9% 
(rotovated). The mean number of species per plot was around 25 
for all treatments. For the untilled treatment, this marked a stable 
trend since the third year after restoration, whereas the species 
number per plot decreased from around 38 to 25 species for the 
treatments with soil preparation. This finding was supported by 
the NMDS ordination of the previously studied restoration sites 
indicating that species composition of soil disturbance plots 
became more similar to the unrestored reference plots until 2021 
(Supplementary Figure A2).

Out of the 46 target species, 13 showed a higher frequency at 
the restoration sites in 2021 compared to 3 years after restoration 
(Table 1). Among these, we found a range of Red List species, such 
as Carex praecox, Galium boreale, Genista tinctoria, Iris spuria, and 
Peucedanum officinale. During the investigation period, eight 
target species decreased in frequency. These had been mostly 
recorded with low frequencies by Schmiede et al. (2010) already, 
such as Bupleurum falcatum, Rhinanthus alectorolophus, and 
Selinum carvifolia. An exception was Linum catharthicum, which 
was recorded only in 1% of the restoration plots in 2021, compared 
to 14% 3 years after restoration. Sanguisorba officinalis and 
Veronica maritima remained relatively stable with a frequency of 
around 20%, respectively.

Ecological comparison between 
restoration sites and references

The NMDS of all restoration sites and the references for 2021 
revealed that the donor sites were separated from the unrestored 
reference grassland and the restoration sites (Figure 2). While 
there was a wide overlap between the latter two groups, the 
centroid of the unrestored reference grassland was separated from 
the centroids of the restoration soil treatments, which were all 
slightly shifted towards the donor sites. The donor sites were 
characterised by higher target species and species numbers, 
energy contents, Ellenberg R values, and drought frequency 
compared to the other groups. Both the restored and unrestored 
sites were characterised by higher productivity levels, indicated by 
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increased Ellenberg N values and biomass yields compared with 
the donor sites.

Concerning soil nutrient status, the restoration sites and the 
unrestored reference grassland were very similar (Figure 3). Their 
C/N ratio averaged at 11.0 ± 0.1 (± SE), compared to 11.9 ± 0.3 for 

the donor sites. No significant differences between the groups 
were found for total nitrogen, plant-available P and K contents. 
However, soil nutrient contents of the donor sites were lower than 
those of the restoration sites and unrestored reference plots. 
Especially the low and very narrow plant-available P content of the 
donor sites (0.9 ± 0.1%) was noticeable.

In 2021, over all restoration sites, the number of target species 
per plot was similar for all soil treatments with an average of 
1.9 ± 0.3 (Figure  4A) and significantly higher than for the 
unrestored reference grassland (0.7 ± 0.2), but significantly lower 
than for the donor sites (7.0 ± 1.4). Although not significant, mean 
cover of target species was higher on the restoration sites 
(2.1 ± 0.4%) than on the unrestored reference grassland (1.3 ± 0.6%; 
Figure 4B). For the donor sites, however, target species cover was 
significantly and markedly higher (mean = 19.7 ± 5.0%). The same 
held true for the number of recorded plant species (Figure 4C).

Feeding value of the grassland stands

The biomass yield levels of the restoration sites (407 ± 26 g/m2) 
and the unrestored reference grassland (421 ± 36 g/m2) did not 
differ but both were significantly higher compared to the donor 
sites, which had an average yield of 239 ± 29 g/m2 (Figure 5A). The 
energy content variables for cattle and horses were similar between 
restoration sites and the unrestored reference grassland, with 
those of the donor sites being 4–5% higher (Figures 5B–D).

Drivers of restoration success

Absolute transfer rates of both all species and target  
species averaged at 40.1 ± 3.9 and 36.4 ± 6.2%, respectively 

A B C

FIGURE 1

Development of the number (A) and cover (B) of target species and the number of species (C) per 25 m2 over time after the transfer of plant 
material on the previously studied restoration sites for the three different treatments ploughed, rotovated, and untilled (n = 9, respectively). 
Significant differences within years (p < 0.05, ln-transformed data) are indicated by different letters above the bars. Whiskers refer to the standard 
errors.

FIGURE 2

Non-metric multidimensional scaling (NMDS) of the vegetation 
plots for all restoration sites, the unrestored reference grassland 
and the donor sites in 2021 (axis 1 and 2 of the three-dimensional 
solution are shown). Final stress: 16.9. Plots are grouped by donor 
sites (DS), unrestored reference grassland (UG), and restoration 
sites with the treatments ploughed (RP), rotovated (RR), and 
untilled (RU). The group labels are located at the centroids of the 
groups. Vectors with r2 > 0.3 are displayed. For better readability, 
the cover of target species, the metabolisable energy (high 
correlation with number of species and target species) were 
removed despite r2 > 0.3.
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(Supplementary Table A2). The corresponding relative transfer 
rates were 24.9 ± 1.6 and 34.7 ± 3.7%. Higher biomass yield was 
generally associated with lower numbers of target species and 
reduced absolute transfer rates of species and target species 
(Table 2). The C/N ratio was positively associated with both the 
number and the cover of target species. Out of the hydrological 
variables, higher flood frequency tended to reduce restoration 
success, while higher drought frequency and variation of the 
groundwater level tended to have positive effects. The R2 of the 
selected models ranged from 36 to 65%, except for the relative 
transfer rate of species, which could not be explained (R2 = 1%).

Discussion

Vegetation development over time

We found no effect of soil preparation on vegetation 
development and target species establishment 13–16 years after 
restoration. This is surprising, as one of the main findings of 
Schmiede et  al. (2012) was that soil disturbance, especially 

ploughing, enabled better (target) species establishment due to 
suppression of the existing grassland vegetation. This is a common 
observation among different grassland types, so that soil 
preparation prior to diaspore introduction in species-poor 
grassland is often recommended (Kiehl et al., 2010). However, 
studies deriving such advice from their findings mostly have short 
observation timeframes and to the best of our knowledge do not 
exceed 8 years (Edwards et al., 2007; Bischoff et al., 2018; Durbecq 
et al., 2021). In line with our findings, recent studies on floodplain 
meadow restoration by Harvolk-Schöning et  al. (2020) and 
Heilscher (2020) indicate that the positive effect of soil preparation 
on the number and cover of introduced species diminishes in the 
long run.

Initially, soil disturbance creates micro-niches for germination 
and establishment of species from the plant material (Harvolk-
Schöning et  al., 2020), but also activates the soil seed bank 
(Schmiede et al., 2012; Ludewig et al., 2021). In the short term, this 
leads to promotion of ruderal species (Klaus et  al., 2018). 
Accordingly, in our experiment, ruderal species, such as Cirsium 
arvense, Galium aparine, or Lactuca serriola emerged in high 
frequencies over the first 3 years after restoration, but receded in 

A B

C D

FIGURE 3

Box-whisker plots of the soil C/N ratio (A), total nitrogen (%; B), plant-available P (mg/100 g; C), and plant-available K (mg/100 g; D) in 2021 on the 
different site categories—donor sites (DS, n = 8), all restoration sites with treatments ploughed (RP), rotovated (RR), and untilled (RU), and 
unrestored reference grassland (UG; n = 20, respectively). Plot data were averaged on the treatment level or, in case of DS and UG, on the site level. 
Red dots display the mean values. Significant differences (p < 0.05) are indicated by different letters above the boxes (testing on ln-transformed data 
for soil P and soil K).
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the long run. In contrast, some target species such as Inula 
britannica or Carex praecox emerged later or developed more 
slowly. This was presumably due to competition with the resident 
vegetation, but these species established in the long run even 
without tillage.

Across all treatments, target species that were already present 
3 years after restoration mostly remained stable or increased in 
frequency until 2021. This is in accordance with the stable target 
species number on plots with soil disturbance and the observed 
increase for the untilled treatment. An especially encouraging 
case is Iris spuria, which was not detected by Schmiede et  al. 
(2012) in the first 3 years after restoration, but was detected in 
considerable amounts on two restoration sites in 2021. The hard 
seed coat of this species can delay germination, so that 
establishment happens only after longer time periods (Hölzel and 
Otte, 2004b). Harvolk-Schöning et al. (2020) observed a similar 
pattern for Iris spuria on former arable fields. Our results clearly 
show that in the longer term, the establishment of this highly 
endangered species is possible on grasslands lacking typical 
floodplain meadow species.

Many target species were not successfully established, some 
of them despite frequent occurrence on the donor sites. For 
example, Succisa pratensis was barely captured in the plant 
material, which may be due to asynchronous fruit ripening with 
only a small proportion of ripe seeds when the plant material was 
harvested, as this species has a long flowering and seed shedding 
period (Adams, 1955). However, after-ripening of seeds may lead 
to increased germination even when they are harvested in an 
unripe state, as was shown for the non-native L. polyphyllus in 
mountain grasslands (Klinger et al., 2020). Diaspores of Allium 
angulosum, Selinum carvifolia, and Serratula tinctoria were 
captured in considerable amounts (in ≥44% of plant material 
samples and with ≥10 diaspores per m2 on average, respectively), 
but established poorly or not at all, with an occurrence frequency 
of 6% at maximum on the previously studied restoration sites 
over the whole observation period. This matches with 
observations by Harvolk-Schöning et al. (2020), and could be a 
consequence of specific germination requirements, e.g., 
characteristic temperature regimes (Hölzel and Otte, 2004a; 
Wagner et al., 2021).

A

C

B

FIGURE 4

Box-whisker plots of the number of target species per plot (A), the cover of target species (%; B), and the number of species per 25 m2 plot (C) in 
2021 on the different site categories—donor sites (DS, n = 8), all restoration sites with treatments ploughed (RP), rotovated (RR), and untilled (RU), 
and unrestored reference grassland (UG; n = 20, respectively). Plot data were averaged on the treatment level or, in case of DS and UG, on the site 
level. Red dots display the mean values. Significant differences (p < 0.05) are indicated by different letters above the boxes (testing on ln-
transformed data for number and cover of target species).
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Ecological comparison of restoration 
sites, unrestored reference grassland, 
and donor sites

Our findings on the nutrient levels for the grassland sites 
overall matched those of former studies in the region (Donath 
et al., 2007, 2015; Schmiede et al., 2012). Grasslands of high 
nature conservation value, often used as donor sites, 
consistently had much lower plant-available P contents and 
moderately lower plant-available K contents than species-
poor grassland sites often chosen for restoration. For the N 
contents, no such pattern had been found in those studies. In 
our study, the tendency to increased N contents of the 
restoration sites and the untreated reference grasslands 
compared with the donor sites is probably due to seven 
restoration sites with high organic C contents of 8.6 ± 0.5% 
(mean ± standard error; vs. 4.9 ± 0.3% for the other 13 
restoration sites). The higher average C/N ratios of the donor 
sites are mainly driven by two poor Molinion sites with very 
wide ratios of 12.9 and 13.7, respectively.

A range of rare and endangered plant species of floodplain 
meadows, many of which are listed in the Red Lists of Germany 
and Hesse, were successfully established on the restoration sites. 
However, our results confirm that the ecological restoration of 
grassland is challenging, even if the sward is disturbed prior to 
diaspore introduction (Kiehl et al., 2010; Harvolk-Schöning et al., 
2020; Hansen et  al., 2022). Thirteen to sixteen years after 
restoration, the vegetation composition of the restored plots was 
similar to the unrestored reference grassland plots, with only slight 
changes towards the composition of the donor sites. Nevertheless, 
the number of target species was significantly higher for 
restoration sites and also their cover increased, compared with the 
unrestored reference.

Feeding value of the site categories

Different restoration measures affected neither the yield nor 
the energy content of the aboveground biomass. While a change 
in yield was not expected, a more diverse species composition 

A B

C D

FIGURE 5

Box-whisker plots of the biomass yield (g/m2; A), the digestible energy for horses (MJ/kg; B), the metabolisable energy for ruminants (MJ/kg; C), 
and the net energy for lactation (MJ/kg; D; all referring to dry matter) in 2021 on the different site categories—donor sites (DS, n = 8), all restoration 
sites with treatments ploughed (RP), rotovated (RR), and untilled (RU), and unrestored reference grassland (UG; n = 20, respectively). Plot data were 
averaged on the treatment level or, in case of DS and UG, on the site level. Red dots display the mean values. Significant differences (p < 0.05) are 
indicated by different letters above the boxes (testing on ln-transformed data for biomass yield).
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with a higher proportion of forbs can be associated with higher 
energy contents of the biomass in floodplain meadows (Donath 
et al., 2004). The similar biomass energy contents of restored and 
unrestored reference grasslands can be explained by the marginal 
effects of restoration measures on the overall vegetation  
composition.

The yield levels of the restored and unrestored grasslands in 
our study system are mostly within the previously observed range 
of non-intensively managed grasslands of wet and mesotrophic 
sites (Tallowin and Jefferson, 1999; Donath et al., 2015). With dry 
matter yields of up to 705 g/m2, some sites exceeded the levels 
normally reached without fertilisation (Tallowin and Jefferson, 
1999). Under these conditions and with regard to the current 
subsidy policy (EU area bonus and conservation contracts), 
haymaking is economically viable for the regional farmers. For 
lactating cows, the hay may be at best recommended as basic feed, 
as the net energy for lactation of 5.4 ± 0.2 MJ/kg dry matter 
(mean ± SD) would require supplementation with high-energy 
compounds (Donath et al., 2004, 2021; Schumacher, 2016). The 
metabolisable energy contents of 9.2 ± 0.3 MJ/kg dry matter 
indicate suitability as complete feed for non-lactating cows 
(Donath et  al., 2004; Deutsche Landwirtschafts-Gesellschaft, 
2009) and empty ewes or ewes in early pregnancy, as well as for 
integration in compound feed rations for calves (Bayerische 
Landesanstalt für Landwirtschaft (LfL), 2021). Practically, most of 
the hay harvested in the region is used for leisure horses. The hay 
from our restoration sites and their surroundings is suitable for 
this with regard to the observed digestible energy levels of 
8.3 ± 0.3 MJ/kg dry matter (National Research Council, 1999; 
Donath et al., 2004).

Slightly higher energy contents of the biomass from highly 
species-diverse donor sites indicate that an increase in species 
diversity does not preclude the integration of species-rich swards 
into feeding rations (Tallowin and Jefferson, 1999; Donath et al., 
2004). However, yield of the donor sites is on average 40% lower 
compared to the restoration sites, which makes it difficult for 
farmers to operate profitably. Thus, agri-environmental schemes 
obviously remain an important pre-requisite in the conservation 
of species-rich grasslands of high-nature value (Donath 
et al., 2021).

Drivers of restoration success

The transfer rates we observed were within the typical 
range for plant material transfer on species-poor grassland, 
but lower than on former arable fields (Kiehl et al., 2010). 
This holds true for both target species as well as total species 
numbers. While biomass yield and flood frequency had 
negative impacts, wider C/N ratios positively affected 
restoration success. These three predictors were identified as 
significant for at least two success variables.

Biomass yield levels are the result of complex interactions 
of biotic and abiotic factors (Doyle, 1982), with different 
nutrients being decisive in different locations and years (Fay 
et  al., 2015). Beside generally relatively fertile soils in 
floodplains, we suspect that productivity in our restoration 
sites is partly increased by remnants of former fertilisation, 
which may be the reason for the very high yield levels of some 
of the sites. Due to the dominance of tall and highly 

TABLE 2 Overview of the regression models selected by AIC criterion for the ecological restoration success variables on the site level.

Absolute TR 
target species 
(%)

Absolute TR 
species (%)

Relative TR 
target species 
(%)

Relative TR 
species (%)

Increase in 
target species 
number per 
plot

Increase in 
target species 
cover (%)

Intercept 5.578*** 40.111*** 21.993** 24.952*** 1.231*** 28.588***

Biomass yield −1.564*** −9.817* . . −0.591* .

Soil C/N ratio . . . . 1.039*** 4.657*

Soil P . 5.968 . . . .

Soil pH . . 15.183 . . .

SD of GWL . . . . . 4.925*

Flood frequency −0.998* −4.351 . −1.784 −0.567* −2.682

Drought frequency . . 13.310* . . .

n 20 20 15 15 20 20

R2 0.65 0.39 0.36 0.01 0.60 0.42

AIC 78.2 166.4 120.2 100.2 60.4 145.9

λ 0.5 1 1 1 1 1.5

TR, transfer rate. Rows represent the estimates for the different explanatory variables included in the selected models—the biomass yield, the C/N ratio, plant-available P content and pH 
of the soil, the SD of the groundwater level, the flood and drought frequency (all standardised to mean = 0 and SD = 1). Variables with a dot were not selected in the respective model. 
Significance levels are given as following: ***p ≤ 0.001, **p ≤ 0.01, and *p ≤ 0.05. n, number of observations; R2, adjusted R2 of the model; AIC, akaike information criterion; and λ, value 
of λ for the Box-Cox transformation of the response variable.
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productive grasses under fertile conditions (Honsova et al., 
2007), high productivity reduced the suitability for the 
establishment of species-rich floodplain meadows.

Regular flooding events lead to nutrient deposition in close 
proximity to the river channel (Klaus et al., 2011; Poulsen et al., 
2014) and increase the productivity of floodplain meadows by 
higher soil nutrient levels (Beltman et al., 2007). Apart from this, 
higher water availability increases mineralization and nutrient 
supply, which leads to highly variable biomass yield between years 
(Mathar et al., 2015), but also between sites (cf. Jakrlová, 1999). In 
our study, the positive relationship between flood frequency and 
biomass yield (r = 0.35, Supplementary Figure A3) could result 
from a mixture of the fertilising and the mineralizing effect of 
frequent flooding events. This may explain the identification of 
flood frequency as negatively affecting restoration success along 
with the biomass yield observed in 2021. Another reason for the 
adverse effect of flood frequency on restoration success might 
be that long flooding of seedlings emerged from transferred plant 
material impedes survival (Bao et al., 2018; Gattringer et al., 2018).

Increased soil C/N ratios were significantly associated with 
increases in target species number and cover. The C/N ratio in the 
soil as an indicator of N availability could be another long-term 
determinant of productivity. However, the positive correlation 
between C/N ratio and yield (r = 0.30) does not support this. 
Higher C/N ratios, although not reducing productivity, could 
facilitate the establishment of typical floodplain meadow species 
by reducing competition with generalist grassland species adapted 
to high and continuous N availability. Accordingly, adverse effects 
of soil nitrogen on target species establishment were observed in 
the floodplain of the river Elbe (Dullau et al., 2021).

While Schmiede et  al. (2012) identified plant available P 
content in the soil to negatively affect target species numbers in 
our study system, our resurvey cannot confirm this for the long 
term. Considering an extended set of factors and sites, the 
restoration sites rich in organic C, which had not been covered by 
the study of Schmiede et  al. (2012), were among the more 
productive ones, so that the overall effect of biomass yield might 
have masked the effect of soil P.

Conclusion

In our study, we found no long-term effect of soil preparation 
on vegetation development and target species establishment across 
a large dataset. This indicates that the positive effect of soil 
preparation on the number and cover of target species, which is 
regularly reported in short-term studies, diminishes over time, 
while the effects of local site conditions become more important. 
Therefore, soil preparation prior to seed introduction may not 
be  necessary in floodplain meadow restoration. To increase 
restoration success, the productivity of restoration sites, soil C/N 
ratios, and flooding frequency should fit to the respective restoration 
goals. For practitioners, choosing restoration sites with productivity 
levels not greatly exceeding those of the donor sites may be most 

feasible. If restoration sites are too productive, management 
schemes that actively reduce site productivity are recommended.

Concerning biomass characteristics, we  showed that 
despite considerable differences in yield, even restoration 
sites with low productivity provide biomass of sufficient 
amount and feeding value. Thus, the integration of restored 
grasslands in local farming systems is possible and can ensure 
long-term management and thus stability of these ecosystems. 
Furthermore, one-time introduction of target species showed 
only limited success. Thus, additional plant material transfer 
or manual seeding of target species is probably necessary. 
Further studies should investigate the potential of such 
supplementary measures. Overall, we strongly recommend 
long-term monitoring of restoration projects in other regions 
and grassland types, as factors determining restoration 
success may become evident only after longer time periods.
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