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Abstract

Aim: Local seed mixtures are frequently used to restore species-rich grasslands.
However, it has hardly been tested whether local seed mixtures can actually be ap-
plied successfully in grassland restoration practice at larger scales and long-term. To
close this gap, we report the results of a large-scale restoration study in which grass-
lands were restored about 15 years ago using different local seed mixtures.
Location: Bavaria, SE Germany.

Methods: To evaluate the efficacy of the local seed mixtures, we compared the spe-
cies composition of seed mixtures and current vegetation. We then tested whether
restoration success depends on site characteristics such as the size and shape (rec-
tangle or stripe) of the grassland, restoration procedures such as topsoil removal, seed
density and land use, or species habitat preferences for light, water and nutrients, and
species life span (annual, perennial).

Results: On average, the current vegetation contained 62.4% of all species that were
present in the local seed mixtures. Species from the local seed mixtures made up on
average 69.1% of the total cover in the established vegetation, whereby the species
composition of the local seed mixture and vegetation differed significantly from each
other. The probability that a sown species would establish increased with seed density
up to 300 seeds/m> Furthermore, habitat preferences significantly affected species
establishment chances, with species requiring full illumination, dry and nutrient-poor
soil being more successful during restoration, reflecting the high proportion of sites
with topsoil removal prior to seeding in our study. Annual species had significantly
lower establishment chances compared with their perennial counterparts.
Conclusions: Our study provides another piece of evidence that local seed mixtures
can be applied successfully in large-scale grassland restoration projects. We provide
several practical recommendations of how such practices can be further improved by
using specific seed densities and creating new local seed mixtures using species that
are ecologically more suitable to the restored sites.
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1 | INTRODUCTION

Grasslands have tremendous ecological significance because they
represent a large part of all terrestrial habitats. For example, in
Europe, grasslands cover about 1.8 million ha (Carlier et al., 2005),
which corresponds to approximately 40% of the land surface. These
grasslands provide key ecosystem services including carbon seques-
tration, protection from erosion and harbour many plant and animal
taxa (Dengler et al., 2014).

Currently, grasslands are threatened by modern land use prac-
tices (Sala et al., 2000). Increased fertilization and mowing frequen-
cies have caused ongoing loss of species (Klaus et al., 2013; Socher
et al.,, 2012) and this process is enhanced by the increased depo-
sition of atmospheric nitrogen since the middle of the 20th cen-
tury (Diekmann et al., 2014; Wesche et al., 2012). The restoration
of species-rich grasslands is therefore on the nature conservation
agenda worldwide.

Modern grassland restoration practices are largely based on the
application of local seed mixtures (Jongepierova et al., 2007; Kiehl
et al., 2010; Torok et al., 2010; Walker et al., 2015). The main idea
of this approach is that seed mixtures used in restoration should
be produced from natural seed material originating in the regions
where the restoration practices take place. A main advantage of
using local seed material for restoration is that autochthonous plant
populations are considerably better adapted to local environmen-
tal conditions compared with non-local populations (McKay et al.,
2005; van der Mijnsbrugge et al., 2010). Furthermore, the local seed
mixtures are recommended for use to avoid potential outbreeding
effects (Hufford & Mazer, 2003) and increase restoration success
(Sackville Hamilton, 2001). In Germany, for example, the regions for
local seed mixture production have been mainly defined based upon
region-specific geomorphologic and climatic parameters (Prasse
et al., 2010) also taking into account the genetic variability of plant
species (Durka et al., 2017; Listl et al., 2017, 2018). These principles
have also been implemented in seed production; currently, produc-
ers in different parts of the country offer a range of ‘restoration-
ready’ local seed mixtures.

Despite their strong relevance for grassland restoration, the
success of local seed mixtures in practice has hardly been verified.
Previous research has demonstrated that topsoil removal before
sowing (Rasran et al., 2007) or disturbance (Freitag et al., 2021),
and the use of high-diversity seed mixtures (Kirmer et al., 2012) can
increase restoration success. Moreover, sowing density and post-
restoration land use can also have an impact on grassland restoration
(Kiehl et al., 2010). Furthermore, restoration success may depend on
site characteristics such as the size and shape (elongated or regular)
of the restored grassland, which in turn affects rates of fertilizer and
herbicide deposition from nearby arable fields (Duncan et al., 2008).
Finally, species characteristics such as life history, or habitat pref-
erences, e.g. in terms of light or water requirements for successful
establishment, may also have an impact on restoration success.

Yet, restoration recommendations are mainly based on experi-
mental studies (Freitag et al., 2021; Kiehl et al., 2010) under more

or less controlled conditions that can be very different from real-
world restoration projects. Here, the restoration process is usually
less standardized because of the involvement of different actors
with different requirements for the restoration goals (e.g. conser-
vation agencies, farmers, local stakeholders). Furthermore, local abi-
otic and biotic conditions in specific restoration projects can deviate
strongly from published studies because of their local nature (Prach
et al., 2013). Therefore, data from real-world restorations are much
needed to evaluate the success of grassland restoration under real-
life conditions. In our study, we attempted to close this gap by an-
alysing the success of local seed mixtures in a large-scale grassland
restoration study conducted at 35 sites in southeastern Germany
where about 15 years ago grassland was restored using different
local seed mixtures. First, we estimated whether the species com-
position of the restored grasslands was similar to that of the sown
local seed mixtures. We then evaluated the effects of site charac-
teristics, restoration procedures and species characteristics on the
establishment success of individual species present in the local seed
mixtures. More specifically, we asked the following questions: (a)
Are local seed mixtures a tool that can be used successfully to re-
store species-rich grassland in practice? (b) Is the restoration success
of local seed mixtures at the community and species level depending
on site characteristics, restoration procedures, species habitat pref-
erences and plant life span? Based on the results of our analyses, we
make practical recommendations for the further application of local

seed mixtures in grassland restoration.

2 | METHODS

2.1 | Study design
For our investigation we selected 35 study sites at 11 different
geographic locations in southeastern Germany (Figure 1; Table 1).
Between 2003 and 2006, grasslands were restored on ex-arable
fields by application of local seed mixtures within the framework of
land consolidation projects. Based upon information from the land
consolidation agency (Amt fir Landliche Entwicklung Oberpfalz)
and the seed producers, we identified the local seed mixtures used
for restoration at each site, their species composition and the total
weight of the seed mixture (kg) applied for restoration (Appendix
S1). Using the total weight of the applied seed mixture, the relative
proportion of each species in a mixture (%) and average seed weight
(http://data.kew.org/sid/sidsearch.html), we calculated the seed
density for each species and mixture as number of sown seeds/m?>.

For each study site, the year of the restoration, size and shape
(elongated or regular) of the site as well as the potential application
of pre-restoration soil preparation (topsoil removal or none) and/or
post-restoration land use (mowing, mulching or none) was recorded
(Table 1).

The species composition of the restored grasslands was surveyed
at each study site (Appendix S2). For this purpose, vegetation sur-
veys were conducted in five randomly distributed study plots with
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FIGURE 1 Geographical position of the study locations in southeast Germany

a size of 2 m x 2 m. All species occurring in the plots were identified

and their cover was estimated using a decimal scale (Londo, 1972).

2.2 | Data analysis

Based on data on seed mixture composition and the vegetation sur-
veys we calculated for each plot: (a) the relative proportion of sown

species that were in the seed mixture (SR_ ); and (b) their cumula-

pro
tive abundance (AB,,) in the established vegetation, as two simple

indices (Table 1).

To estimate the degree of floristic similarity between seed mix-
ture composition and current vegetation of the restored grasslands,
we performed Non-metric Multidimensional (Distance) Scaling
(NMDS) with species composition of the established vegetation and
the corresponding seed mixtures (species presence/absence matri-
ces) based on Bray-Curtis similarity index using PC-ORD (version 7,
MjM Software Design, Corvallis, OR, USA).

The NMDS was calculated with 50 runs of real data and 50 ran-
domized (by row) runs with a stability criterion of 0.00001 and a
maximum of 200 iterations. We used standard stepdown proce-
dures to find the appropriate number of axes sufficient to reduce
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TABLE 1 Selected study sites with name of the study site, year of the grassland restoration, size and shape of the study site, pre-
restoration soil preparation and post-restoration land use type

ST YE SI SH TR LU SD SR ix SR, SRyro AB_ . AB,, AB.
DAO1 2003 0.27 R + NO 970 14.2 21.8 65.5 625.2 808.2 77.0
HAO1 2005 0.11 R + NO 184 11.8 18.2 64.8 516.8 657.4 78.4
HAO02 2005 0.14 R + NO 76 12.2 18.2 67.8 609.8 644.4 94.5
HAO3 2005 0.07 S + NO 443 3.4 14.6 23.2 176.0 610.4 29.9
HAO04 2005 0.13 S + MW 477 7.8 16.8 46.3 393.6 810.0 48.3
HAO5 2005 0.17 R + NO 147 9.6 16.8 57.0 531.4 649.0 81.8
HAO06 2005 0.32 R + NO 341 12.0 18.8 64.7 620.6 806.0 77.4
HAO7 2005 0.08 R + MW 120 13.0 23.2 56.2 557.2 858.2 64.9
HAO8 2005 0.20 S + MW 301 5.4 12.8 42.3 357.2 590.2 60.6
HEO1 2005 0.11 S + NO 139 12.8 17.0 75.7 559.4 648.4 86.3
HEO02 2005 0.63 R + MW 19 8.6 17.2 49.8 349.8 668.6 52.0
HEO3 2005 0.08 R + NO 299 2.4 10.2 23.6 148.0 582.4 22.7
LAO1 2006 2.60 R + MW 166 18.4 23.0 81.7 453.4 523.6 88.0
MBO1 2006 1.00 R - MW 705 8.0 17.0 46.8 242.4 533.6 44.3
NEO1 2005 0.21 S + MU 487 6.8 13.6 49.4 261.2 614.2 42.2
NEO2 2005 0.37 R + MU 56 14.8 18.0 82.5 618.6 652.4 95.0
PFO1 2004 0.42 R + MW 43 19.0 23.4 81.2 550.4 691.6 79.5
PFO2 2004 2.08 R + MW 44 16.6 20.6 80.6 576.8 662.8 87.2
PFO3 2004 1.14 R + MW 45 17.8 27.0 66.0 672.8 7774 86.5
PFO4 2004 0.40 R + MW 49 17.0 20.2 84.2 636.2 697.2 91.5
RAO1 2006 0.23 R - MW 143 26.0 29.6 879 715.4 848.0 84.5
REO1 2005 0.10 S + NO 90 12.6 23.0 55.0 546.0 892.2 61.1
REO2 2005 0.08 R + NO 272 15.2 224 68.1 503.6 682.2 73.7
REO3 2005 0.14 S + NO 147 54 19.4 28.3 344.2 758.8 45.7
REO4 2005 0.11 S + NO 129 17.0 26.6 63.8 595.6 905.6 66.1
RHO1 2005 0.07 R + NO 24 14.2 17.0 84.1 487.2 564.2 86.1
RHO2 2005 0.07 R + NO 64 16.4 25.6 64.9 522.4 729.2 70.9
RHO3 2005 0.10 R + NO 13 18.8 23.6 79.5 631.2 780.4 80.4
RHO4 2005 0.06 R + NO 40 19.2 254 74.9 660.0 845.4 779
SCo1 2006 0.20 R - MW 173 12.0 20.6 58.0 487.6 758.2 63.9
SC02 2006 0.08 R - MW 392 12.4 22.8 54.4 278.2 693.8 40.2
SC03 2006 0.17 R - MW 180 16.2 23.6 69.6 629.8 813.2 78.3
SCo4 2006 0.30 S - MW 115 5.6 11.6 48.4 376.4 625.2 60.0
SC05 2006 0.44 R - MW 79 14.2 19.2 74.1 484.2 646.2 74.8
SC06 2006 0.20 S - MW 167 7.4 11.8 62.5 376.8 572.8 66.0
Mean 12.7 19.7 62.4 488.4 702.9 69.1

Note: For each site, the density of the sown seeds (SD) is given as number of seeds/m?”. For each site, the number of species in the applied seed
mixture SR, ., the total number of species in the established vegetation SR, , and the proportion (%) of sown species in established vegetation SR oo
are given. We also determined the cumulative abundance of sown species in the established vegetation (ABmix), the cumulative abundance of all
species in the established vegetation (AB, ) and the relative abundance of sown species in the established vegetation (AB,). ST: study site; YE: year
of grassland restoration; Sl: size (ha); SH: shape; R: regular; S: elongated; TR: soil preparation; +: topsoil removal; —: no topsoil removal; LU: land use;
NO: none; MW: mowing; MU: mulching.

stress. Correlations between seed mixture composition and ordi- differences between the composition of the applied seed mixtures
nation scores for the established species and sites were quantified and established vegetation. Therefore, a multi-response permuta-
using Spearman’s rank correlation as suggested previously (McCune tion procedure (MRPP) implemented in the PC-ORD software was

et al., 2002). Visual inspection of the ordination diagrams revealed used to test whether this difference was statistically significant.
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To estimate the efficacy of seed mixtures in grassland resto-
ration, we calculated a Generalized Linear Mixed-effects Model
(GLMM, family ‘Binomial’) to analyse whether the establishment of
species from the seed mixtures is affected by site characteristics,
restoration procedures, density of sown seeds and species charac-
teristics (Table 2). The response variable in the model was relative
abundance (from O to 1, where 1 corresponds to an abundance of
100%) of a sown species in the established vegetation (Appendix
S1). Pre-restoration soil preparation (topsoil removal or not), post-
restoration land use (no land use, mowing, mulching), shape of re-
stored grasslands (elongated or regular) and species characteristics
were used as fixed factors. Species characteristics included species-
specific density of sown seeds (both linear and nonlinear terms),
habitat preferences expressed as Ellenberg indicator values (EIV) for
light (L), soil moisture (F) and nutrients (N), and four functional traits
(life span, specific leaf area, plant height and seed size) (Appendix
S1). The EIV are proxies for the habitat requirements of adult plants
and, except for the F value (the highest value of which is 12), range
from 1 to 9, with the highest numbers indicating high requirements
for the corresponding environmental factor (e.g. an N value of 9 in-
dicates a species occurring on soils with high nutrient contents). The
EIV for light was included in the model as an interaction term with
post-restoration land use to infer the possible positive effects of
land use (particularly mowing) on the establishment of sown seeds
with different requirements for light. In the same vein, we consid-
ered topsoil removal to influence considerably the soil properties
in the restored sites. To account for such effects on species estab-
lishment from the sown seeds, the EIV values for soil moisture and
nutrients were included in the model as interaction terms with the
pre-restoration soil preparation. Data on life span were extracted
from the LEDA database (Kleyer et al., 2008). The model included

TABLE 2 Results of Generalized Linear

Applied Vegetation Science & | sote

sites and plant family as random effects to account for site- and
family-specific variation in restoration success, respectively. The
seed density values in the models were log-transformed to improve
the normality of the residuals. Collinearity was not a problem in all
models because the explanatory variables were only weakly cor-
related with each other. Model assumptions were met in all cases.
All statistical analyses were conducted in the R statistical environ-
ment (R Core Team, R Foundation for Statistical Computing, Vienna,
AT)). The GLMM was fitted with the help of the Ime4 package (Bates
etal., 2015).

3 | RESULTS

In terms of species richness, seed mixture success varied between
23.2 (site HE_03) and 87.9% (site RA_01) with an average of 62.4%
(Figure 2a). The average relative abundance of sown species in the
established vegetation was 69.1% (Figure 2b), ranging from 22.7%
(site HE_03) to 95% (site NE_02).

The NMDS (two-dimensional, final stress = 16.5) ordination ac-
counted for 75.5% of total variance in seed mixture and established
vegetation composition (when correlating the original distance ma-
trix with distances in ordination space) of which 45.4% and 30.1%
could be attributed to axis 1 and axis 2, respectively.

The ordination diagram revealed clear differences in species com-
position between applied seed mixtures and established vegetation
(Figure 3); the results from the MRPP (A = 0.05, T = -9, p < 0.0001)
indicated that these differences were statistically significant. The
grass Dactylus glomerata was one of the most frequent species in
established vegetation, whereas the frequency of many herbs, such

as Campanula rotundifolia, Galium verum, Hypericum perforatum and

Mixed Model with the relative abundance Predictor Estimate & Std Err p-value
of sown species in the established Intercept 0.63 0.35 0.405
vegetation (AB,,) as the response variable Shape (elongated) 093 0.35 0.845
log(Seed density) 1.51 0.08 <0.001
log(Seed density)? 0.95 0.01 <0.001
Life span (perennial) 7.33 1.66 <0.001
Pre-processing (intact soil): EIV soil moisture 0.86 0.05 0.010
Pre-processing (topsoil removal): EIV soil 0.92 0.03 0.003
moisture
Pre-processing (intact soil): EIV soil nutrients 1.04 0.04 0.391
Pre-processing (topsoil removal): EIV soil 0.88 0.02 <0.001
nutrients
Management (no management): EIV light 0.71 0.03 <0.001
Management (mowing): EIV light 0.76 0.04 <0.001
Management (mulching): EIV light 0.82 0.07 0.028

Note: Pre-restoration soil preparation (topsoil removal or not), post-restoration land use (no

land use, mowing, mulching) and species characteristics were used as fixed factors. Species
characteristics included species-specific density of sown seeds (both linear and nonlinear terms),
habitat preferences expressed as Ellenberg indicator values (EIV) for light (L), soil moisture (F) and
nutrients (N). Entries in bold are significant (p < 0.05).
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FIGURE 2 Restoration success of the
applied seed mixtures in the study area
expressed as (a) proportion (%) of sown
species the established vegetation and (b)
relative abundance of sown species in the
established vegetation

Origanum vulgare, was much higher in the seed mixtures than in the
established vegetation.

The GLMM revealed several significant effects of the restoration
procedure and species traits on the abundance of species from the
local seed mixtures in the established vegetation (Table 2; Figure 4).
To begin with, the number of sown seeds positively affected the suc-
cess of a species. However, this effect was detected only for the in-
terval from 1 to approximately 300 seeds/m?; seed densities above
300 seeds/m? had a small, yet significant negative effect on the resto-
ration success (Figure 4a). Second, the species occurring in open, fully
illuminated habitats (i.e. with a lower EIV for light) had significantly
higher success rates; none of the management types had a signifi-
cant impact on this relationship (Figure 4b). Third, species with low
requirements for water (i.e. with lower EIV for soil moisture) also dis-
played significantly higher success rates (Figure 4c); this relationship
was significantly weaker at the sites with pre-restoration soil prepa-
ration by topsoil removal. Fourth, species occurring on nutrient-poor
soils (i.e. with lower EIV N values) had a significantly higher proba-
bility of establishing in the restored grasslands at sites with topsoil
removal; this effect was not detected at sites without pre-restoration
soil preparation (Figure 4d). Finally, life span was found to have a sig-
nificant impact on success rates with perennial species being present
in higher proportions in the established vegetation compared with
annuals (Figure 5).

4 | DISCUSSION

In our study, about two-thirds of all species present in the ap-
plied seed mixtures were found at the study sites in relatively high

a Seed
4 Vegetation

NMS axis 2

NMS axis 1

FIGURE 3 Results of the Non-metric Multidimensional
(Distance) Scaling (three-dimensional, final stress = 16.1) ordination
(76% of total variance in seed mixture and established vegetation
composition). When correlating the original distance matrix

with distances in ordination space, 33%, 26%, and 17% could be
attributed to axis 1, 2 and 3, respectively
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abundance (on average 69.4%) about 20 years after the restoration
measures had been completed.

The observed high proportion of sown species in the established
vegetation was largely in line with former studies; the most com-
prehensive review on grassland restoration using seed mixtures

reported establishment rates of 32% to 96% (Kiehl et al., 2010).
Similarly, Kirmer et al. (2012) observed an establishment rate of
67% for high-diversity seed mixtures in the ecological restoration of
surface mined land to grassland. Moreover, the relative abundance
of the sown species in the plots was ca. 70%, which means that on
average more than two-thirds of the plots were covered by sown
species. Only at 7 of 35 study sites was the relative abundance of
spontaneous species larger than the relative abundance of sown
species. Our study supported, therefore, the observation that the
application of local seed mixtures is, in general, a well-suited ap-
proach to restore species-rich grassland in practice.

Despite the comparatively high success rates, multivariate anal-
ysis revealed considerable differences in the species composition
of seed mixtures and restored vegetation. The most parsimonious
explanation is that many herbaceous species, which established
in the first few years after application of the local seed mixture,
disappeared in later years because of competition with compet-
itive grasses. The GLMM results suggest that uncompetitive an-
nual species were most affected by this process. Consequently,
light-demanding herbs included in the seed mixtures, such as
Campanula rotundifolia, Galium verum, Hypericum perforatum or
Origanum vulgare, declined over time, whereas competitive grasses
like Arrhenatherum elatius, Festuca pratensis or Dactylis glomerata
increased. This line of argument is supported by research showing
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that grasses may out-perform herbaceous species in grassland res-
toration (Jongepierova et al., 2007; Pywell et al., 2003; Torok et al.,
2010). Moreover, the immigration of species from nearby located
grasslands and the loss of species not compatible with the mowing
regime (Prach et al., 2013), may also have contributed to the ob-
served differences between the species composition of seed mix-
tures and current vegetation.

The GLMM revealed a strong impact of seed density on res-
toration success at the species level. In our investigation, at 24 of
35 study sites grassland was restored with less than 200 seeds/
m?, which is a significantly lower number of seeds than reported in
previous studies (Kiehl et al., 2010). It is, therefore, obvious that we
observed a strong relationship between restoration success and the
number of sown seeds. Our results support previous studies show-
ing that increasing seed density boosts the number of established
individuals (Sheley & Half, 2006). Consequently, Carter and Blair
(2012) and Barr et al. (2017) showed that higher seed density results
in more successful grassland restoration.

The GLMM also revealed a strong impact of species habitat re-
quirements on restoration success. Previous studies demonstrated
that an appropriate balance of species with different ecological re-
quirements is required to ensure quick restoration of species-rich
grassland (Staab et al., 2015). In our study, we also observed that
the establishment of species from seed mixtures depends on their
habitat requirements. First, we found that annual species decline
over time since the beginning of the restoration. This may be as-
cribed to the decline in short-lived and colourful species like Papaver
rhoeas or Centaurea cyanus, which were added to the seed mixtures
to create visually appealing grasslands soon after application of the
seed mixture. These species, which are typical arable field weeds,
disappear from the restored grasslands as the vegetation becomes
gets denser, and habitat conditions are no longer suited to annual
species such as arable weeds - a process that is often observed in
the course of vegetation succession (Boscutti et al., 2017). Second,
and even more interesting, we observed that the success of indi-
vidual species in grassland restoration depends on the light, water
and nutrient conditions required for establishment and persistence.
Plant species adapted to bright, dry and nutrient-poor habitat con-
ditions had a significantly higher probability of establishing and per-
sisting in the restored grasslands, compared with species favouring
other ecological conditions, particularly at study sites with topsoil
removal. Therefore, our results corroborate the observation that top
soil removal before restoration supports the establishment of grass-
land plant species adapted to relatively nutrient-poor site conditions
(Rasran et al., 2007). Therefore, species composition of the restored
grasslands, even after 20 years, still reflects the habitat conditions at
the beginning of the restoration process. The open, dry and nutrient-
poor environmental conditions shortly after topsoil removal repre-
sent a strong filter, selecting those species that were able to cope
with these conditions, whereas other species were deleted from the
species pool. Therefore, our results illustrate clearly that the interac-
tion of habitat conditions and realized niche requirements has a large
impact on the development of the restoration process.

Based on our results, two general recommendations can be
made for the successful restoration of species-rich grassland with
local seed mixtures in the future. First, seeding density should al-
ways be high enough to ensure successful restoration - following
our results there is probably no additional benefit from sowing much
in excess of 300 seeds per m? per species because establishment
success levels off thereafter.

Second, it is advantageous when seed mixtures contain mainly
species favouring light, dry and nutrient-poor habitat conditions,
particularly when topsoil removal has been applied to prepare the
restoration sites, because these species have a significantly higher
probability of establishing and persisting in the restored grasslands.
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