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Abstract
1.	 Restoring species-rich grasslands is one of the key tools to bend the biodiversity 

curve. However, so far there have been few landscape-scale assessments of res-
toration methods as applied by practitioners across many sites, soil conditions, and 
regions. To improve the effectiveness of grassland restoration, broad-scale stand-
ardised assessments are needed that incorporate both positive and negative refer-
ences, and evaluate total plant diversity as well as characteristic grassland species.

2.	 The study assessed vascular plant diversity in 121 restored grasslands that cover 
different restoration methods, land-use legacies, restoration ages, and soil mois-
ture levels across three regions in Germany. The results are compared with 33 
positive (species-rich) and 33 negative (degraded) reference sites. We analysed 
diversity indices (total and characteristic plant species richness, total and charac-
teristic Hill–Shannon diversity), the Favourable Conservation Status index (FCSi), 
and the forb-graminoid ratio to assess the drivers and effects of restoration.

3.	 Restoration improved the diversity of vascular plant species compared with nega-
tive reference sites, and some restored grasslands reached the diversity and FCSi 
levels of positive references. Active (re)introduction of species, such as direct har-
vesting methods and regional seed mixtures, was most successful in enhancing 
plant species diversity towards the target communities, while cultivar seed mix-
tures and management adaptation were less effective. Neither the previous land 
use nor the restoration age significantly affected the restoration outcome in terms 
of species richness and species composition.

4.	 Synthesis and applications. Direct harvesting and regional seed mixtures are the 
most effective methods to restore biodiverse and characteristic grassland plant 
communities. They outperform other methods regardless of land-use history 
and restoration age. This has positive implications for restoration of temperate 
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1  |  INTRODUC TION

Species-rich grasslands harbour a large part of European vascular 
plant diversity, as they show some of the highest small-scale species 
richness worldwide (Habel et al., 2013; Wilson et al., 2012). These 
grasslands ensure important ecosystem functions and services such 
as pollination, carbon storage, and water conservation (Bengtsson 
et  al.,  2019; Lindborg et  al.,  2023), and they provide habitats for 
several other taxa including pollinators (Dengler et al., 2014; Wallis 
De Vries et  al.,  2007). Concurrently, species-rich grasslands are 
among the most endangered ecosystems in Europe and worldwide 
(European Commission et  al.,  2016; Newbold et  al.,  2015). Many 
grasslands have been converted into either cropland or forest or 
have been subject to intensified management due to fertilisation and 
sowing of productive cultivar species or abandonment, both leading 
to a poor conservation status (Dengler & Tischew,  2018; Wirth 
et  al., 2024). Thus, the need for effective grassland restoration is 
high. A key question is, which restoration methods most successfully 
establish species-rich grasslands in terms of plant species diversity 
and functional composition.

In recent decades, promising methods of ‘passive’ and ‘active’ 
restoration have emerged to improve grassland restoration success 
(Atkinson & Bonser, 2020; Gann et  al.,  2019; Jones et  al.,  2018). 
Passive restoration is defined as a set of measures that terminate 
an ecosystem's degradation and allow ecosystem recovery (Jones 
et al., 2018). In grasslands, this approach implies improved manage-
ment, for example, the reduction of fertiliser usage, low-intensity 
mowing or grazing, or the resumption of land use after abandonment. 
Passive restoration dispenses with active introduction of species, 
but seeks to achieve an adapted management (‘management adapta-
tion’) and is therefore only applicable if the site harbours a viable soil 
seed bank of target species, or is embedded in a landscape with rich 
seed sources and functional dispersal pathways (Goret et al., 2021; 
Török et al., 2011). Otherwise, active restoration through the (re)in-
troduction of desired vascular plant species is needed, for which var-
ious methods have been proposed (Slodowicz et al., 2023). Sowing 
seed mixtures has proven to be effective in establishing vascular 
plant species (Hedberg & Kotowski,  2010). However, while low-
diversity seed mixtures (mainly comprising of strongly competitive 
cultivar varieties) can achieve high ground cover in the short term, 
they often lead to lower long-term diversity and are typically domi-
nated by few perennial grasses (Ernst et al., 2025; Török et al., 2010). 

In contrast, high-diversity seed mixtures from regional sources more 
accurately reflect a typical community composition with a greater 
number of target species (Prach et  al.,  2021; Török et  al.,  2011) 
and tend to have higher establishment rates (Kiehl et al., 2010). If 
species-rich donor sites are available nearby, the transfer of directly 
harvested seed-containing material (hay or threshing material) can 
effectively establish the desired plant communities (Hedberg & 
Kotowski, 2010; Slodowicz et al., 2023).

So far, we know that restoration outcomes can vary depending 
on framework conditions such as land-use legacy, age, and site fac-
tors such as soil conditions and management (Brudvig et al., 2017; 
Grman et  al.,  2013), while integrated knowledge about successful 
restoration measures and management is still limited (Damschen 
et  al.,  2019; Lyons et  al.,  2023). Restoring species-rich grasslands 
takes time (Waldén & Lindborg, 2016), as community reassembly 
is a dynamic and slow process (Buisson et al., 2022). However, for 
the recovery of degraded ecosystems after restoration, this means 
the alignment with the values of (diversity) indices of the positive 
reference, can either be more or less complete or incomplete and 
sometimes it can slow down with time, because the final stage of 
ecosystem recovery is difficult to accomplish (Jones et  al., 2018). 
Moreover, the type, intensity, and duration of degradation prior 
to restoration can play a crucial role for recovery success (Buisson 
et  al.,  2022). Successful restoration can be carried out on former 
arable land (Donath et al., 2007; Török et al., 2010) or on species-
poor degraded grasslands (Baasch et  al., 2016; Ernst et  al.,  2025), 
while the latter tends to be less successful (Donath et  al.,  2007; 
Kiehl et al., 2010). A clear understanding of the key drivers of resto-
ration variation will improve its success and predictability (Brudvig 
& Catano, 2024).

Furthermore, quantitative goals with an acceptable range are 
necessary to assess restoration success (Brudvig & Catano, 2024). 
Integrated assessments of goal achievements are fostered by using 
multiple reference sites (Shackelford et al., 2024), or by comparing 
restored sites with both negative and positive references sites in 
terms of plant diversity (Wortley et al., 2013). Most commonly, ‘pos-
itive reference’ are used to analyse restoration success. However, 
comparisons with ‘negative references’, that is, degraded sites, can 
provide a more comprehensive and nuanced assessment of resto-
ration success.

The assessment of restoration outcomes may differ considerably 
when a distinction is made between total and characteristic species 

grasslands in Central Europe, since land-use history is not a significant driver of 
restoration success, allowing the effective restoration on ex-arable land as well 
as on degraded grassland sites. Further studies should investigate the effects of 
combining direct harvesting and regional seed mixture sowing.

K E Y W O R D S
biodiversity, community assembly, forb-graminoid ratio, hay transfer, positive and negative 
reference site, restoration success, species diversity, UN Decade on Ecosystem Restoration
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richness for particular high nature value habitats. Evaluating res-
toration success solely based on total species richness can be mis-
leading, since the total species richness might include opportunistic, 
ruderal, or invasive species that are not or less desired in the target 
community. Therefore, assessments of the ecological dynamics of 
grasslands must be based on the identification of all plant species 
and community specificity (characteristic species), as well as the 
forb-graminoid ratio (Nerlekar et  al.,  2024). Recently, integrated 
biodiversity metrics such as Hill numbers or Hill–Shannon analyses 
(Chao et al., 2014) open up new avenues for exploring restoration 
success from different perspectives of biodiversity outcomes. With 
the advent of coordinated European online flora databases (Chytrý 
et al., 2024), it has become easier to gain key information on char-
acteristic grassland species (related to the EU Habitats Directive; 
see Mehtälä & Vuorisalo, 2007). Helm et al. (2015) distinguished be-
tween characteristic and derived (‘non-habitat-specific’) plant diver-
sity to develop ecologically relevant metrics to assess management 
success and quantify the Favourable Conservation Status index 
(FCSi), but this approach has rarely been applied in a landscape-scale 
approach.

Most grassland restoration studies focus on a single or a small 
number of sites and on a few habitat types within a limited geo-
graphical area, while systematic evaluations with a standardised 
monitoring procedure at the landscape-scale are rare (Brudvig 
et al., 2021; Grman et al., 2013). However, such broad-scale analyses 
of multiple real-world projects are essential to identify successful 
restoration methods and improve the replicability of restoration 
outcomes (Brudvig et  al., 2017). This need is particularly pressing 
during the current UN Decade of Ecosystem Restoration, as well as 
in the context of the EU Nature Restoration Regulation, which de-
mands efficient strategies to enable timely implementation of resto-
ration projects (EU, 2024; UN, 2019).

Based on the knowledge gaps described above, we conducted 
a post-hoc assessment of restored grasslands sites along a gradi-
ent of soil moisture conditions in three regions across Germany. 
This study forms part of a large ecological and social-ecological 
research project on restoration success, entitled Grassworks 
(https://​grass​works​proje​kt.​de/​en/​), see Temperton et  al.  (2025) 
for details of the overall approaches and the applied methods. 
The sites represent diverse land-use legacies, restoration meth-
ods, and age since the main restoration intervention. We analysed 
total and characteristic grassland plant species richness and Hill–
Shannon diversity, as well as assessing the effects of different 
factors on the forb-graminoid ratio and the index of Favourable 
Conservation Status (FCSi; Helm et al., 2015). For this suite of re-
sponse variables, we compared restored grasslands with positive 
and negative reference sites, asking the following questions: How 
do plant diversity and composition differ (i) between the restored 
sites compared with positive and negative references, and (ii) how 
are they affected by restoration methods, previous land use, and 
age of restoration? Additionally, we assessed the extent to which 
regional differences affect the outcomes.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and design

The present study is part of the Grassworks project (https://​grass​
works​proje​kt.​de/​en/​), a large-scale research initiative focused 
on analysing ecological, socio-ecological, and economic aspects 
of grassland restoration in Germany (Temperton et  al.,  2025). 
We conducted the research in lowlands of northern, central and 
southern Germany, representing different geological and climatic 
conditions (Figure 1). In each region, we aimed to evaluate 40 re-
stored sites complemented by at least ten positive reference sites 
(species-rich grasslands) and at least ten negative reference sites 
(degraded grasslands). Altogether, we assessed 121 restored sites 
and 33 sites of each reference type (187 sites in total). The sites 
covered a wide spectrum of soil moisture (dry, fresh, wet) and rep-
resent several common grassland types (dry: Festuco-Brometea 
or Koelerio-Corynephoretea; fresh: Arrhenatheretalia elatioris; 
wet: Molinietalia caeruleae; community names follow Leuschner 
& Ellenberg  (2017) and Chytrý et al.  (2024)). The grassland sites 
were restored either on former arable land or on degraded grass-
land and varied in the time since the main restoration intervention 
(2–36 years). All landowners have given their permit for us to as-
sess their grassland sites at any time throughout the duration of 
the Grassworks project.

The sites were restored with different methods that fall into 
four categories: (i) direct harvesting, including the transfer of fresh 
plant material (hay or green hay) or threshing material from a nearby 
species-rich donor site to a receiver site; seeding was carried out ei-
ther with a (ii) cultivar seed mixture, consisting of cultivated grasses 
and forbs, typically characterised by low species diversity and a 
small proportion of forb species, or (iii) with seed mixtures derived 
from certified wild seed propagation of regional provenance, that 
generally feature high species diversity (hereafter called ‘regional 
seed mixture’). Finally, (iv) management adaptation, a ‘passive’ 
restoration approach without direct introduction of species, was 
selected, in which a site-specific adjustment of disturbance manage-
ment was applied, for example, reintroduction of mowing or grazing 
on abandoned sites.

2.2  |  Vegetation sampling

We conducted vegetation surveys in May or June 2022 or 2023, 
prior to the first mowing. A 200 m × 5 m transect (1000 m2) was 
placed in a homogeneous part of each site and was partitioned into 
four 50-m sub-transects. In each sub-transect, we surveyed vegeta-
tion in a 2 m × 2 m plot. The four vegetation plots were combined for 
each site, so that all values refer to 16 m2. We estimated the herb 
cover and the ratio of graminoids, forbs, and legumes. Herb cover can 
exceed 100% due to overlapping layers. We identified all vascular 
plants at the species level where possible and estimated their cover 

https://grassworksprojekt.de/en/
https://grassworksprojekt.de/en/
https://grassworksprojekt.de/en/
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using an adapted Braun–Blanquet scale (Pfadenhauer et al., 1986) 
(Table  S1). The nomenclature of the plants followed the German 
standard list (Buttler & Thieme, 2018; Jansen & Dengler, 2010, v1.5).

2.3  |  Characteristic grassland species

We classified plants as either characteristic grassland species or 
non-grassland species (Table  S5), using reference lists at both 
the European and national levels. At the European level, we used 
diagnostic species from all grassland habitats of the classification 
expert system EUNIS-ESy potentially occurring in the study area 
(Chytrý et  al.,  2020). At the national level, we classified species 
according to the German reference list of the European Habitats 
Directive (BfN,  2017) which includes phytosociological character 
and differentiating species, indicator species as well as common and 
constant species of grassland habitats. Since the Habitats Directive 
(BfN,  2017) does not encompass all wet grassland habitats, we 
included typical species of moist or wet mesotrophic to eutrophic 
hay meadow (R35, Calthion palustris; Chytrý et  al.,  2024) based 
on habitat lists from the German federal states of the three study 
regions (Brandt et  al.,  2023; LfU Bayern,  2022; LfU SH,  2023; 
MULE, 2020; NLWKN, 2011). All woody species were excluded from 
the analyses.

2.4  |  Data analysis

2.4.1  |  Data processing

All calculations and analyses were performed using R Statistical 
Software (v4.1.2, R Core Team,  2024). Individuals identified only 
at the family level (n = 2) were removed to reduce possible double 
sampling of species. Those identified at the genus level were retained 
for analysis only if no species from the same genus were present 
at the same site; all others were also removed (n = 26). To address 
sampling by multiple observers across three regions with varying 
species pool sizes, we converted species names to the aggregate 
level to minimise pseudo-turnover (Boch et al., 2022).

To quantify plant species diversity, we calculated the effec-
tive number of species (ENS), also called Hill numbers, with the 
aggregated species data using the package hillR (Li,  2018). We 
used numbers of order q = 0, which is species richness, and of 
order q = 1, which gives a stronger weight to common species in 
the community and is the exponential Shannon entropy (herein-
after referred to as Hill–Shannon diversity; Roswell et al., 2021), 
thus incorporating information about species evenness (Chao 
et  al.,  2014). The Hill–Shannon diversity was calculated for all 
plant species and for the subset of characteristic grassland spe-
cies. We used for each species the mean cover of all four plots per 

F I G U R E  1 Location of restored 
grassland sites in northern, central, and 
southern Germany with some variation 
in altitude and continentality. Names of 
ecoregions sensu Dinerstein et al. (2017); 
for more details, see Temperton 
et al. (2025).
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site for calculating the Hill–Shannon diversity. We calculated the 
Favourable Conservation Status index (FCSi) for each site, which 
is the natural logarithm of the ratio of the number of characteris-
tic species to the number of derived (non-characteristic) species. 
FCSi can be considered an indicator of biodiversity integrity and 
the status of biodiversity recovery and therefore as a measure of 
restoration success (Helm et al., 2015). As a measure of functional 
diversity, we calculated the forb-graminoid ratio by dividing mean 
estimated cover of the forb layer (including legumes) per site by 
the mean graminoid cover per site.

2.4.2  |  Statistical analysis

We fitted generalised linear mixed models (GLMM) with the package 
glmmTMB (Brooks et al., 2017) to analyse the effects of restoration, 
as well as the drivers of restoration outcomes on various aspects 
of diversity, including total and characteristic species richness, total 
and characteristic Hill–Shannon diversity, forb-graminoid ratio and 
FCSi. To determine the direct effect of restoration, we modelled the 
response of diversity variables to site type, that is, restored, positive 
or negative reference. Furthermore, we modelled the effects of 
different restoration methods (direct harvesting, regional seed 
mixture, cultivar seed mixture, management adaptation), previous 
land use (arable, grasslands), and age since the main restoration 
intervention (2–36 years). The distribution of data was checked, 
and an appropriate error distribution was chosen, that is, gamma 
distribution with log-link function for the Hill–Shannon diversity and 
forb-graminoid ratio, and a normal distribution for FCSi. To account 
for overdispersion, we used a negative binomial error distribution 
for response variables that represent counts (species richness). 
The regions (north, centre, south) and soil moisture levels (dry, 
fresh, wet) were integrated as random factors in a crossed random 
intercept model. We found interactions between restoration age 
and random factors, but a random slope structure could be denied 
by AIC comparison.

In data exploration, the restoration method and the resto-
ration age correlated significantly (ANOVA: F3,104 = 19.1, p < 0.001, 
r2 = 0.36). The reason for this was the continued development of res-
toration methods over time, with the use of cultivar seed mixtures 
being predominant before 2010, and the development and more 
frequent use of other methods in the past approximately 15 years. 
However, to allow assessing the influence of restoration age on 
diversity, we created two models: (i) using only sites <20 years 
old (n = 91 sites) where collinearity is absent (ANOVA, F3,87 = 2.13, 
p = 0.102, r2 = 0.07), and (ii) including the full dataset and excluding 
restoration age.

The assumptions of the model were checked by plotting resid-
uals versus fitted values versus each covariate in the model, and 
versus each covariate not in the model (Zuur & Ieno, 2016). Where 
significant differences were recorded in the GLMMs, we conducted 
Tukey-adjusted pairwise comparisons of estimated marginal means 
(EMM) with the package emmeans (Lenth, 2024).

3  |  RESULTS

3.1  |  General findings

At the 187 study sites, we found 572 plant taxa, that is, genera, ag-
gregates, sections, or species (here referred to as ‘species’); 335 spe-
cies were assigned as characteristic grassland plants (57%). Of the 
total species pool, 42% were found in the northern region (61 sites), 
70% in the centre (66 sites), and 60% in the south (60 sites). Of the 
characteristic species pool (n = 335), 47% were found in the north, 
74% in the centre and 66% in the south. On average, 37.0 ± 14.9 
species and 30.5 ± 13.3 characteristic grassland species were sam-
pled on 16 m2 per site (combining four plots of a site; means ± SD). 
Generally, all vegetation parameters increased from north to south, 
while the values of the negative references were similar in all regions 
(Figures S1 and S2). Further, soil moisture levels showed a low in-
fluence on vegetation parameters, with the dry sites having higher 
total and characteristic species richness than moist and fresh sites 
(Figures S3 and S4). Forb cover was highest at positive references 
and sites restored with regional seed mixtures and direct harvest-
ing (Figures S5 and S6). In contrast, graminoid cover was highest at 
negative references and sites restored with cultivar seed mixture 
(Figures S5 and S6).

3.2  |  Restoration versus positive and negative 
references

In the GLMMs, all response variables significantly differed between 
the type of site (restored, positive or negative reference; Table  1; 
Figure  2). The response variables were significantly higher on re-
stored or positive references than on negative references (Table S3). 
The total species richness, FCSi, and the forb-graminoid ratio were 
similar in the restored sites and positive references (Figure 2a,e,f), 
while the characteristic species richness, total, and characteristic 
Hill–Shannon diversity were lower in the restored sites than in the 
positive references (Figure 2b–d; Table S3).

3.3  |  Effects of restoration methods, previous land 
use, and age of restoration

Models with the reduced data set of sites younger than 20 years 
did not show an influence of restoration age on any of the response 
variables. In the full data set models (all restored sites, restoration 
age excluded), the restoration methods had a significant effect on 
all response variables (Table  2; Figure  3). Direct harvesting meth-
ods showed the highest values in all response variables, except 
for the forb-graminoid ratio, where the outcome of regional seed 
mixtures was higher but not significantly different from direct har-
vesting (Figure  3f; Table  S4). The total species richness was even 
higher for direct harvesting than at positive reference sites. The 
forb-graminoid ratio in both direct harvesting and regional seed 
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mixture treatments was higher than in positive references (Figure 3; 
Table S4). The cultivar seed mixtures showed the lowest values in 
all response variables; only in FCSi and the forb-graminoid ratio did 
it equal to management adaptation (Figure 3e,f; Figure 3; Table S4). 
None of the response variables differed significantly between di-
rect harvesting and regional seed mixture (Figure 3a). Further, char-
acteristic species richness, total and characteristic Hill–Shannon 
diversity, and FCSi in direct harvesting and regional seed mixture 
differed from the cultivar seed mixture (Figure 3b–e; Table S4). The 
forb-graminoid ratio showed no differences in any of the restora-
tion methods (Figure  3f). Management adaptation was not differ-
ent from the cultivar and regional seed mixture for all response 
variables. Further, management adaptation showed lower numbers 
(for the total and characteristic species richness) and a lower FCSi 
than direct harvesting (Figure 3a,b,e). In the other models, no differ-
ence to direct harvesting was detected (Table S4). FCSi was the only 
variable where previous land use showed a significant difference, 
with sites that were already grassland before restoration reaching a 
higher index than those that were arable land (Table 2).

4  |  DISCUSSION

4.1  |  Restored diversity in comparison to 
positive and negative reference sites

The assessment of grassland restoration in the three regions showed 
that grassland restoration in Germany is generally successful, with 
total, characteristic and Hill–Shannon diversity, FCSi, and forb-
graminoid ratio reaching levels similar to positive reference sites. 
The species richness in restored sites was on average only 3.6 spe-
cies lower and the characteristic species were only 4.6 lower than in 
positive references. In general, restored sites had far more species 
than negative references (+16.3 total, +14.7 characteristic plant spe-
cies). We expected restored grasslands to have intermediate levels 
of plant species richness between negative and positive references, 
while restored sites were actually similar to positive references, but 
the higher variability in diversity metrics at restored compared with 
positive reference sites indicates a need for further investigation 
into the drivers of such variability. As the predictability of restora-
tion measures and outcomes should be increased (sensu Brudvig 
et al., 2017), a better understanding of the mechanisms behind the 
higher variability found in restored grasslands is essential. However, 
supplementary factors such as soil preparation can have direct ef-
fects on restoration outcome (Schmiede et al., 2012) that go beyond 
an assessment of the primary restoration intervention. Our find-
ings agree with several meta-analyses (Atkinson et al., 2022; Jones 
et al., 2018; Rey Benayas et al., 2009), with generally positive res-
toration outcomes without a full recovery in average, but a higher 
variability in restored versus positive references. Functional compo-
sition such as the forb-graminoid ratio is an important component 
of restoration outcome, along with species richness and composi-
tion. Eutrophication is one of the main drivers of biodiversity loss TA
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in grasslands, as it leads to a predominance of grasses over forbs 
in terms of abundance rather than species richness (Nerlekar 
et al., 2024; Pywell et al., 2003). Interestingly, the grasslands across 
Germany in our study had similar forb-graminoid ratios as well as 
similar levels of FCSi in restored compared with positive reference 
sites (Figure 2e,f).

Restored grasslands that harbour a higher number of rare spe-
cies can take decades to reach species richness levels of ancient 
grasslands (Nerlekar & Veldman, 2020). Reasons usually given for 
lower species richness at restored sites can result from unsuccess-
ful transfer of target species as well as establishment or persistence 
of non-target species (Shackelford et  al., 2021). Additionally, sub-
optimal management can hamper reaching the desired outcomes 
(Tälle et al., 2018). Moreover, trajectories of restored sites depend 
on year effects such as weather conditions after seeding (Groves 
et al., 2020; Werner et al., 2020). Despite the multitude of different 
factors that can hinder the establishment of target species in res-
toration, in our study, restored sites had 9% fewer overall species 
than positive reference sites, which is in line with the meta-analysis 
by Atkinson et al. (2022), where restored sites had 13% less species 
than positive references.

In this context, it is important to note that although many res-
toration methods were successful, our data also showed consider-
able overlap between some restored and some negative references 
(some restored sites harboured considerably less plant species than 
some negative references as illustrated by overlapping violin plots 
in Figure 2), which in turn suggests the limited success or even fail-
ure of some interventions. However, we also found that the positive 
and negative reference sites overlapped partially. This finding sug-
gests that the success of restoration measures is strongly context-
dependent and might also relate to other factors such as soil seed 
bank or weather. Moreover, the issue of shifting biodiversity base-
lines needs to be taken into account, when assessing restoration suc-
cess (Maron et al., 2021), since the positive references to which we 
compared the restoration sites may have lost characteristic species 
over time (see Temperton et al., 2025 for a discussion of this issue). 
Finally, the lower local species diversity can be linked to the size of 
the respective regional species pool (Zobel, 2016). In our study, this 
effect was expected and found, that is, the lower diversity of the 
northern sites is related to a latitudinal gradient of the German flora 
(cf. Finnie et al., 2007). In addition, even moderate land-use inten-
sifications can worsen the diversity of positive reference sites over 

F I G U R E  2 Effect of restoration on a suite of different diversity variables: (A) total plant species richness and (B) characteristic plant 
species richness (grasslands), (C) Hill–Shannon diversity based on total and (D) characteristic species and expressed as effective number of 
species (ENS), (E) Favourable Conservation Status index (FCSi), and (F) forb-graminoid ratio compared with negative and positive reference 
sites. Black dots show estimated marginal means (EMM) and error bars show standard errors of model results. All values relate to 16 m2 and 
show distribution density (frequency) of raw data in violin shapes. Different letters indicate significant differences (p < 0.05) based on Tukey-
adjusted pairwise comparisons of EMMs.
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time (Gossner et al., 2016). This in turn can negatively affect species 
dispersal processes from neighbouring species-rich sites (Buisson 
et al., 2022; Conradi et al., 2017a; Dellicour et al., 2023).

4.2  |  Influence of restoration methods

Our study compared different methods commonly used in grassland 
restoration across Germany and clearly found that some methods per-
formed better than others in restoring vegetation parameters, with 
the transfer of directly harvested material and the use of regional seed 
mixtures being most successful in restoring total and characteristic 
species richness and habitat integrity, compared with cultivar seed 
mixtures and management adaptation. Based on these findings, we 
recommend direct harvesting and sowing of regionally adapted seed 
mixtures for grassland restoration. However, key logistical require-
ments must be considered, such as the availability of species-rich 
donor sites close to the receptor site, commercial supply of regional 
wild seeds from certified regional propagation, and access to suitable 
machinery for implementation (Goret et al., 2021; Török et al., 2010). 
For practical applications, combining restoration interventions, for 
example, direct harvesting with sowing of regional seed mixtures, 
is also advisable, as this can increase restoration success (Baasch 
et  al.,  2016). The regional seed mixtures should be locally adapted 
not only by species selection but also by a trait-based design of the 
seed mixtures (Coutinho et al., 2023; Laughlin et al., 2018). In addition, 
landscape conditions should be considered in restoration projects, as 
target plant species can colonise the restored site if they are still abun-
dant in the landscape (Johanidesová et al., 2015; Prach et al., 2015). 
Although the regional seed mixture performed similarly to the cultivar 
seed mixture and management adaptation in terms of total species 
richness, it outperformed the cultivar seed mixtures in establishing 
characteristic grassland species. Clearly, sowing cultivar mixtures was 
less successful for establishing characteristic grassland species than 
total plant species richness. We generally found that management ad-
aptation had similar effects to regional seed mixture sowing, perform-
ing only slightly worse than regional seed mixtures. These results are 
in line with a meta-analysis of 13 grassland restoration studies across 
Europe (Slodowicz et  al., 2023) where the seed source explained a 
significant amount of variation in plant species richness, with the ad-
dition of seeds from a species-rich donor site being the most success-
ful approach. Kiehl et al. (2010) also clearly underlined the direct and 
lasting success of green hay transfer. Additionally, studies have shown 
that management adaptation is an appropriate restoration method in 
some cases (Török et al., 2011), and is the first choice when grasslands 
suffer from shrub encroachment and litter accumulation, but char-
acteristic species are still present, albeit in small populations (Köhler 
et al., 2023). Therefore, the key component that guarantees success-
ful restoration of desired vegetation communities after management 
adaptation is the species inventory and the availability of seeds in the 
landscape and/or at the site (Goret et al., 2021; Török et al., 2011).

Although sowing of cultivar seed mixtures produced similar re-
sults to management adaptation for all vegetation characteristics, TA
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the spread of data points was generally skewed towards lower values 
(Figure 3). Sowing cultivar seed mixtures has been common practice, 
particularly prior to the past decade (Kiehl et al., 2010), but is inappro-
priate for restoring species-rich grasslands (Conrad & Tischew, 2011; 
Goret et al., 2021; Kirmer et al., 2012), because cultivar seed mixtures 
are often species-poor and consist mostly of grass species and a few 
dominant forb species. Cultivar seed mixtures therefore usually lead 
to species-poor grasslands that are dominated by common grasses 
(Ernst et al., 2025; Török et al., 2010) and harbour the risk of outcom-
peting the local genotypes through a higher fitness of the introduced 
cultivar genotypes (Vander Mijnsbrugge et  al.,  2010). As a conse-
quence, the introduction of species can lead to a temporary establish-
ment advantage through priority effects through early establishment 
success (sensu Von Gillhaussen et  al.,  2014), which often results in 
uniform plant communities dominated by introduced grass cultivars 
when cultivar seed mixtures are sown (Conrad & Tischew,  2011). 
Further, cultivar species do not support higher trophic levels as ef-
fectively as regionally adapted genotypes: Bucharova et  al.  (2022) 
showed that provenance identity affected flower–pollinator interac-
tions and interacting insect diversity. Therefore, species introduction 
measures need to consider the origin of seeds and the number, vari-
ety, and share of species that are typical of a respective site.

Surprisingly, all restoration methods in our study reached a sim-
ilar forb-graminoid ratio, which is considered a significant indicator 
of vegetation structure and needs clear promotion in grassland res-
toration (Nerlekar et  al.,  2024) as it directly benefits biodiversity 
at higher trophic levels and ecosystem multifunctionality (Curtis 
et al., 2015; Tobisch et al., 2023). The relatively low variability be-
tween restoration methods regarding the forb-graminoid ratio is en-
couraging, but the ratio of forbs to graminoids was generally rather 
low at all study sites, with negative references showing the lowest 
values. Studies covering changes in forb-graminoid ratios remain 
rare, but anecdotal evidence points towards higher forb-graminoid 
ratios in the past, likely influenced by eutrophication (Schüle 
et al., 2023). As the forb-graminoid ratio in the existing vegetation 
is not only affected by the number of forb species in seed mixtures, 
but also by their proportion in the total weight of the seed mixtures, 
this proportion must be taken into account when planning grassland 
restoration. Seed mixtures often show a high proportion of grass 
species, even if they are species-rich and native (own observations 
with available mixtures from regional seed company mixtures).

Interestingly, previous land use, cropland or grassland, had no 
significant effect on restoration outcomes, with the exception that 
previous grassland use led to an increased conservation status (FCSi) 

F I G U R E  3 Effect of different restoration methods on (A) total and (B) characteristic species richness, (C) Hill–Shannon diversity based 
on total, and (D) characteristic species expressed as effective number of species (ENS), (E) the Index of Favourable Conservation Status 
index (FCSi), and (F) forb-graminoid ratio. All variables relate to 16 m

2. Black dots show estimated marginal means (EMM) and error bars 
show standard errors of model results. Distribution density (frequency) of raw data in violin shapes. Different letters indicate significant 
differences (p < 0.05) based on Tukey-adjusted pairwise comparisons of EMMs.
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compared with converted arable land. Several recent meta-analyses 
underline key effects of management change (Schils et al., 2022; Schüle 
et al., 2023) on plant diversity, rather than direct effects of major land-
use change like from cropland to grassland. It seems that any legacy 
of fertilisation on previous cropland is not clearly detectable in our 
assessment across Germany, except only for the FCSi, which was sig-
nificantly negatively influenced by previous cropping land use.

The time since the main restoration intervention also had no 
significant impact on the restoration outcome. A possible simple 
explanation could be that contrasting trajectories among sites (for 
example, the increase in species richness in some sites and the de-
crease of species in others) masked the age effect of restored sites. 
However, this finding is rather surprising, as some studies have 
shown that vegetation composition in grassland restoration can be 
positively influenced by time since restoration (Noreika et al., 2020; 
Waldén & Lindborg, 2016; but see Atkinson et al., 2022). However, 
our findings are consistent with those of Slodowicz et al. (2023), who 
also showed that mainly the quality and origin of introduced species, 
but not other factors such as previous land use, restoration age, and 
seed bed preparation, influenced restoration outcomes. The lack of 
a temporal trend in our study might also indicate that initial estab-
lishment is the main driver of longer-term plant diversity patterns, 
with little further accumulation of species over time, thus suggest-
ing a possible role for priority effects (Weidlich et al., 2021) or the 
importance of niches being available during the arrival phase, espe-
cially in more mesic conditions (Conradi et al., 2017b).

5  |  CONCLUSION

Grassland ecosystems, despite their high biodiversity and essen-
tial ecosystem functions, continue to decline in extent and quality, 
highlighting the urgent need for effective restoration. Our results 
demonstrate that restored grasslands under dry, mesic, or moist 
conditions can match the ecological quality of species-rich reference 
sites, with restoration outcomes strongly influenced by the method 
applied. The four restoration approaches tested, that is, manage-
ment adaptation, sowing of cultivar or regional seed mixtures, or 
directly harvested material, produce vegetation outcomes spanning 
the full gradient from still degraded to target conditions. Active (re)
introduction of target species is a main driver of restoration success, 
with direct harvesting and regional seed mixtures producing the 
best outcomes. On the contrary, previous land use influences the 
Favourable Conservation Status but no other parameters, and resto-
ration age does not affect vegetation outcomes. The forb-graminoid 
ratio is slightly higher in restored compared with negative reference 
sites. Thus, practitioners should focus on the (re)introduction of 
characteristic grassland species, in particular on increasing the forb-
graminoid ratio, either by using species-rich material from direct 
harvesting or species-rich regional seed mixtures to secure success-
ful and long-term sustainable grassland restoration. Further stud-
ies should primarily investigate conditions and approaches under 

which combining different restoration interventions could increase 
restoration success, particularly when considering the still ongoing 
decline of grassland biodiversity. Combining direct harvesting with 
sowing of target plant species is particularly useful if, for example, 
only inferior quality donor sites are available in the surrounding or 
if the optimal time for seed harvesting has been missed. However, 
combinations of management adaptation and additional introduc-
tion of missing target species could also increase the probability for 
successful grassland restoration.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Effect of restoration on a suite of different diversity 
variables: (a) total plant species richness, (b) characteristic plant 
species richness (grasslands), (c) Hill–Shannon diversity for total and 
(d) characteristic effective number of species (ENS), (e) Favourable 
Conservation Status (FCSi), and (f) forb-graminoid ratio compared 
with negative and positive reference sites in three regions (north, 
centre, south). All variables relate to 16 m2; neg, negative reference 
sites; rest, restored sites; pos, positive reference sites.
Figure S2. Effect of different restoration methods in three regions 
(north, centre, south) on (a) total and (b) characteristic species 
richness, (c) Hill–Shannon diversity for total and (d) characteristic 
effective number of species (ENS), (e) Index of Favourable 
Conservation Status (FCSi), and (f) forb-graminoid ratio. All 
variables relate to 16 m2; cus, sowing of cultivar seed mixtures; mga, 
management adaptation; res, sowing of regional seed mixtures; dih, 
sowing of directly harvested material.
Figure S3. Effect of restoration in three soil moisture levels 
(moist, fresh, dry) on a suite of different diversity variables: 
(a) total plant species richness, (b) characteristic plant species 
richness (grasslands), (c) Hill–Shannon diversity for total and (d) 
characteristic effective number of species (ENS), (e) Favourable 
Conservation Status (FCSi), and (f) forb-graminoid ratio compared 
with negative and positive reference sites. All variable relate to  
16 m2; neg, negative reference sites; rest, restored sites; pos, 
positive reference sites.
Figure S4. Effect of different restoration methods (cus, sowing of 
cultivar seed mixtures; mga, management adaptation; res, sowing of 
regional seed mixtures; dih, sowing of directly harvested material) 
in three soil moisture levels (moist, fresh, dry) on (a) total and (b) 
characteristic species richness, (c) Hill–Shannon diversity for total 

and (d) characteristic effective number of species (ENS), (e) Index of 
Favourable Conservation Status (FCSi), and (f) forb–graminoid ratio. 
All variables relate to 16 m2.
Figure S5. Effect of restoration on forb, legume, and graminoid 
cover. Neg, negative reference sites; pos, positive reference sites; 
rest, restored sites. All variables relate to 16 m2.
Figure S6. Effect of different restoration methods (cus, sowing of cultivar 
seed mixture; mga, management adaptation; res, sowing of regional seed 
mixtures; dih, sowing of directly harvested material) on forb, legume, and 
graminoid cover. Neg, negative reference sites; pos, positive reference 
sites; and rest, restored sites; all variables relate to 16 m2.
Table  S1. Adapted Brown–Blanquet scale used in Grassworks for 
vegetation surveys following (Pfadenhauer et  al., 1986) but using 
adapted cover and mean coverage per species. This allowed for total 
cover percentages of over 100% for plant communities.
Table  S2. Results of the generalised linear mixed models (sites 
younger 20 years) with different restoration factors (restoration 
method, previous land use) for different response variables (total 
and characteristic species richness, total and characteristic Hill–
Shannon diversity, forb-graminoid ratio, and Index of Favourable 
Conservation Status (FCSi)). Levels of significance: *p < 0.05, 
**p < 0.01, ***p < 0.001. Region and hydrology are used as random 
factors in the models. Est, estimate; SE, standard error; z, z-value.
Table S3. Estimated marginal means (EMM) and standard error (SE) of 
restored and reference sites (positive, negative) in generalised linear 
mixed models with different response variables (total and characteristic 
species richness per 16 m2, total and characteristic Hill–Shannon 
diversity per 16 m2, Index of Favourable Conservation Status (FCSi) 
and forb-graminoid ratio). Letters (sign.) indicate significant differences 
(p < 0.05) based on Tukey-adjusted pairwise comparisons of EMMs.
Table  S4. Estimated marginal means (EMM) and standard error 
(SE) of restoration methods in generalised linear mixed models 
with different response variables (total and characteristic species 
richness per 16 m2, total and characteristic Hill–Shannon per 16 m2, 
Index of Favourable Conservation Status (FCSi) and forb-graminoid 
ratio). Letters (sign.) indicate significant differences (p < 0.05) based 
on Tukey-adjusted pairwise comparisons of EMMs.
Table  S5. Taxonomic entities (n = 572) of all vascular plants found 
in 187 study sites. The table shows characteristic grassland plant 
species (n = 335) according to three lists of characteristic species 
(EUNIS-Esy, Habitat Directive, Calthion) in bold.
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